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Abstract 
Laminopathies are a clinically and genetically heterogeneous group of 16 

disorders caused by mutations in LMNA. This gene codes for lamin A and lamin 

C, which together with lamin B1 and B2 form the nuclear lamina, a mesh-like 

structure located underneath the inner nuclear membrane. Laminopathy 

disorders show striking tissue specificity, with subtypes affecting striated 

muscle, peripheral nerve, and others causing multisystem disease with 

accelerated aging. The exact mechanisms underlying the pathology of 

laminopathies, and the cause of the tissue specific phenotypes are unknown, 

although several mechanisms have been proposed. Understanding the 

pathology of these disorders is limited by the rarity of cases, and lack of easily 

accessible cell types. Induced pluripotent stem cells (iPSCs) can be derived 

from easily accessible cell types, have unlimited proliferation potential, and can 

be differentiated into cell types that would otherwise be difficult and invasive to 

obtain. This PhD project aimed to use iPSCs from patients with skeletal muscle 

laminopathies to model disease phenotypes in vitro. In this thesis, fibroblasts 

from a patient with a skeletal muscle laminopathy were reprogrammed into 

iPSCs. This line, along with three already reprogrammed iPSC lines from 

skeletal muscle laminopathy patients were differentiated into 

mesodermal/mesenchymal progenitors, myogenic precursor cells and 

myotubes. Disease-associated phenotypes were observed in these cells, 

namely abnormal nuclear shape and mislocalisation of nuclear lamina proteins. 

Furthermore, work towards developing a therapy based on lamin A/C exon 

skipping was conducted. These results demonstrate that iPSCs from skeletal 

muscle laminopathy patients can be used to model disease-associated 

phenotypes in vitro. This lays the foundation for future therapy testing and 

disease modelling in skeletal muscle laminopathies using patient specific 

iPSCs.  
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HP1   Heterochromatin–binding protein 1  
IFCM   Intermediate filament consensus motif 
INM   Inner nuclear membrane 
iPSC   Induced pluripotent stem cells 
KSR   Knockout serum replacement 
LAD   Lamina associated domain 
LAP2   Lamin-associated protein 2  
LBR   Lamin B receptor 
LGMD1B   Limb Girdle muscular dystrophy 1B 
LINC complex Linker of nucleoskeleton and cytoskeleton 
Lmo7    Lim domain only 7 
mTORC  Mammalian target of rapamycin complex 
MAD   Mandibuloacral dysplasia 
MEFs   Mouse Embryonic Fibroblasts 
MyoD   Myogenic differentiation 1 
Myf5   Myogenic factor 5 
Myf6   Myogenic factor 6 
NET   Nuclear envelope transmembrane protein 
ONM   Outer nuclear membrane 
Pax3   Paired box 3 
Pax7   Paired box 7 
PCR   Polymerase chain reaction 
Q-PCR  Real-time quantitative PCR 
Rb   Retinoblastoma protein 
RCE1   Ras-converting enzyme 1  
RT-PCR  Reverse transcription PCR 
WRN2   Werner syndrome 2 
ZMPSTE24  Zinc metalloprotease related to the STE24 homolog in 

yeast  
 

 



	 14	

1 Introduction 
 
Mutations in LMNA, encoding A-type lamins cause a group of clinically 

heterogeneous disorders called laminopathies. A subset of these disorders 

affects skeletal muscle. To begin this thesis will introduce the structure of 

skeletal muscle, before progressing to describe lamins, their cellular location 

and interactions, laminopathy disorders, potential disease mechanisms, in vitro 

disease modelling and induced pluripotent stem cells (iPSCs).  

 
 

1.1 Skeletal muscle  
 

1.1.1 Skeletal muscle structure 
There are three types of muscle found in the human body: skeletal, cardiac 

and smooth muscle. Skeletal muscle is central to voluntary and reflex 

movement. It is the most abundant tissue of the human body, and comprises 

38% in men and 30% in women of the total body mass (Janssen et al., 2000). 

Muscles are a highly structured tissue (figure 1.1). Muscles are attached to 

bones via tendons and are highly vascularised and innervated. Each muscle is 

comprised of many fibre bundles termed fascicles, which in turn are comprised 

of myofibres (reviewed in Alberts, 2002; Gayraud-Morel et al., 2009; Relaix and 

Zammit, 2012). Myofibres are syncytia, meaning they are formed from the 

fusion of many cells, and are therefore multinucleated. In mature myofibres 

these myonuclei are located at the periphery of the myofibre, in regenerating 

fibres they are centrally located. Myofibres are surrounded by a basal lamina, 

and comprised of numerous myofibrils. Myofibrils contain repeating units of 

highly organised sarcomeres, the contractile machinery of muscle (figure 1.1). 

Sarcomeres are comprised of thick and thin filaments. Thin filaments contain 

actin, tropomyosin-troponin complex and nebulin. The main component of thick 

filaments is myosin. At the end of each sarcomere there is a Z disc, which is 

shared with the adjacent sarcomere. Thin filaments are anchored to the Z-discs.  
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Figure 1. 1 Structure of muscle and contraction. 
Muscle has a hierarchical structure. It is comprised of myofibres organised into bundles, known 
as fascicles. Myofibres are surrounded by a basal lamina. Next to the myofibre and underneath 
the basal lamina are satellite cells, the main resident stem cell of muscle involved in muscle 
growth and regeneration. Each fascicle is extensively vascuarised. Pericytes are a stem cell 
found in vessel walls of capillaries, which has been shown to also have some myogenic 
capabilities. Myofibres are multinucleated, and contain numerous myofibrils. Myofibrils contain 
sarcomeres, the contracile machinery of muscle which gives striated muscle is characteristic 
banding pattern. Sarcomeres are comprised of interleaved thick and thin filaments, which 
contain myosin and actin respectively. Upon moter neuron stimulation, muscles contract 
according to the ‘sliding filament’ theory where the thin filaments slide over the thick filaments, 
as the myosin heads walk along the actin. Figure adapted from Tedesco et al 2010 and Alberts 
et al 2002, and prepared using images from servier medical art (www.smart.servier.com). 
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Interleaved between the thin filaments are thick filaments. These are 

anchored at one end to the centre of the sarcomere, known as the M-band; and 

at the other end to the protein titin, which attaches to the Z-band. The thin and 

thick filaments overlap each other, and together give muscle its striated banding 

pattern when viewed under the microscope. 

The region containing the thick filaments, including the overlap with the thin 

filaments, is known as the A band. The region with just the thin filaments is 

known as the I band. During muscle contraction, in the region of thick and thin 

filament overlap, the myosin head of the thick filament attaches to the actin in 

the thin filaments.  

 

1.1.2 Skeletal muscle contraction 
During muscle contraction, a nerve impulse from a motor neuron reaches 

the neuromuscular junction and triggers the depolarisation of the sarcolemma 

(the myofibre membrane) (reviewed in Alberts, 2002; Gayraud-Morel et al., 

2009). The sarcolemma has numerous invaginations, known as T tubules, 

which extend into the myofibre and run around each myofibril. Running next to 

the T tubules, and around each myofibril is the sarcoplasmic reticulum. T-tubule 

depolarisation causes the opening of Ca2+ channels in the sarcoplasmic 

reticulum. This leads to an increase in cytosolic Ca2+, which induces 

conformational changes in the tropomyosin-troponin complex, and reveals the 

myosin binding site in actin. The myosin head located in the thick filaments is 

then able to walk along the actin filament in an ATP dependent manner. This 

leads to muscle contraction according to the sliding filaments theory (figure 
1.1), where the thin filaments slide over the thick filaments (Huxley and 

Niedergerke, 1954; Huxley and Hanson, 1954). Cytosolic Ca2+ levels are rapidly 

restored by the action of ATP dependent Ca2+ pumps in the sarcoplasmic 

reticulum. Muscle relaxation occurs passively, and is dependent on antagonistic 

muscle contraction (Alberts, 2002).  
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1.1.3 Skeletal muscle fibre types 
There are three main types of skeletal muscle fibre in humans, which are 

distinguished by their function and speed of contraction (reviewed in Gayraud-

Morel et al., 2009). They all contain a different subtype of myosin heavy chain, 

and differ in their in vivo colour between red, intermediate and white. Type I, 

also known as slow oxidative fibres, are slow-twitch and fatigue-resistant. They 

produce limited force and are primarily used for posture. Type IIa and IIx, also 

known as fast-oxidative and fast glycolytic-myofibres, are fibres that also use 

anaerobic glycolysis. Type IIa are fast-twitch fatigue-resistant myofibres. Type 

IIx, also known as fast glycolytic myofibres, are fast-twitch fatigue-prone fibres. 

Type IIx have high level of anaerobic activity, and contain less myoglobin and 

mitochondria than the other fibre types. They also contain glycogen stores in 

their cytoplasm. They are capable of producing the greatest force out of all the 

fibre types, but fatigue quickly. Fibre type distribution varies between muscles 

depending on their use, and also varies between individuals depending on 

genetics and the type of activity they do, for example marathon runners have 

high amounts of type I fibres, where as sprinters have high levels of type IIx 

fibres (Bottinelli and Reggiani, 2000).   

 

1.1.4 Non-skeletal muscle  
Cardiac muscle differs from skeletal muscle in its structure, although it still 

contains the same contraction machinery, myofibrils containing sarcomeres. 

Thus, like skeletal muscle, cardiac muscle has a striated banding pattern when 

viewed under the microscope. Hence, the term ‘striated muscle’ refers to both 

skeletal and cardiac muscle. However, unlike skeletal muscle, cardiac muscle is 

not formed from multinucleated myofibres. Each cardiomyocyte is mono 

(occasionally bi-) nucleated, branched and connected to other cardiomyocytes 

via intercalated discs (Perriard, 2003). The intercalated discs are a specialised 

type of cell-cell junction that contain three types of cell-cell contacts: adherens 

junctions, desmin intermediate filaments and connexons. Adherens junctions 

enable force transmission, and desmin intermediate filaments provide 

mechanical stability. Connexons are ion channels that provide electrical 

coupling of adjacent cells, enabling cardiomyocytes to contract in unison.  
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Smooth muscle is found in the walls and tubes of various organs in the 

body, for example airways, blood vessels, intestines, uterus and iris (Webb, 

2003). Smooth muscle cells are mono-nucleated and elongated, and do not 

have the striated banding pattern of striated muscle. Smooth muscle cells do 

not have sarcomeres, and instead contain thick and thin filaments that are 

anchored to dense bodies. The dense bodies are equivalent to the Z-discs 

found in skeletal and cardiac muscle, and are attached to the sarcolemma. 

Contraction is induced by the autonomous nervous system, but can also be 

controlled by hormones and other local chemical signals.  
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1.2 Skeletal muscle development and regeneration 
 

1.2.1 Skeletal muscle development 
Skeletal muscles (apart from the muscles of the head) originate from 

spheres of paraxial mesoderm known as somites. These are located either side 

of the neural tube (reviewed in Buckingham et al., 2003; Cossu et al., 1996; 

Miller et al., 1999). Somites express paired box 3 (Pax3), and give rise to the 

Pax3+ dermomyotome (reviewed in Endo, 2015). Cells migrate out of the 

dermomyotome, down regulate Pax3 and express myogenic differentiation 1 

(MyoD) and myogenic factor 5 (Myf5) and proliferate to form the myotome. 

Some cells from the hypaxial dermomyotome retain Pax3 expression and 

migrate out of this structure to form diaphragm, parts of tongue and limb buds 

that will give rise to limb muscle. Pax3+ dermomyotome cells also begin to 

express paired box 7 (Pax7) (Kassar-Duchossoy et al., 2005; Relaix et al., 

2005). These cells will further migrate out of the dermomyotome into the 

myotome, proliferate and differentiate to form more myofibres.  

Pax7 and Pax3 are transcription factors that activate down stream 

myogenic regulatory factors MyoD, Myf5 and myogenic factor 6 (Myf6) (Maroto 

et al., 1997; Tajbakhsh et al., 1997; Zammit et al., 2006). Pax3 is essential for 

the embryonic development of muscle (Bober et al., 1994), but is down 

regulated in the majority of muscle progenitors post-natally (Relaix et al., 2004). 

MyoD, Myf5 and Mrf4 (MYF6 in man) are also critical for the formation of 

muscle, as triple mutant mouse embryos completely lack skeletal muscle 

(Valdez et al., 2000). 

 

 This process of muscle development is dependent on signalling cues from 

the external environment (Kodaka et al., 2017). The formation of the myotome 

depends on Wnt1 and Wnt3a signalling originating from the neural tube, as well 

as sonic hedge hog (Shh) from the floor plate of the neural tube and notochord 

(Marcelle et al., 1997; Münsterberg et al., 1995). Notch signalling is also 

required for the formation of the myotome, and is activated at the dorsomedial 

lip of the dermomyotome from neural crest cells migrating out of the neural tube 

(Nitzan and Kalcheim, 2013; Rios et al., 2011). This induces the 
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dermomyotome to down regulate Pax3/7, and form the MyoD/Myf5 expressing 

myoblasts of the myotome. Notch signalling needs to be down regulated 

however in order for the myogenic progenitors to terminally differentiate. Bone 

morphogenetic protein (BMP) inhibitory signalling from the lateral plate of the 

mesoderm is also required, but this time to inhibit differentiation and retain 

Pax3/Pax7 expressing cells at the ventrolateral lip (Marcelle et al., 1997; 

Patterson et al., 2010).  

 

Perinatal muscle is marked by muscle growth, a process that is driven by 

Pax7+ juvenile satellite cells present in the muscle (Kuang et al., 2006; Relaix et 

al., 2006; Seale et al., 2000). Satellite cells are the resident stem cell of muscle, 

that are found in a niche next to the myofibre underneath the basal lamina 

(figure 1.1) (Katz, 1961; Mauro, 1961). In perinatal rat tissue juvenile satellite 

cells account for ~30% of nuclei underneath the basal lamina/in the myofibre 

(Schmalbruch and Hellhammer, 1977). During the period of perinatal growth, 

satellite cells differentiate into myoblasts, exit the cell cycle and fuse with the 

myofibres formed during embryonic and foetal development (Enesco and 

Puddy, 1964; Moss and Leblond, 1971; Shafiq et al., 1968). Fewer satellite cells 

are present in adult muscle than postnatal muscle (Schultz, 1974; White et al., 

2010). Satellite cells in adult tissue are quiescence until activated in response to 

injury or disease, which is further discussed in section 1.2.2.   

 

1.2.2 Skeletal muscle regeneration 
Skeletal muscle regenerates in response to injury, exercise or disease. 

Myonuclei are post-mitotic and can as such not divide to regenerate muscle. 

Regeneration is instead dependent on the resident stem cell in skeletal muscle, 

the satellite cell (reviewed in Frederic Relaix and Zammit, 2012). This cell is 

found in a niche next to the myofibre underneath the basal lamina (figure 1.1) 
(Katz, 1961; Mauro, 1961). In adult muscle fibres approximately 4% of nuclei 

underneath the basal lamina/on the myofibre are satellite cells (Schmalbruch 

and Hellhammer, 1976). This cell is essential for muscle regeneration, as their 

genetic ablation leads to a failure of this process (Lepper et al., 2011; McCarthy 

et al., 2011; Murphy et al., 2011; Sambasivan et al., 2011). Satellite cells are 
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mitotically quiescent in mature muscle (Relaix and Zammit, 2012). Adult muscle 

regeneration uses pathways in common with embryonic myogenesis. 

Embryonic myogenesis relies on Pax3 expression (Bober et al., 1994), however 

it is down-regulated post-natally in most muscle progenitors (Relaix et al., 

2004). Satellite cells instead rely on Pax7 expression, which is crucial for their 

survival (Seale et al., 2000; von Maltzahn et al., 2013). Pax7 is expressed by 

quiescent satellite cells in both human and mice (Gnocchi et al., 2009; 

Yablonka-Reuveni, 2011; Zammit et al., 2006), However, there seems to be a 

decreased requirement for Pax7 in the cells of mature mouse muscle (Lepper et 

al., 2009). Satellite cells in adult muscle are a heterogeneous population, with 

~90% expressing both Pax7 and its downstream target Myf5, and ~10% 

expressing only Pax7 (Kuang et al., 2007). It is proposed that this later 

population asymmetrically divides to produce one Pax7+ Myf5- satellite stem 

cell, and one Pax7+ Myf5+ committed satellite cells that will further differentiate 

during muscle regeneration. Thus, satellite cells possess the self-renewing 

ability of all stem cells (Collins et al., 2005).  

 

After myofibre damage, an influx of extracellular calcium triggers proteolysis 

of the myofibre (Alderton and Steinhardt, 2000). Neutrophil and monocyte 

macrophage inflammatory cells infiltrate the area and phagocytose the muscle 

debris (Chazaud et al., 2003; Radley and Grounds, 2006). Satellite cells are 

activated by signals from the damaged myofibres and infiltrating cells which 

include FGF, HGF, NO, IGF, TGF-β and IL-6 (Chargé and Rudnicki, 2004; 

Floss et al., 1997; Hawke and Garry, 2001; Musarò, 2005; Tatsumi et al., 1998; 

Wagers and Conboy, 2005; Wozniak and Anderson, 2007). The activated 

satellite cells express the myogenic transcription factors Pax7, Myf5 and MyoD 

(figure 1.2) (reviewed in Punch et al., 2009; Wang and Rudnicki, 2012). They 

asymmetrically divide to form myoblasts that are Pax7+ Myf5+ MyoD+, as well as 

a proportion of MyoD- cells that return to quiescence and thus replenish the 

satellite cell pool. The myoblasts proliferate and expand, before further 

differentiating into myocytes where they down regulate Pax7 and up regulate 

myogenin, another important myogenic transcription factor. Myocytes fuse with 

each other and the end fragment of the myofibre, and express myosin heavy 

chain. Muscle regeneration takes approximately three weeks in humans 
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(McNally and Pytel, 2007). Newly formed muscle fibres have centrally located 

myonuclei, which subsequently move to a peripheral location about one to three 

months from the beginning of regeneration.  

Myoblast fusion requires IL-4 expression (Horsley et al., 2003). Notch 

signalling is required for myoblast to remain proliferative, whereas Notch down 

regulation and canonical Wnt expression is important for differentiation (Brack 

et al., 2008; Conboy et al., 2003). Several markers of activated satellite cells 

have been identified, although several of these markers differ between mice 

and human (reviewed in Tedesco et al., 2010). A more consistent 

satellite/myoblast cell marker in humans is CD56 (Illa et al., 1992).  

 

Other cells with myogenic potential have been identified (reviewed in 

Benedetti et al., 2013; Costamagna et al., 2015). These include CD133+ cells, 

PW1+ interstitial cells, bone marrow derived stem cells, side-population cells 

and pericytes/mesoangioblasts. Pericytes are mesenchymal like vessel-

associated progenitors found in adult skeletal muscle (figure 1.1) (Birbrair et al., 

2014). Pericytes are heterogeneous, and differ depending on their tissue of 

origin (Cappellari and Cossu, 2013). Lineage tracing experiments in mice show 

they contribute to muscle regeneration in post-natal muscle (Dellavalle et al., 

2007). However, as ablation of satellite cells dramatically impedes regenerative 

myogenesis (Lepper et al., 2011), it seems that satellite cells are still the most 

important cell in regenerating muscle damage in adult tissue. 
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Figure 1. 2 Muscle regeneration and expression of important myogenic genes.  
Satellite cells are the resident stem cells of skeletal muscle. Satellite cells are quiescent in adult 
muscle, and exist as a heterogenous population with Pax7+ and Myf5- self renewing as well as 
giving rise to more committed Pax7+ and Myf5+ satellite cells. After muscle injury activated 
satellite cells express Myf5, and a symmetrically divide to give a Pax7+ Myf5+ MyoD+ cell as well 
as a MyoD- cell that returns to quiescence. The active satellite cells mature into myoblasts and 
proliferate. Myoblasts then further differentiate into myocytes, down regulate Pax 7 and Myf5, 
and express MyoG, before fusion into multinucleated myotubes that express structural proteins 
important for muscle function, such as myosin heavy chain. Newly formed myotubes/myofibres 
have centrally located myonuclei. Nuclei gradually move to a peripheral location as the myofibre 
matures. Pax7: paried box protein 7, Myf5: myogenic factor 5, MyoD: myogenic differentiation 1, 
MyoG: myogenin, Myf4: myognic factor 4, MHC: myosin heavy chain. Adapted from Tedesco et 
al. 2010.  
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Given their regenerative potential, satellite cells have been investigated for 

their use in cell replacement therapies (reviewed in Benedetti et al., 2013; 

Costamagna et al., 2015; Tedesco et al., 2010). However, they have shown 

poor efficacy, possibly due to immune rejection, poor engraftment, low survival, 

inefficient differentiation and migration. Furthermore, satellite cells lose their 

regenerative capacity with prolonged in vitro culture (Montarras et al., 2005) 

and have a limited expansion potential (Webster and Blau, 1990). The inability 

of satellite cells to cross vessel cell walls make them unsuitable for systemic 

delivery, which coupled with their limited expansion, is a particular problem 

when the aim is to treat disorders affecting muscles of the whole body. 

However, they may be suitable as a cell replacement therapy for disorders 

affecting only a few isolated muscles, for example oculopharingeal muscular 

dystrophy (Périé et al., 2014, 2006). As such, the other cells with myogenic 

potential have been investigated for their use in cell therapies (reviewed in 

Benedetti et al., 2013; Costamagna et al., 2015). These include CD133+ cells 

and pericytes/mesoangioblasts, both of which have shown promise in muscle 

regeneration after intra-arterial delivery in animal models, and are currently 

being evaluated in clinical trials for the treatment of Duchenne muscular 

dystrophy (DMD).  
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1.3 Lamins  
Mutations in the LMNA gene encoding A-type lamins lead to disorders 

known as laminopathies. A subset of these laminopathy disorders cause 

muscular dystrophies affecting striated muscle. Laminopathy disorders also 

affect peripheral nerve and adipose tissue. These disorders are further 

discussed in section 1.5. Muscular dystrophies are a group of clinically and 

genetically heterogeneous inherited disorders that are characterised by slow 

progressive muscle weakness. Muscular dystrophies are often caused by 

mutations in proteins important for muscle structure and function. For example 

in extra-cellular matrix proteins, external membrane proteins, enzymes, 

sarcolemma associated and sarcomeric proteins and nuclear membrane 

proteins (reviewed in Mercuri and Muntoni, 2013). Striated muscle 

laminopathies fall into this latter category. The following section will describe 

lamin proteins, their structure and assembly.  

 

1.3.1 A-type lamins 
Lamins are type V intermediate filament proteins, which are found 

exclusively in the nucleus. They can be divided into two groups, A and B type 

lamins. In humans three genes encode these nuclear lamins: LMNA, LMNB1 

and LMNB2. LMNA is located on human chromosome 1q and encodes A type 

lamins (Wydner et al., 1996). LMNA is comprised of 12 exons, and there are 

two main isoforms of this gene arising from alternative splicing: lamin A and 

lamin C (lamin A/C) (figure 1.3) (Lin and Worman, 1993).  Lamin A/C is 

expressed in most differentiated somatic cells, but is absent from embryonic 

stem cells (ESC) and induced pluripotent stem cells (iPSC) (Constantinescu et 

al., 2006a; Ho et al., 2011; Stewart and Burke, 1987; Zhang et al., 2011). There 

are two additional isoforms resulting from alternative splicing of LMNA: lamin 

C2 and a lamin A isoform lacking exon 10 (lamin A ∆ 10) (Furukawa et al., 

1994; Machiels et al., 1996). Lamin C2 is expressed in germ cells (Furukawa et 

al., 1994). Lamin A ∆ 10 is less well characterised, it is 30 amino acids shorter 

than lamin A, and has been found expressed in tumour cells, as well as a few 

other non-tumorigenic cell types (Machiels et al., 1996).  
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Lamin A is the longest isoform at 644 amino acids, and produced by 

alternative splicing of exon 10 (figure 1.3) (Fisher et al., 1986; Lin and Worman, 

1993; McKeon et al., 1986). Lamin A and C are identical up till exon 10, 

corresponding to the first 566 amino acids. After this lamin C contains a 

different shorter carboxyl-terminal tail domain, which is 6 amino acids in length.  

Lamin A and C are expressed in equal amount in most tissues, however in 

the central nervous system and lower layers of the epidermis, there is little or no 

lamin A expression (Hanif et al., 2009; Jung et al., 2012). In the central nervous 

system this is thought to be due to expression of a brain-specific micro-RNA, 

miR-9, that specifically down-regulates lamin A.  

The ratio of lamin A to lamin B expression differs between tissues, with the 

most lamin A produced in mechanically stiff tissue such as bone and muscle; 

with less lamin A in softer tissues such as fat, liver and kidney (Swift et al., 

2013). However, in this study lamin A expression was still higher than lamin B 

expression in all tissues assessed apart from the brain. This ratio of lamin A:B 

has been found to influence the differentiation of mesenchymal stem cells 

(MSCs) into fat or bone.  
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Figure 1. 3 Gene and protein structure of lamin A/C, and post translational modification 
of lamin A.  
LMNA has 12 exons which encode four isoforms: lamin A, lamin C, lamin C2 and lamin A del 
10. The main isoforms lamin A and C are shown. Lamin A and C are comprised of a head 
domain (orange), an alpha helical central rod domain (green) and a terminal tail domain (blue), 
which contains a Ig like fold and a nuclear localisation signal. Lamin C has a shorter tail domain 
than lamin A, and contains a series of amino acids at it C-terminus formed from alternative 
splicing of exon 10. Prelamin A, but not lamin C, undergoes a series of sequential post 
translational modifications to form mature lamin A. First a farnesyl group is added by 
farnesyltransferase to the cysteine in the cysteine-aliphatic-aliphatic-any (CaaX) motif at the C-
terminus of the protein. Next the –aaX is cleaved by RCE1 of ZMPSTE24, and a carboxymethyl 
group added to the C. In the final stage the protein is cleaved 15 amino acids upstream of the 
cysteine by ZMPSTE24. This results in a mature lamin A protein that is not farnesylated or 
carboxymethylated, and is shorter than prelamin A. IPCMT: Isoprenylcysteine 
carboxylmethyltransferase, NLS: nuclear localisation signal, RCE: Ras-converting enzyme 1 , 
ZMPSTE24: Zinc metalloprotease related to the STE24 homolog in yeast. Figure adapted from 
Coutinho et al. 2009 and Azibani et al 2014. 
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1.3.2 B-type lamins 

Two genes encode B-type lamins: LMNB1 on chromosome 5 encodes 

major isoform lamin B1, and LMNB2 on human chromosome 19 encodes the 

major isoforms lamin B2 and the minor isoform lamin B3 (Biamonti et al., 1992; 

Furukawa and Hotta, 1993; Lin and Worman, 1995). Lamin B3 expression is 

germ cell specific. All mammalian cells express at least one B-type lamin, 

including undifferentiated cells.  

B-type lamins are involved with several cellular functions, they regulate 

cellular senescence (Dreesen et al., 2013), DNA replication (Lopez-Soler et al., 

2001), formation of the mitotic spindle (Tsai et al., 2006), nuclear organization 

and cell cycle progression (Liu et al., 2000), as well as chromatin organization 

at the nuclear lamina (Guelen et al., 2008). Initial studies in human cells and C. 

elegans indicated B-type lamins were indispensible for cell viability (Harborth et 

al., 2001; Liu et al., 2000). However, recent studies have contradicted this view, 

showing they may not be essential in all cell types. Mice with a conditional 

double knockout for Lmnb1/Lmnb2 in skin keratinocytes, had normal skin and 

hair development (Yang et al., 2011). Moreover, keratinocytes proliferated 

normally in vivo and in vitro. ESC lacking either B-type lamins, or both A and B-

type lamins have also been shown to self-renew and retain their pluripotency 

(Kim et al., 2013; Y. Kim et al., 2011). B-type lamins do however play an 

essential role in embryonic development. They are required for proper 

organogenesis and brain development (Y. Kim et al., 2011). Both lamin B1 and 

lamin B2 are required for brain development. Fore-brain specific conditional 

knockout of either lamin B1 or lamin B2 creates mice with smaller forebrains 

and disorganised layering of neurons (Coffinier et al., 2011). Double knockout 

of Lmnb1/Lmnb2 leads to complete atrophy of the cortex.  

 

1.3.3 Structure of A-type lamins 
Lamins are comprised of three domains: a short head domain, an α-helix 

central rod and an immunoglobulin-like tail (figure 1.3) (reviewed in Herrmann 

et al., 2009). Full structural determination of lamins has proved difficult, as they 

tend to rapidly polymerise. Furthermore full length lamins do not form the 
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crystals required for X-ray crystallography, and instead form filamentous or 

paracrystaline structures (Herrmann and Aebi, 2004). However, extrapolations 

into their structure have been made based on bioinformatics analysis and 

comparisons to similar proteins containing coiled-coils (Qin et al., 2011; Strelkov 

and Burkhard, 2002).  

The central rod domain is comprised of two α-helical coils, coil 1 and coil 2 

(reviewed in Dittmer and Misteli, 2011). These two coils are each further divided 

into coil 1a, 1b and coil 2a and 2b. The flexible linker regions L1, L12 and L2 

separate the four coil segments from each other. The coils are formed from 

heptad repeats of amino acids (Conway and Parry, 1990; Herrmann and Aebi, 

2004; Mason and Arndt, 2004). A detailed atomic model of lamins is missing 

due to the challenges in X-ray crystallography of these proteins, however the 

structure of segment 2B of lamin A/C has been resolved confirming a left-

handed parallel coiled-coil structure (Strelkov et al., 2004). The rod domain 

contains two intermediate filament consensus motifs located at the start of coil 

1a and the end of coil 2b (Kapinos et al., 2010). These residues are very 

conserved amongst intermediate filament proteins, and are thought to take part 

in interactions important for correct lamin A/C assembly. 

The tail domain of lamins contains an immunoglobulin-like fold (Ig fold) as 

well as a nuclear localisation signal. In lamin A/C the Ig-fold has been 

structurally characterised to be comprised of a nine β-strands connected by 

short loops which form two β-sheets which fold together to form a β-sandwich 

(Dhe-Paganon et al., 2002; Krimm et al., 2002).  

 

1.3.4 Post-translational modification of lamins 
Lamin A, B1 and B2 undergo a series of post-translational enzymatic 

modifications to become mature lamins (reviewed in (Davies et al., 2009; 

Rusiñol and Sinensky, 2006). The unmodified lamins are referred to as 

prelamin A, B1 and B2. These proteins contain a cysteine-aliphatic-aliphatic-

any (-CAAX) motif at their carboxy tail terminus. Lamin C does not undergo 

these translational modifications, as it lacks the –CAAX motif.  

The first step in the post-translational modifications is the farnesylation of 

the cysteine in the motif by farnesyltransferase (figure 1.3) (Farnsworth et al., 
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1990; Lutz et al., 1992; Zhang and Casey, 1996). The –AAX is then cleaved by 

the prenyl proteases Ras-converting enzyme 1 (RCE1) or Zinc metalloprotease 

related to the STE24 homolog in yeast (ZMPSTE24) (Beck et al., 1990; 

Boyartchuk et al., 1997; Corrigan et al., 2005; Leung et al., 2001). After this the 

cysteine is carboxymethylated by isoprenylcysteine carboxyl methyltransferase 

(ICMT) (Winter-Vann and Casey, 2005). Unlike lamin B1 and B2, which remain 

farnesylated, prelamin A is further cleaved 15 amino acids upstream of the 

cysteine by ZMPSTE24 (Corrigan et al., 2005). This results in a mature lamin A 

protein that is not farnesylated or carboxymethylated, and is shorter than 

prelamin A. Errors in the post-translational modification of pre-lamin A cause 

Hutchinson-Gilford progeria syndrome (HGPS) and restrictive dermopathy (RD) 

(reviewed in Davies et al., 2009). For further details on these diseases, and 

other disorders caused by LMNA mutations see section 1.5. Lamins also 

undergo other posttranslational modifications, such as sumoylation (Zhang and 

Sarge, 2008), ADP-ribosylation (Adolph, 1987), and phosphorylation (Ottaviano 

and Gerace, 1985).  

 

1.3.5 Assembly of lamins 
 Lamins assemble to form dimers and higher-order structures (reviewed in 

Dittmer and Misteli, 2011; Zwerger and Medalia, 2013). Resolving the in vivo 

structure of lamins has proved difficult, due to their tight association with the 

nuclear membrane and chromatin. Xenopus oocytes are typically used as a 

model to study lamin structure, as the lamina is not as tightly associated with 

chromatin (reviewed in Davidson and Lammerding, 2014). However, unlike 

humans they only express one B-type lamin that is arranged into intermediate-

like filaments about 10 nm in diameter, that form a regular meshwork pattern 

(Aebi et al., 1986; Akey, 1989). Lamins from other species expressed in the 

Xenopus oocytes assemble into its nuclear lamina allowing them to be 

structurally analysed (Kaufmann et al., 2011). However, at present the ultra-

structure of the nuclear lamina or nucleoplasmic lamins in mammalian cells is 

not fully known.  
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 Lamins dimerize via their α-helical rod domain to form parallel coiled-coils 

(Aebi et al., 1986; Heitlinger et al., 1992, 1991; Karabinos et al., 2003; Moir et 

al., 1990). Lamin dimers assemble to form head-to-tail to polymers by 

overlapping at their IFCM (Kapinos et al., 2010). Further assembly of polymers 

into 10 nm filaments in vitro has only been achieved with the Caenorhabditis 

elegans lamin (Ben-Harush et al., 2009; Foeger et al., 2006; Karabinos et al., 

2003). C. elegans expresses only one lamin, known as Ce-lamin, which is 

functionally similar to both A and B-type lamins (Bank and Gruenbaum, 2011). 

The 10 nm Ce-lamin filament is formed from three to four protofilaments (Ben-

Harush et al., 2009). The protofilaments are 5-6 nm wide and comprised of two 

anti-parallel half-staggered head-to-tail polymers. Interestingly Ce-lamin when 

expressed in Xenopus oocytes form a 3-D meshwork comprised of the 5-6 nm 

protofilaments (Grossman et al., 2012). Lamins other than Ce-lamin tend to 

form paracrystaline arrays in vitro that are thought to be made of protofilaments 

(Heitlinger et al., 1991). It is thought the paracrystals are not a relevant in vivo 

structure as they are only seen after extreme overexpression (Klapper et al., 

1997). It is uncertain why different higher-order assembly structures are seen in 

vitro and in vivo. It maybe that correct lamin assembly into the nuclear lamina 

requires the presence of membranes and other lamin binding proteins. 

 

 A and B type lamins can assemble together in vitro (Kapinos et al., 2010). 

However, A and B-type lamins do not incorporate into the nuclear lamina at the 

same time after mitosis suggesting they form separate but overlapping 

networks in vivo (Moir et al., 2000b). High-resolution microscopy also shows 

that A and B type lamins form separate but interconnected networks in somatic 

cells (Moir et al., 2000b; Shimi et al., 2008). Disease-causing mutations in lamin 

A/C have been shown to disrupt lamin B1 localisation (Muchir et al., 2004; 

Ostlund et al., 2001; Taimen et al., 2009), and mouse embryonic fibroblasts 

(MEFs) expressing no lamin A/C have mislocalisations of lamin B1 from one 

pole (Sullivan et al., 1999), further suggesting there are some interactions 

between the two networks. However, in cells with a mutation that affects lamin 

A/C localisation to the nuclear lamina, lamin B1 localisation was not similarly 

altered (Pilat et al., 2013). Lamin A and C can also form heterodimers in vitro, 

although they seem to form homodimers in vivo (Kolb et al., 2011). 
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The assembly of the nuclear lamina changes during the cell cycle. During 

mitosis in higher eukaryotic cells the nuclear envelope breaks down and the 

nuclear lamina is disassembled (reviewed in (Güttinger et al., 2009). Nuclear 

lamina disassembly and solubilisation is triggered by their phosphorylation at 

the start of mitosis by cyclin-dependent kinase  (CDK1) and protein kinase C 

(PKC) (Güttinger et al., 2009; Ottaviano and Gerace, 1985). De-phosphorylation 

of lamins is necessary for the nuclear lamina to reassemble at the end of 

mitosis/G1 transition (Fields and Thompson, 1995; Moir et al., 2000a; 

Thompson et al., 1997). 

 

Lamin A/C and B1 are also found in the nucleoplasm as well as at the 

nuclear lamina. Lamins in the nucleoplasm may form a nucleoskeleton (Barboro 

et al., 2002; Hozák et al., 1995). Nucleoplasmic lamin A/C is more dynamic than 

lamin A/C at the lamina, and is therefore thought to be less closely associated 

with the nucleoskeleton (Broers et al., 1999; Moir et al., 2000b; Muralikrishna et 

al., 2004). Lamin B1 found in the nucleoplasm has a more stable and less 

dynamic structure than its lamin A/C counterpart (Moir et al., 2000b).  

 

Mutations causing laminopathies Emery-Dreifuss muscular dystrophy (AD-

EDMD), dilated cardiomyopathy (DCM) and Hutchinson Gilford Progeria 

syndrome (HGPS) have been shown to affect the assembly of lamin A/C when 

studied using Ce-lamin (Bank et al., 2012, 2011; Ben-Harush et al., 2009; 

Wiesel et al., 2008; Zwerger et al., 2013). However, not all mutations studied 

affect lamin A/C assembly, suggesting that this is not the only disease 

mechanism.  
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1.4 Lamins in the nuclear lamina and nucleoplasm 
Nuclear lamins have many important cellular functions: they provide 

structural support to the nucleus, serve as an anchoring point for chromosomes, 

are involved in chromatin organisation, regulation of gene expression, DNA 

replication, mitotic spindle formation and help control cell proliferation and 

differentiation (reviewed in Thomas Dechat et al., 2010; Gruenbaum and 

Foisner, 2015). Lamins are present at the nuclear lamina and nucleoplasm, 

where they interact with many proteins. The structure of the nuclear lamina and 

nucleoplasmic lamins will be described in the following section. For a detailed 

discussion of the roles of lamin A/C in relation to laminopathy disease 

mechanisms, see section 1.6.  

	

1.4.1 The nuclear lamina and associated proteins 
Lamins are type V intermediate filament proteins found in the nucleus. 

Lamins polymerise together to form the nuclear lamina, a mesh like structure 

that lies underneath the inner nuclear membrane (figure 1.4). Lamins interact 

with many other proteins at the nuclear lamina, these can be nuclear envelope 

transmembrane proteins (NETs), or lamin associated proteins. Numerous NETs 

have been identified (Schirmer et al., 2003), many of which show tissue specific 

expression (Korfali et al., 2012). However, only a fraction of NETs have so far 

been confirmed to interact with the lamina (Schirmer and Foisner, 2007; Wilson 

and Foisner, 2010).  

 

Emerin is a NET protein of the inner nuclear membrane that binds to the 

lamina. Lamin A/C is required for correct localisation of emerin to the nuclear 

envelope (Sullivan et al., 1999; Vaughan et al., 2001). Mutations in emerin 

cause X-linked Emery-Dreifuss muscular dystrophy (EDMD) (Bione et al., 

1994), suggesting a common mechanism with EDMD due to LMNA mutations. 

Like lamins, emerin has multiple roles in the cell. It is involved in the regulation 

of transcription factors, signalling pathways, nuclear structure and chromatin 

architecture (reviewed in Koch and Holaska, 2014). Emerin binds to the 

structural proteins such as nuclear actin (Fairley et al., 1999) and nesprins 

(Zhang et al., 2005). 



 
Figure 1. 4 The nuclear lamina, associated proteins and their functions.  
β-cat = β-catenin, BAF = barrier to autointegration factor, INM = inner nuclear membrane, ONM 
= outer nuclear membrane, MTOC = microtubule organising centre NPC = nuclear pore 
complex. Adapted from Azibani et al 2014 and Gruenbaum & Foisner et al 2015



 

Biopsies of X-EDMD patient muscle show leakage of chromatin into the 

cytoplasm and breakage of the nuclear envelope, demonstrating the role of 

emerin in nuclear envelope stability (Fidziańska et al., 1998; Fidzianska and 

Hausmanowa-Petrusewicz, 2003).  

Emerin contributes to epigenetic regulation by interacting with and 

activating histone deacetylase 3 (HDAC3) (Demmerle et al., 2012). In addition 

emerin contains an LEM domain, which, like all LEM domain proteins, binds to 

barrier to autophagy (BAF) (Lee et al., 2001), a DNA binding molecule with 

functions in post-mitotic nuclear assembly, higher-order organisation of 

chromatin, gene expression and cell cycle progression (Margalit et al., 2007). 

Emerin regulates the transcription factors BCL2-associated transcription 

factor (Btf) (Haraguchi et al., 2004), germ-cell-less (GCL) (Holaska et al., 2003) 

and Lim domain only 7 (Lmo7) (Holaska et al., 2006). In the latter role, emerin 

regulates Lmo7 binding to Pax3 and MyoD promoters, which are important in 

muscle differentiation (Dedeic et al., 2011).  

Emerin also regulates signalling pathways including β–catenin/wnt 

signalling, IGF, notch, MAPK, MyoD/Rb, JNK, NF-κβ, and TGF-β (reviewed in 

Koch and Holaska, 2014). Signalling pathway misregulation of JNK, MAPK, 

TGF-β and β–catenin/wnt signalling maybe important in the cardiac pathology 

of striated muscle laminopathies (see section 1.6.2). Furthermore, Wnt, TGF-β, 

IGF-1 and notch are important signalling pathways in muscle regeneration, that 

are abnormal in emerin-null myogenic progenitors (Conboy and Rando, 2002; 

Edwall et al., 1989; Jennische and Hansson, 1987; Koch and Holaska, 2012; 

Massagué et al., 1986; Polesskaya et al., 2003; Ridgeway et al., 2000).  

 

MAN1 is a NET of the inner nuclear membrane which contains an LEM 

domain (Lin et al., 2000). MAN1 also contains a binding site for regulatory 

SMADs (R-SMADs), which functions to inhibit BMP and TGF-β signalling (Lin et 

al., 2005; Pan et al., 2005). Mutations in LEMD3 encoding MAN1 cause the 

bone disorder Buschke-Ollendorff syndrome (Hellemans et al., 2004).  

 

Lamina-associated proteins 1 and 2 (LAP1 and LAP2) are NETs that 

associate with the lamina in the inner nuclear membrane (Foisner and Gerace, 
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1993). LAP1 associates with both lamin A/C and B1. LAP1 has a role in muscle 

function, as mutations in TOR1AIP1 encoding LAP1B cause a muscular 

dystrophy (Kayman-Kurekci et al., 2014). LAP1 also associates with emerin, 

and knockdown of LAP1 in Emd-null mice causes muscular dystrophy, whereas 

Emd-null mice display only subtle abnormalities (Melcon et al., 2006; Shin et al., 

2013). LAP2 associates only with lamin B1 (Foisner and Gerace, 1993). As for 

emerin and MAN1, it contains an LEM domain, and therefore binds to BAF to 

interact with DNA (Cai et al., 2001). It also contains an additional LEM-like 

domain that interacts with DNA directly.  

 

A-type lamins and emerin bind to SUN domain proteins (Haque et al., 2010, 

2006) and KASH domain proteins (nesprins) (Haque et al., 2010; Mislow et al., 

2002b, 2002a). SUN domain proteins extend from the inner nuclear membrane 

(INM) into the perinuclear space, where they bind to the KASH domain in 

nesprin proteins (Crisp et al., 2006; Haque et al., 2006; Padmakumar et al., 

2005). Nesprins extend across the outer nuclear membrane into the cytoplasm 

where they bind to the cytoskeleton. Giant nesprins 1 and 2 bind to actin 

(Padmakumar et al., 2004; Zhang et al., 2005; Zhen et al., 2002), nesprin 4 via 

kinesin binds to microtubules (Roux et al., 2009), and nesprin 3 via plectin to 

intermediate filaments (Ketema et al., 2007; Wilhelmsen et al., 2005). There is a 

skeletal and cardiac specific isoform, nesprin-1α, that is located on the inner 

nuclear membrane (rather than the outer nuclear membrane as for other 

nesprins), where it binds to both lamin A/C and emerin (Mislow et al., 2002a, 

2002b). Together SUN and nesprin proteins form the Linker of nucleoskeleton 

and cytoskeleton (LINC) complex (reviewed in Mejat and Misteli, 2010). The 

LINC complex provides a direct link between the nucleus and the cytoskeleton. 

The LINC complex has roles in mechanotransduction, nuclear positioning and 

centrosome association. Mutations in nesprins 1 and 2 (Puckelwartz et al., 

2010; Q. Zhang et al., 2007), and SUN1 and 2 (Meinke et al., 2014) can lead to 

EDMD/EDMD-like muscular dystrophy. 

 

Lamin B receptor (LBR) is a lamina-binding NET of the inner nuclear 

membrane (Olins et al., 2010). LBR tethers chromatin to the lamina (Solovei et 

al., 2013). It does this by directly binding to H4K20me2 via its tutor domain 
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(Hirano et al., 2012), and indirectly through binding to heterochromatin–binding 

protein 1 (HP1) which binds to H3K9me3 (Ye and Worman, 1996). 

 

In addition to the described NETs, the signalling molecules ERK1/2 and c-

Fos also bind to the nuclear lamina (González et al., 2008). Disregulation of this 

pathway appears to be important in the cardiac pathology of laminopathies, and 

is further discussed in section 1.6.2. 

 
 

1.4.2 Nucleoplasmic lamin A/C 
In addition to forming the nuclear lamina, lamins are also found in the 

nucleoplasm (shown in figure 1.4) (reviewed in T. Dechat et al., 2010; Gesson 

et al., 2014). The function of the nucleoplasmic pool is less well understood, but 

is thought to play an important role in regulating pRb mediated cell cycle and 

differentiation, and potentially chromatin organisation and DNA replication.  

In the nucleoplasm lamin A/C associates with Lamina-associated protein 2α 

(LAP2α). This is a splice variant of LAP2, which is not membrane bound 

(Dechat et al., 2004). In addition, other membrane bound LAP2 variants 

associate with lamin B1, whereas LAP2α associates exclusively with lamin A/C 

(Dechat et al., 2000; Naetar et al., 2008). LAP2α expression is necessary for 

lamin A/C localisation to the nucleoplasm (Markiewicz et al., 2005; Naetar et al., 

2008). Together lamin A/C and LAP2α complex with pRb, regulating its 

phosphorylation, which in turn controls cell cycle progression and differentiation. 

Section 1.6.2 describes the role of nucleoplasmic lamin A/C in cell cycle 

regulation and differentiation, and its implications in disease progression. 

LAP2α also contains an LEM domain, and an LEM-like domain which bind to 

BAF and DNA respectively (Cai et al., 2001). LAP2α may therefore play a role 

in the chromatin and gene regulation in the nuclear interior (Zhang et al., 2013), 

potentially in complex with lamin A/C.  

 



 
1.5 Laminopathies 

 
Mutations in LMNA together with LMNB1 and LMNB2 cause a wide range 

of diseases termed laminopathies. Lamin A/C is expressed in most 

differentiated cells, although it is absent from iPSC/ESC and lymphoblasts, and 

has differential expression during development of the mouse embryo 

(Constantinescu et al., 2006; Guilly et al., 1987; Ho et al., 2011; Röber et al., 

1989; Stewart and Burke, 1987; Worman et al., 1988; Zhang et al., 2011). 

Lamin A/C expression has been shown to increase with tissue stiffness (Swift et 

al., 2013). The lowest expression is found in the brain, followed by mechanically 

‘soft’ tissues such as liver, fat and kidneys. There is higher expression in 

mechanically active tissues such as heart, muscle, lungs, with the highest 

expression in mechanically stiff tissues such as cartilage and bone. This scaling 

is more predominant for A-type Lamins, B-type Lamin expression does not 

increase as dramatically in mechanically active tissues. The brain has 

particularly low Lamin A expression, which is due to its down-regulation of 

Lamin A (but not Lamin C) by the micro-RNA miR-9 (Jung et al., 2012).  

Despite their expression in all tissues, LMNA mutations can cause disorders 

that affect different specific tissues, whilst other tissues remain unaffected. 

Laminopathies can be broadly grouped into four categories based on the 

tissues they affect: striated muscle, adipose tissue, peripheral nerve or 

disorders causing multisystem disease with accelerated aging (see figure 1.5) 

(Worman, 2012). The multisystem diseases with accelerated aging affect 

numerous different tissues, although patients lack a central nervous system 

phenotype, which seems to be due to the down-regulation of Lamin A by miR-9 

(Jung et al., 2012; Nissan et al., 2012). However, the other three categories of 

disease typically do not have overlapping phenotypes in terms of the tissues 

affected. For example, patients with a striated muscle phenotype do not have 

adipose or peripheral nerve defects (“Home - OMIM - NCBI,” 2018). Likewise, 

patients with peripheral nerve disease do not have striated muscle or adipose 

defects. Patients with adipose disease can present with muscle hypertrophy, 

but there is no muscular wasting and weakness as seen in striated muscle 

disorders. These tissue-restricted phenotypes occur despite the fact the mutant 
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protein is expressed in all these tissues. The reason for these tissue specific 

phenotypes is not fully understood, although mechanisms have been proposed, 

which are further discussed in section 1.6.3.  

 

  

 
Figure 1. 5 Laminopathy tissue specific phenotypes and striated muscle disorders.  
Laminopathy disorders are a group of rare disorders that display striking tissue specificity, which 
is surprising given that lamins are expressed in most cell types. Laminopathies can be broadly 
grouped into four categories depending on the tissue they affect shown above. There are four 
laminopathy disorders that affect striated muscle: dilated cardiomyopathy type 1A (DCM1A), 
limb girdle muscular dystrophy (LGMD1B), Emery-Dreifuss muscular dystrophy (EDMD) and 
LMNA related congenital muscular dystrophy (L-CMD). Figure prepared using servier medical 
images, muscular dystrophy UK (www.mda.org) and adaptations from Worman et al. 2012. 
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Table 1.1 Laminopathies caused by mutations in lamin proteins 

Tissue mainly 

affected 
Disease Gene Inheritance OMIM # 

Striated Muscle 

Emery-Dreifuss muscular 

dystrophy (EDMD-AD) LMNA AD #181350 

Emery-Dreifuss muscular 

dystrophy (EDMD-AR) LMNA AR #181350 

Dilated cardiomyopathy 1A 

(DCM1A) LMNA AD #115200 

Limb girdle muscular dystrophy 

type 1B (LGMD1B) LMNA AD #159001 

Heart-hand syndrome, Slovenian 

type LMNA AD #610140 

LMNA- related congenital 

muscular dystrophy (L-CMD) LMNA AD #613205 

Neuropathy 

Charcot-Marie-Tooth disorder 

type 2B1 (peripheral neuropathy) 

(CMT2B1) LMNA AR #605588 

Adult-onset leukodystrophy 

(central nervous system) 
LMNB1  

AD #169500 

Lipodystrophy 

syndromes 

Dunnigan-type familial partial 

lipodystrophy (FPLD) LMNA AD #151660 

Lipoatrophy with diabetes, hepatic 

steatosis, hypertrophic 

cardiomyopathy, and 

leukomelanodermic papules LMNA AD #151660 

Partial lipodystrophy  LMNB2  AD #608709 

Premature aging 

disorders 

Mandibuloacral dysplasia (MAD) LMNA AR #248370 

Hutchinson Gilford progeria 

syndrome (HGPS) LMNA AD #176670 

Atypical Werner Syndrome LMNA AD #176670 

Restrictive dermopathy lethal LMNA AD #275210 

AR = Autosomal Dominant, AD = Autosomal Recessive (adapted from Bonne and Quijano-Roy 

2013) 

 

 

To date, around 15 rare diseases have been attributed to mutations in 

nuclear lamins, shown in table 1.1. Due to rarity of these diseases and some 

overlapping phenotypes the exact number of disorders due to mutations in 
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lamins is uncertain. Only two disorders have been attributed to LMNB1 and 

LMNB2. A duplication of LMNB1 has been identified to cause adult-onset 

leukodystrophy (Padiath et al., 2006). Mutations in LMNB2 cause Barraquer-

Simons syndrome, an acquired partial lipodystrophy (Hegele et al., 2006). 

Fewer diseases have been linked to B-type lamins than A-type lamins, 

suggesting that mutations in these genes may result in embryonic lethality. 

Furthermore, there are no reports of loss-of-function mutations in B-type lamins, 

suggesting they have an indispensible cellular role. The majority of 

laminopathies are caused by mutations within the LMNA gene and have 

autosomal dominant inheritance (table 1.1) (reviewed in Worman, 2012). In 

humans, complete loss of A-type lamins is postnatally lethal (van Engelen et al., 

2005). Currently there is no effective therapy for laminopathies and treatment is 

palliative. Laminopathies due to mutant LMNA will be discussed in the following 

section. Potential mechanisms for tissue-specific phenotypes are further 

discussed in section 1.6.3. 

 

1.5.1 Laminopathies affecting striated muscle 
Four disorders affecting striated muscle are caused by mutations in LMNA, 

shown in figure 1.5 (Bonne and Quijano-Roy, 2013). Together striated muscle 

laminopathies are the most prevalent of all the laminopathies, accounting for 

more than 50% of all laminopathy cases (Bertrand et al., 2011). Underlying 

pathology of the striated muscle laminopathies is dilated cardiomyopathy with 

conduction system defects. Three of the disorders also have skeletal muscle 

involvement (Emery-Dreifuss muscular dystrophy, EDMD; limb-girdle muscular 

dystrophy 1B, LGMD1B; and LMNA related congenital muscular dystrophy, L-

CMD). These latter three disorders are referred to as skeletal muscle 

laminopathies (Maggi et al., 2016).  

 

The first disorder ascribed to mutations in LMNA was EDMD (Bonne et al., 

1999). EDMD has been estimated to be the third most common muscular 

dystrophy (Hopkins and Warren, 1992). Although the overall incidence of 

EDMD is not known, the prevalence of the X-linked form is estimated to be 

1:100,000 (Bonne and Quijano-Roy, 2013). Most patients present with AD-
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EDMD attributed to mutations in LMNA, with a smaller proportion presenting 

with X-linked EDMD. Onset is usually in the first decade of life, and begins with 

joint contractures of the elbows, neck extensor muscles and Achilles tendons 

(Muchir and Worman, 2007). Progressive muscle wasting of the scapula-

humeroperoneal muscles usually appears around the end of the second decade 

of life. Cardiac disease also appears around this time, and is typified by atrio-

ventricular conduction block, that develops into dilated cardiomyopathy with 

ventricular tachydysrhythmias (Meune et al., 2006). Patients are at risk of 

sudden death due to lethal tachyarrhythmias, and implantable cardioverter 

defibrillators have shown some efficacy in preventing this (Becane et al., 2000; 

Meune et al., 2006). Inheritance is typically autosomal dominant, although 

recessive inheritance has also been reported in one family (Raffaele Di Barletta 

et al., 2000). Mutations in EMD encoding emerin can also cause X-linked 

EDMD, which is normally typified by no emerin protein expression (Bione et al., 

1994). LMNA is the most frequently mutated of the identified EDMD genes, 

however ~50% of patients still do not have a genetic diagnosis, suggesting 

there are other unidentified causal genes (Meinke et al., 2011). Most mutations 

are typically dominant missense mutations and can be located throughout lamin 

A/C (in head, rod and tail regions), although in frame deletions, nonsense, 

frame-shifting and RNA splicing defects mutations have also been identified 

(UMD-LMNA, 2018). 

The recently described LMNA-related congenital muscular dystrophy (L-CMD) 

is the most severe of all the striated muscle laminopathies (Quijano-Roy et al., 

2008). Muscle weakness presents in the first year of life, and there is 

progressive decline in cervical/axial strength. Patients can be grouped into two 

subgroups, the most severe of which have severe early onset and very poor 

motor development. The second group are initially able to sit or walk, and 

typically present with neck weakness (dropped head syndrome). Progressive 

respiratory insufficiency appears in the first decade of life, some cardiac rhythm 

disturbances have also been observed amongst the oldest children. Inheritance 

is autosomal dominant.  

LGMD1B is an autosomal dominant progressive muscular dystrophy that 

affects the limb-girdle muscles (Muchir, 2000; van der Kooi et al., 1996). 
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Patients also have atrioventricular cardiac conduction system disturbances and 

dilated cardiomyopathy.   

The final striated muscle laminopathy reported, is an autosomal dominant 

dilated cardiomyopathy (DCM) with conduction system defect (Becane et al., 

2000; Fatkin et al., 1999). There is no skeletal muscle involvement in this 

disorder.  

 

1.5.2 Laminopathies affecting adipose tissue 
Mutations in LMNA have also been found to cause lipodystrophy 

syndromes. Dunningan-type familial partial lipodystrophy is characterised by 

loss of adipose tissues from the extremities, which results in diabetes mellitus 

and hypertriglyceridaemia (Shackleton et al., 2000; Speckman et al., 2000). 

This disorder seems to be caused by defective Lamin A/C regulation of sterol-

regulatory-element-binding protein 2 (SREBP1) and sterol-regulatory-element-

binding protein 2 (SREBP2), which are involved in adipocyte differentiation and 

cholesterol biosynthesis (Lloyd et al., 2002) 

 

1.5.3 Laminopathies affecting neurons 
Charcot-Marie-Tooth syndrome type 2B1 (CMT2B1) is the only neuropathy 

caused by mutations in LMNA (De Sandre-Giovannoli et al., 2002). This 

disorder is a very rare axonal peripheral neuropathy that is inherited in an 

autosomal recessive manner (Hamadouche et al., 2008). It is found in 

individuals originating from North-West Africa, likely due to a founder effect. 

Clinical symptoms include distal muscle weakness and axonal degeneration 

(Chaouch et al., 2003; Tazir et al., 2004).  

 

1.5.4 Laminopathies causing multisystem disease with 
accelerated aging 

Other disorders caused by mutant LMNA can be grouped into those 

causing multisystem disease with accelerating aging. Mandibuloacral dysplasia 

(MAD) has craniofacial abnomalities, skeletal deformities, growth retardation as 

well as partial lipodystrophy and insulin resistance (Novelli et al., 2002) 
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In the extremely rare Hutchinson-Gilford progeria syndrome (HGPS) 

patients present with accelerated aging, which results in death in the second 

decade of life from myocardial infarction or stroke (Gonzalo et al., 2017; 

Merideth et al., 2008; Worman, 2012). HGPS is caused in the majority of cases 

by LMNA c.1827C>T p.G608G, which generates a cryptic splice donor site in 

Lmna exon 11 (De Sandre-Giovannoli et al., 2003; Eriksson et al., 2003). This 

leads to a version of prelamin A that lacks 50 amino acids in its carboxy-

terminal tail, which importantly includes the ZMPSTE24 endoprotease site (see 

figure 1.3). This creates an error in lamin A post-translational modifications 

where the carboxymethyl and farnesyl groups cannot be removed by 

ZMPSTE24. The resulting version of lamin A expressed still contains these 

modifications, and is known as progerin. Expression of progerin underlies the 

pathology of this disorder (reviewed in Gonzalo et al., 2017). Understanding 

HGPS may provide valuable clues to the cellular process of normal aging. 

Indeed progerin expression has been found in healthy cells taken from aged 

individuals, and is associated with age related defects such as increased DNA 

damage (Scaffidi and Misteli, 2006).  

 

 

1.5.5 Genetics of Laminopathies 
Laminopathy disorders are for the most part autosomal dominant, 

although some recessive disorders do exist (table 1.1). Despite the range of 

tissue specific disorders caused by LMNA mutations, there are inconsistent 

genotype-phenotype correlations, with reports of the same mutation causing 

different tissue specific disorders (Scharner et al., 2010a). Identified mutations 

in LMNA are collated in the LMNA mutation database, an invaluable resource in 

researching these rare disorders (UMD-LMNA, 2018). To date, 463 unique 

mutations have been identified in LMNA from 2251 individuals. Missense 

mutations are the most frequent type of mutation (72%) followed by out of frame 

deletions/insertions (9.3%), splice site mutations (7.3%), in-frame deletions/ 

insertions (6.6%), and nonsense mutations (4.7%) (Bertrand et al., 2011). 

Despite the range of tissue specific disorders caused by LMNA mutations, there 
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are inconsistent genotype-phenotype correlations, with reports of the same 

mutation causing different tissue specific disorders (Scharner et al., 2010a). 

Almost 80% of reported mutations lead to striated muscle laminopathies 

(Bertrand et al., 2011). Together these disorders account for approximately 

50% of reported laminopathy cases. Mutations causing these disorders are 

located throughout the gene, with no obvious mutation hotspots. However, 

within each disorder, LGMD1B tend to be found in the Ig-like fold and coil 2, 

DCM mutations in the rod domain, and both EDMD and L-CMD mutations 

appear to be evenly distributed throughout the gene (Scharner et al., 2010b). 

The majority of mutations causing striated muscle laminopathies are missense 

(67.9%), with the rest comprising of out of frame insertions/deletions (10.9%), 

splice site mutations (8.0%), in-frame insertions/deletions (7.6%), and nonsense 

mutations (5.9%). Benedetti et al. analysed mutations in a cohort of patients 

with striated muscle laminopathies and found missense mutations were seen 

more often in early onset phenotypes with scapuloperoneal and facial 

weakness (ie CMD and EDMD), where as more frame-shifting mutations were 

seen in later onset phenotypes with mostly cardiac disorder or myopathy with 

limb-girdle distribution (ie DCM and LGMD) (Benedetti et al., 2007).  

 

The majority of mutations causing lipodystrophies (approximately 80%) are 

due to missense mutations occurring at Arginine 482, located in the Ig-like fold 

in the tail of Lamin A/C (Bertrand et al., 2011). This region is a binding site for 

sterol-regulatory-element-binding protein 1 (SREBP1) and sterol-regulatory-

element-binding protein 2 (SREBP2), which are important in adipocyte 

differentiation and cholesterol biosynthesis (Lloyd et al., 2002). The remaining 

mutations are located in the N and C terminal domains (UMD-LMNA, 2018). 

Although striated muscle laminopathies also occur in the tail region it is thought 

that they occur at positions affecting the structural stability of this domain, where 

as mutations causing FPLD are instead thought to cause a lost positive charge 

on the protein surface (Scharner et al., 2010a).  
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Only one mutation to date has been ascribed to cause the autosomal 

recessive CMT2B1, LMNA c.892C>T p.(R298C) carried in a homozygous state 

(De Sandre-Giovannoli et al., 2002). There appears to be a founder affect with 

the disorder occurring in individuals located in North-West Africa, with a 

common ancestor of about 800-900 years ago (Hamadouche et al., 2008). 

However, despite the common mutation it shows phenotypic variability in age of 

onset and progression (Tazir et al., 2004).  

 

 MAD is autosomal recessive, with eighty-five percent of patients carrying a 

homozygous mutation at protein position 527, either p.R527H or p.R527C 

(Bertrand et al., 2011). The majority of patients with HGPS (77%) have a de 

novo mutation of LMNA c.1827C>T p.G608G, which generates a cryptic splice 

donor site in Lmna exon 11, leading to the expression of progerin (the 

abnormally farnesylated and carboxymethylated version of lamin A, as 

described in section 1.5.4). The other mutations identified in HGPS patients 

likewise affect the splicing of exon 11 leading to progerin expression.  

 

Intriguingly there, are numerous cases where the same mutation can cause 

different laminopathies, and can even cause different tissue specific disorders  

(Scharner et al., 2010b). For example R60G causes FPLD and DCM; p.E358K 

AD-EDMD and L-CMD; p.Y267C AD-EDMD and DCM; and p.R644C can cause 

DCM, LGMD1B, EDMD, L-CMD, FPLD and atypical progeria (figure 1.6) 

(Scharner et al., 2010a; UMD-LMNA, 2018). Within one family there have even 

been reports of affected individuals presenting with EDMD, LGMD1B and DCM 

(Becane et al., 2000; Brodsky et al., 2000). This suggests the presence of 

modifier genes, or potentially digenic inheritance. Indeed, there are rare 

instances where additional mutations in EMD or DES were associated with 

variable severity (Muntoni et al., 2006; Yaou et al., 2007). Furthermore, variants 

in SUN1 and SUN2 have been identified to act as disease modifiers in EDMD 

(Meinke et al., 2014). However, in most cases the exact cause of the variable 

phenotypes remains unknown.  
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1.6 Role of lamin A/C and mechanisms of striated muscle 
laminopathies 

Lamins have many important cellular functions: they provide structural 

support to the nucleus, serve as an anchoring point for chromosomes, are 

involved in chromatin organisation, regulation of gene expression, DNA 

replication, mitotic spindle formation and help control cell proliferation and 

differentiation (reviewed in Thomas Dechat et al., 2010; Gruenbaum and 

Foisner, 2015). The roles of lamin A/C that are implicated in disease pathology 

of striated muscle will be further described in the following section. The 

mechanism of striated muscle laminopathies will be discussed as a whole 

(DCM, AD-EDMD, LGMD1B, L-CMD), rather than those that affect skeletal and 

heart tissue (AD-EDMD, LGMD1B, L-CMD). It is not known what is the most 

important and unique mechanism between these two groups, although some 

differences have been seen in the genetics (Benedetti et al., 2007). It is likely 

they share many similar mechanisms, with DCM representing a milder 

phenotype. Two non-mutually exclusive mechanisms have been proposed to 

cause the pathology of striated muscle laminopathies, mechanical stress and 

gene expression/stem cell differentiation. Underlying these theories are the 

numerous cellular roles of lamin A/C.  

 
 
1.6.1 Mechanical stress 

Lamin A/C is involved within maintaining the structure and mechanical 

properties of the nucleus. The mechanical stress hypothesis therefore proposes 

that in a mechanically active tissue such as muscle, LMNA mutations render a 

nucleus more susceptible to contraction-induced damage.  

 

1.6.1.1 Nuclear shape, deformability and fragility 
Muscle biopsies of AD-EDMD have shown abnormally shaped myonuclei 

(Y. E. Park et al., 2009) and in X-EDMD (due to mutations in emerin) there is 

leakage of chromatin into the cytoplasm and breakage of the nuclear envelope 

(Fidziańska et al., 1998; Fidzianska and Hausmanowa-Petrusewicz, 2003). 

Biopsies of cardiomyocytes in DCM patients showed LMNA mutations can lead 

to an irregular, broken or absent nuclear envelope (Gupta et al., 2010). 
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Elongated nuclei, nuclear envelope rupture and chromatin leakage into the 

cytoplasm was also seen in heart muscle of the DCM Lmnak32del/wt mouse 

(Cattin et al., 2013). Together these in vivo results suggest nuclei that are more 

deformable and susceptible to contraction induced mechanical stress.  

 

In vitro experiments have helped to elucidate the underlying role of lamin 

A/C in these nuclear mechanics, and the potential pathological mechanism. 

Lmna-null MEFs when subjected to mechanical strain have increased nuclear 

deformation (Lammerding et al., 2006, 2004). In addition, they have an 

abnormal nuclear shape (Lammerding et al., 2006). Both lamin A and C, but not 

lamin B1, were found to contribute to nuclear stiffness.  

LMNA mutations have been shown to perturb this role of lamin A/C in nuclear 

mechanics in vitro. LMNA-mutant primary fibroblasts from EDMD patients have 

been shown to result in increased deformability, and over expression of EDMD 

mutations in C2C12 myoblasts also causes increased nuclear deformity 

(Zwerger et al., 2013). Abnormalities in nuclear shape and blebbing are also 

seen in primary fibroblasts from patients with LGMD1B (Muchir et al., 2004, 

2003), L-CMD (Tan et al., 2015), DCM (Muchir et al., 2004), FPLD (Vigouroux 

et al., 2001), MAD (Novelli et al., 2002), HGPS (Eriksson et al., 2003) and 

WRN2 (Chen et al., 2003). Furthermore, abnormal nuclear shapes have also 

been seen in C2C12 myoblasts with exogenous expression of mutations 

causing AD-EDMD (Scharner et al., 2011), and a L-CMD with lipodystrophy 

(Barateau et al., 2017). These abnormal shapes imply the nuclei are more 

deformable and therefore sensitive to mechanical strain.  

 

Mislocalisation of nuclear envelope and lamina-associated proteins may 

also contribute to the observed nuclear fragility. Lmna-/- nuclei have loss from 

one pole (capping) of lamin B1, lamin-associated protein 2 (LAP2) and the 

nuclear-pore associated protein 153 (Nup153) (Sullivan et al., 1999). There is 

also mislocalisation of lamin B1 in primary patient fibroblasts with AD-EDMD 

(Favreau et al., 2003; Muchir et al., 2004) and  LGMD1B (Muchir et al., 2003); 

and when LMNA mutations causing AD-EDMD are overexpressed in C2C12 

myoblasts (Favreau et al., 2003; Ostlund et al., 2001; Scharner et al., 2011). 

Regions without lamin B1 are weakened, so more prone to nuclear rupture (De 
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Vos et al., 2011; Denais et al., 2016; Vargas et al., 2012). Such rupture events 

could be exacerbated in mechanically active tissue such as muscle. In primary 

human fibroblasts lacking lamin A/C, the structural proteins emerin and 

nesprin1α are also mislocalised to the endoplasmic reticulum (Muchir et al., 

2003).  

 

1.6.1.2 Viability under mechanical strain, mechanotransduction and the 
LINC complex 

Lmna-null (Lammerding et al., 2004) and Emd-null (Lammerding et al., 

2005) cells have reduced viability under mechanical strain. In Lmna-null, but not 

Emd-null cells, this is due to defects in the activation of Nf-κβ mechanical stress 

response signalling, a pathway that can provide anti-apoptotic signals. As both 

mutations in LMNA and EMD cause EDMD, this suggests a defect in 

mechanotransduction is important in the pathology of these disorders.  

The LINC is an important mechanotransduction structure in the cell that 

connects the nucleus to the cytoskeleton of intermediate filaments, actin and 

microtubules. Nesprin, along with SUN domain proteins, form part of the LINC 

complex, which interacts directly with both lamin A/C and emerin (as discussed 

in section 1.3). Mutations in SUN 1 and 2 have been found to cause EDMD, as 

well as act as disease modifiers (Meinke et al., 2014). Furthermore, Nesprin 1 

and 2 variants also cause EDMD as well as DCM (Puckelwartz et al., 2010; Q. 

Zhang et al., 2007). This suggests disruption of the LINC complex is an 

important factor in disease pathology in striated muscle laminopathies, causing 

defects in the cells ability to respond to mechanical stress. In addition to 

transmitting mechanical force from the cytoskeleton to the nucleus the LINC 

complex has many functions, it is involved in cell division, centrosome 

association with the nucleus, nuclear migration, cytoskeletal organisation, 

nuclear positioning in muscle fibres and mechanotransduction (Mejat and 

Misteli, 2010). Force transmission between the nucleus and cytoskeleton is 

disrupted by LMNA AD-EDMD and DCM mutations (Zwerger et al., 2013). Loss 

of lamin A/C as well as striated muscle mutations can impede association with 

SUN proteins (Haque et al., 2010; Méjat et al., 2009), and nesprin 1 and 2 

(Méjat et al., 2009; Yang et al., 2013).  
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1.6.1.3 LINC complex disruption and myonuclear positioning 
Disruption of the LINC complex also interferes with mechanical control of 

myogenic differentiation (Brosig et al., 2010). In addition, the LINC complex also 

has an important role in nuclear positioning in muscle (reviewed in Mejat and 

Misteli, 2010). Mature muscle is formed of hundreds of syncytial extra-synaptic 

myonuclei and typically 3-8 synaptic myonuclei (Sanes and Lichtman, 2001). 

Extra-synaptic myonuclei are evenly spaced along the muscle fibre and 

synaptic myonuclei are located underneath the neuromuscular junction. In 

Lmna null and LmnaH222P/H222P mice there is mislocalisation of SUN2 and Syne-

1, mispositioning of synaptic myonuclei, structural disorganisation of 

neuromuscular junctions, and innervation defects (Méjat et al., 2009). Similarly 

Sun1:Sun2 (Lei et al., 2009) and Syne1:Syne2 (X. Zhang et al., 2007) double 

knockout mice have neuromuscular junction defects. EDMD patients also have 

signs of functional denervation (Méjat et al., 2009). This could be due to errors 

in LINC complex organisation of synaptic myonuclei, and could further 

contribute to disease pathology. 

Potentially there could also be errors in extra-synaptic nuclei positioning. In 

a patient with EDMD-like phenotype due to SUN1 mutations, primary myoblast 

differentiated to myotubes had disorganised extra-synaptic nuclei (Meinke et al., 

2014). Whether a similar disorganisation is seen with skeletal muscle disorders 

due to LMNA mutations requires further investigation.  

 

SUN1 accumulates at the nuclear envelope in Lmna-null mice, and the 

double knockout Lmna:Sun1 mouse has an improved disease phenotype (Chen 

et al., 2012). However, HGPS but not EDMD mutations were found to cause an 

accumulation of SUN1 at the nuclear envelope (Haque et al., 2010). A potential 

pathogenic role for SUN1 accumulation in non-HGPS laminopathies requires 

further investigation.  

 

1.6.1.4 Cytoskeletal network disruption 
Disrupted cytoskeletal networks have also been found in Lmna-null cells 

(Lammerding et al., 2004) that resembles the disorganization seen with LINC-

complex disruption. Additionally, disorganised Vimentin has been seen in 

Lmna-null MEFs (Houben et al., 2009) and Desmin is disordered in Lmna-null 
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cardiomyocytes (Nikolova et al., 2004). Vimentin is expressed upon satellite cell 

activation, with expression absent in mature fibres where it is replaced by 

Desmin expression (Vater et al., 1994). Vimentin helps protect against 

mechanical stress (Mendez et al., 2014), and disorganization can decrease 

resistance to mechanical load (Ingber, 2003). Desmin is an important muscle 

specific protein located at the periphery of Z disks, and is thought to contribute 

to structural and mechanical integrity in muscle (Paulin and Li, 2004). This 

suggests a potential role for Vimentin and Desmin disorganization in disease 

pathology. 

LMNA has an additional role in the regulation of the cytoskeleton. RhoA 

GTPase is involved in the stress fibre and focal adhesion assembly regulation. 

RhoA also regulates myocardin related transcription factor A, which is involved 

in cardiac development and function. In Lmna-null cells there is slight 

deactivation of the RhoA pathway (Hale et al., 2008; Ho et al., 2013).  

 

All together these numerous roles of lamin A/C, and their abnormalities 

seen in patient cells provide evidence for the ‘mechanical stress’ hypothesis of 

disease pathology. It is unclear which of the many mechanical and structural 

related defects are most important in disease pathology, and it could be a 

combination of many of these factors.  

 
 
1.6.2 Gene expression and stem cell differentiation 

In addition to its structural role within the cell, lamin A/C also provides an 

anchoring point for chromosomes, and has roles in regulating gene expression, 

chromatin organisation, DNA repair, ERK1/2 signalling, cell proliferation and 

differentiation (reviewed in Gruenbaum and Foisner, 2015). It is thought that 

deregulation of these functions underlies part of the disease pathology.  

 
1.6.2.1 Epigenetic control of gene expression 

The nuclear lamina binds to nuclear lamin-associated domains (LADs) in 

chromatin directly and via intermediate proteins (reviewed in Amendola and van 

Steensel, 2014). The human genome has over 1,300 LADs covering almost 

40% of the genome (Guelen et al., 2008). LADs have low gene expression 
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(Guelen et al., 2008) and are associated with transcriptionally repressed 

heterochromatin (H3K9me3) and anti-correlated with transcriptionally ‘open’ 

euchromatin (H3K4me3) (Perovanovic et al., 2016). In addition to lamin A/C 

binding directly to chromatin, lamina-associated proteins also bind to 

heterochromatin and are involved in the control of gene expression (see 

section 1.3). The LBR receptor binds directly to H4K20 (Hirano et al., 2012) 

and indirectly to H3K9me3 via HP1 (Ye and Worman, 1996), and Lap2β binds 

transcriptional repressors and histone deacetylase 3 (HDAC3) (Nili et al., 2001; 

Somech et al., 2005; Zullo et al., 2012). Emerin interacts and activates HDAC3 

(Demmerle et al., 2012), and the LEM-domain in emerin and LAP2β interact 

with chromatin via BAF (Margalit et al., 2007). Nucleoplasmic lamin A/C may 

also associate with LADs and be involved in gene expression control (Kind and 

van Steensel, 2014).  

During differentiation the nuclear lamina helps control tissue specific gene 

expression, and there is a reorganisation of LADs (Lund et al., 2013; Meister et 

al., 2010; Peric-Hupkes et al., 2010; Towbin et al., 2010). In proliferating 

myoblasts Pax7 is found in the nucleoplasm, and Myf5, MyoD, myogenin at the 

nuclear periphery. In myotube differentiation this localization switches 

(Demmerle et al., 2013; Perovanovic et al., 2016). This process is dependent 

on emerin and histone deacetylase 3 (HDAC3) (Demmerle et al., 2013).  

Expression of LMNA mutations causing EDMD and FPLD in myogenic cells 

shows they have increased number of LADs compared to WT (Perovanovic et 

al., 2016). Most LADs were shared with WT (63%), however there were also 

mutation specific LADs. In cells expressing myopathic mutations the spatial 

organisation of chromosomes is also changed (Meaburn et al., 2007; Mewborn 

et al., 2010). In C. elegans expression of an EDMD mutation impairs relocation 

of muscle specific genes to the nuclear interior and leads to defective muscle 

organization (Mattout et al., 2011). Recently work by Perovanovic et al 

investigated binding of lamin A at the nuclear lamina to chromatin (Perovanovic 

et al., 2016). During transition from myoblasts to myotubes, wt lamin A has low 

binding to transcription start sites of mRNA transcripts induced during transition 

from myoblasts to myotubes, however an LMNA EDMD mutation shows 

pervasive heterochromatin at these locations. Furthermore, fluorescent in situ 

hybridisation shows the MYOG locus moves to the nuclear centre during 
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myogenic differentiation in wt cells, however with an AD-EDMD mutation it is 

retained at the nuclear periphery. They also showed loci of genes involved in 

the cell cycle have decreased association with EDMD lamin A and insufficient 

heterochromatin formation during myogenic differentiation. The authors also 

identified aberrant persistence of pluripotency gene SOX2 and its downstream 

targets GATA6 and HOXB1 in LMNA AD-EDMD mutant and emerin-null cells 

during myogenic differentiation. This corresponded to elevated levels of SOX2 

mRNA in AD-EDMD and X-EDMDM muscle biopsies compared to control. 

Together these data suggest that disregulation of LADs occurs in both AD-

EDMD and X-EDMD, and during muscle differentiation this could lead to a 

disregulation of myogenic gene expression. 

  

1.6.2.2 Cell proliferation and differentiation 
Lamin A/C is found at the nuclear periphery where it forms the nuclear 

lamina (reviewed in Cortelli et al., 2012), and in the nucleoplasm (reviewed in 

Dechat et al., 2010). The function of this nucleoplasmic component of lamin A/C 

is less well understood, and it is thought to be involved in the regulation of cell 

proliferation, differentiation, and potentially chromatin organisation and DNA 

replication (reviewed in Dechat et al., 2010). Nucleoplasmic lamin A/C interacts 

with the retinoblastoma (Rb) signalling pathway to control cell proliferation and 

differentiation. The Rb pathway controls cell proliferation by regulating G1-S 

transition (reviewed in Giacinti and Giordano, 2006). Hypo-phosphorylated Rb 

binds E2F transcription factor preventing it from activating genes required for 

cell cycle progression, leading cells to rest in G0. G1 to S transition occurs 

when Rb is hyper-phosphorylated, causing it to release E2F; this allows E2F to 

activate cell cycle gene transcription. Lamin A/C in complex with LAP2α help to 

regulate cell cycle progression by binding to hypo-phosphorylated Rb to prevent 

its further phosphorylation, this means Rb stays associated with E2F and 

suppresses cell cycle progression (Dorner et al., 2006; Markiewicz et al., 

2002a). Upon entry to S phase lamin A/C is relocated from the nucleoplasm to 

the nuclear lamina, allowing Rb to be phosphorylated (Naetar and Foisner, 

2009). Lamin A/C presence in the nucleoplasm of cells is dependent on LAP2α 

expression (Naetar et al., 2008). Cells without LAP2α have no nucleoplasmic 
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lamin A/C and hyper-phosphorylated Rb resulting in increased cell proliferation 

(Naetar et al., 2008; Naetar and Foisner, 2009).  

During muscle differentiation the ratio of nucleoplasmic to peripheral lamin A/C 

alters, with lamin A/C progressively relocated to the nuclear periphery from the 

nucleoplasm (Markiewicz et al., 2005). Rb plays an important role during 

muscle differentiation, it initiates permanent cell cycle exit, and interacts with 

MyoD leading to the activation of MyoD differentiation target genes (reviewed in 

De Falco et al., 2006). For myogenic differentiation, Rb needs to be hypo-

phosphorylated, and initially forms a complex with LAP2α which does not 

include lamin C in post-mitotic myoblasts (Markiewicz et al., 2005). LAP2α 

expression is absent/minimal in myotubes.  

In vitro studies have suggested a role for lamin A/C and emerin in myogenic 

differentiation (Frock et al., 2006). Myoblasts from Lmna-/- mice have reduced 

differentiation potential in vitro. This corresponds to a reduction in pRb, MyoD 

and desmin; proteins important in muscle differentiation. This reduced 

differentiation potential is also seen in normal muscle cells when lamin A/C or 

emerin are down-regulated by RNAi. However, embryonic muscle development 

is not similarly affected in mice, as Lmna null and Emd null mice are born with 

muscle and display no overt pathology at birth (Melcon et al., 2006; Sullivan et 

al., 1999). AD-EDMD mutations when overexpressed in C2C12 myoblasts also 

result in poor myogenic differentiation, with a lack of correct cell cycle exit and 

disruption of Rb dephosphorylation (Favreau et al., 2004a; Markiewicz et al., 

2005). Transcriptomic analysis of muscle biopsies of EDMD patients with LMNA 

and EMD mutations shows aberrant expression of Rb/MyoD pathways (Bakay 

et al., 2006). As mentioned, this aberrant Rb and cell cycle disruption could also 

be contributed to by disruption in gene silencing through incorrect 

heterochromatin formation occurring for these loci at the nuclear lamina 

(Perovanovic et al., 2016).  

 

1.6.2.3 Signalling pathways 
Lamin A/C has a role within regulating cellular signalling pathways. With 

mitogenic stimulation, phosphorylated ERK1/2 binds to the nuclear lamina 

where it activates and phosphorylates c-Fos located at the nuclear lamina, 

allowing activated cFos to rapidly initiate target gene transcription (González et 
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al., 2008). c-Fos is a member of the AP-1 transcription complex, this complex is 

involved with cell proliferation, death, survival and differentiation signalling 

(Shaulian and Karin, 2002).  

Due to the role of lamin A/C in signalling, pathway alterations have been 

investigated for their role in the cardiac pathology of patients with striated 

muscle laminopathies. Three branches of the mitogen-activated protein kinase 

(MAPK) signalling pathway have been found to be misregulated in cardiac 

tissue in the LMNA H222P mouse model of EDMD; the extracellular signal-

regulated kinase 1/2 pathway (ERK1/2), the Jun N-terminal kinase pathway and 

the p38α pathway (Muchir et al., 2012b, 2007b, 2007a). It is uncertain if the 

upregulation of ERK1/2 is directly caused abnormal interaction with mutant 

lamin A/C occurring at the nuclear lamina, or by secondary effects of tissue-

induced stress-signalling.  

In addition to defective MAPK pathway, the AKT and mammalian target of 

rapamycin complex (mTORC) pathway, which affects autophagy and 

metabolism, has shown an upregulation in skeletal and cardiac muscle of 

Lmna-null mice (Ramos et al., 2012) and EDMD LmnaH222P/H222P mice (Choi et 

al., 2012). This defective AKT-mTORC signalling is thought to contribute to 

pathology by causing a decrease in autophagy. ERK1/2 kinases are one of the 

many upstream activators of mTORC, and it is thought that ERK1/2 could also 

be functioning alongside AKT to cause increased mTORC activity (Le Dour et 

al., 2017). Both ERK1/2 and AKT-mTORC signalling pathways have been found 

to be altered in hearts from patients with cardiomyopathy due to LMNA 

mutations (Choi et al., 2012; Muchir et al., 2012a).  

TGF-β signalling is also hyper-activated, and it has been suggested this 

could be upstream of the ERK1/2 or acting in synergy with it (Arimura et al., 

2005; Chatzifrangkeskou et al., 2015). WNT/β-catenin signalling is also 

decreased in hearts of EDMD LmnaH222P/H222P mice and in heart muscle from 

patients with cardiomyopathy due to LMNA mutations (Le Dour et al., 2017). 

WNT signalling is involved in a number of cellular processes, including 

proliferation, differentiation, apoptosis, polarity and senescence (Moon et al., 

2004; Reya and Clevers, 2005), and has been implicated in cardiac hypertrophy 

(Hermans and Blankesteijn, 2015). Several studies have implicated emerin as 
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regulating WNT/β-catenin signalling (Markiewicz et al., 2006; Stubenvoll et al., 

2015; Wheeler et al., 2010). 

Deregulation of signalling pathways has been less extensively explored in 

skeletal muscle. However Smad/TGFβ and ERK1/2 MAPK pathway 

disregulation has also been reported in skeletal muscle of the LmnaH222P/H222P 

mouse, similar to that observed in cardiac tissue (Arimura et al., 2005; Muchir et 

al., 2013). 

 

1.6.3 Potential mechanisms for tissue-specific phenotypes 
One of the mysteries surrounding laminopathies is how mutations cause 

tissue specific phenotypes, despite lamin A/C being expressed in most somatic 

cells. Lamin A expression is low in the brain, due to down-regulation by miR-9, 

which could explain why laminopathy patients do not have central nervous 

system phenotypes (Jung et al., 2012; Nissan et al., 2012). Apart from a few 

isolated cases (Barateau et al., 2017; UMD-LMNA, 2018), why do the vast 

majority of patients with striated muscle laminopathies have a muscle tissue 

specific phenotype and no lipodystrophy or neuropathy? The mechanical stress 

hypothesis goes some way to provide a further explanation. Mutations causing 

striated muscle laminopathies are thought to cause specific disruption to the 

structural and mechanical functions of the protein, whereas mutations causing 

FPLD and CMT do not have this effect. This means a detrimental outcome is 

only seen in mechanically active tissue such as muscle. Indeed, FPLD 

mutations were not found to cause decreased nuclear stiffness, implying they 

are less sensitive to mechanically induced stress than those causing muscle 

disorders (Zwerger et al., 2013). However, only four FPLD mutations were 

assessed in this study, and some EDMD and DCM mutations also did not affect 

nuclear mechanical stiffness.  

The majority of FPLD mutations (75%) occur in the Ig-like fold of lamin A/C 

(Scharner et al., 2010a). This region is a binding site for SREBP1 which is 

important in adipocyte differentiation and cholesterol biosynthesis (Lloyd et al., 

2002; Vadrot et al., 2015). FPLD mutations have been found to reduce 

SREBP1 binding to Lamin A/C. This includes the common R482W mutation, 

which has also been shown to cause deregulation of SREBP1 target gene 
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expression (Vadrot et al., 2015), as well as to inhibit adipocyte differentiation 

(Oldenburg et al., 2014). It seems therefore that FPLD pathology is due to 

impaired function of SREBP1 regulated pathways. Mutations causing striated 

muscle laminopathies occur throughout lamin A/C, including in the tail region 

(UMD-LMNA, 2018). It is thought that EDMD, LGMD1B, L-CMD and DCM 

mutations in the tail region occur at positions affecting the structural stability of 

the c-terminal domain (Scharner et al., 2010a). Mutations causing FPLD are not 

thought to affect structural integrity of the protein, but instead cause a lost 

positive charge on the protein surface.  

 

An alternative theory is that striated muscle LMNA mutations preferentially 

affect expression of genes involved in skeletal muscle differentiation 

(Perovanovic et al., 2016). A FPLD mutation (p.R482W) was found to have 

different LADs than EDMD mutation (p.R453W). This EDMD mutation was 

found to have increased heterochromatin of genes involved in myoblast to 

myotube transition, however the FPLD mutation was more similar to wt at these 

loci. Furthermore, differential methylation of cell cycle genes and MyoD was 

seen with the EDMD but not the FPLD mutation. During myogenic 

differentiation the EDMD mutation also resulted in lower level of myogenin 

mRNA compared to wt, an effect not seen with the FPLD mutation. This 

suggests that tissue specific pathology could be due to mutation specific 

alteration of LADs that differs between FPLD and striated muscle 

laminopathies. However, only one EDMD and one FPLD mutation were 

assessed in this study.  

 

The lineage specific effects seen in laminopathies have been proposed to 

be due in part to their interactions with tissue specific (NETs), which maybe an 

additional tissue specific factor involved in some or all of these mechanisms 

(reviewed in Worman and Schirmer, 2015). An increasing array of tissue 

specific NETs is being identified. Many functions are being attributed to tissue 

specific NETs, including regulation of the cell cycle, cytoskeleton mechanics, 

signalling, gene expression and genome organisation. Several NETs appear to 

be cardiac or muscle specific and include SUN proteins and nesprins (such as 

Nesprin-1α) that interact with lamin A/C. However, the exact mechanisms and 



	 58	

how tissue specific NETs contribute to the pathology of laminopathies is 

currently unknown.  

	

Tissue-specific laminopathies do exist that have a clearer genotype-

phenotype correlation. CMT2B1 is caused by R298C, with the majority of cases 

occurring in individuals of North African decent (UMD-LMNA, 2018). HGPS is 

caused in the majority of cases by c.1824C>T/p.G608G. HGPS is most 

commonly caused by abnormal post-translational modification of lamin A/C, 

resulting in the expression of progerin, an abnormally farnesylated version of 

the lamin A/C protein. Where one mutation causes multiple pathologies, for 

example R60G causes both FPLD and DCM, and Y267C causes both AD-

EDMD and DCM; this could be due to the presence of as yet unidentified 

modifier genes. Indeed, SUN1 and SUN2 mutations have been identified as 

modifying phenotypes in individuals with mutations in other EDMD associated 

genes (Meinke et al., 2014). 

 

There are still many unanswered questions in laminopathies regarding 

these complex genotype-phenotype correlations, disease mechanisms, 

mutation specific effects, and the role of modifier genes. In vitro models are 

invaluable tool that may help to shed light on some of these points.  
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1.7 In vitro disease modelling and iPSCs 
 

1.7.1 Traditional systems for in vitro modelling of laminopathies 
Understanding the pathological events underlying laminopathies, and 

making genotype-phenotype correlations has been limited by the rarity of these 

disorders and lack of access to primary patient cells. As a primary cell source, 

muscle has limitations for use during in vitro disease modelling and studying 

this disorder. Firstly, it can be difficult to obtain from patients due to the invasive 

nature of sampling. Furthermore, muscle fibres are syncytia formed from the 

terminal fusion many myocytes, and therefore cannot be expanded in culture. 

Myoblasts/satellite cells can be isolated from muscle, however they represent 

only a small fraction of the cells present in muscle biopsies (10% in new born, 

down to 1-2% at 79 years) (Renault et al., 2000). Most importantly, isolated 

satellite cells have limited in vitro expansion before senescence, a factor which 

is greatly affected by donor age. Newborn satellite cells proliferate rapidly and 

can undergo approximately 55-65 divisions, however this drops off rapidly to 

about 15-20 divisions from the age of 20 onwards. Furthermore, there can be 

depletion in the proliferative life span and number of satellite cells isolated from 

patients with muscular dystrophies such as DMD due to repeated rounds of 

degeneration and regeneration after contraction induced damage (Cossu and 

Mavilio, 2000; Renault et al., 2000). Together these factors make it difficult to 

use primary patient satellite cells/myoblasts for extensive research into disease 

mechanisms and therapy screening in muscular dystrophies.  

Due to these limitations of primary cells isolated from muscle, in vitro 

modelling of skeletal muscle laminopathy disorders has typically been achieved 

using primary patient fibroblasts (Muchir et al., 2004), exogenous expression of 

LMNA disease causing mutations in myoblasts (Scharner et al., 2011) and 

Lmna mutant mice and their derived cell lines (Scharner et al., 2015). Additional 

systems used include Xenopus oocytes (Kaufmann et al., 2011), 

Caenorhabditis elegans (Bank et al., 2012), Drosophila (Zwerger et al., 2013) 

and HeLa cells (Tan et al., 2015).  
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Cells derived from Lmna-/- mice have helped elucidate the role of lamin A/C 

protein in the cell (reviewed in Azibani et al., 2014). Additionally they have 

served as a model to study the effects of LMNA mutation expression, and been 

used to develop potential therapies (Scharner et al., 2015). However, unlike in 

humans, homozygous mutations are required to produce a phenotype in mice, 

with the only exception being the ΔK32 mouse in which heterozygous mutations 

produce a DCM phenotype (Cattin et al., 2016, 2013), with the homozygous 

mutations producing a more severe L-CMD like phenotype (Bertrand et al., 

2012; Pilat et al., 2013).  

 

Primary patient fibroblasts have provided a patient specific source of cells, 

to study mutation effects in skeletal muscle laminopathy disorders (Barateau et 

al., 2017; Emerson et al., 2009; Favreau et al., 2003; Muchir et al., 2004). 

Fibroblasts are a preferred primary cell source, as obtaining them is minimally 

invasive compared to other tissue i.e. skeletal, heart, adipose and peripheral 

nerve. However, fibroblasts are not the disease affected cell type in the majority 

of laminopathy disorders. They also do not allow the investigation of tissue 

specific gene expression or the mechanics of stem cell differentiation. 

Furthermore, they possess a limited differentiation potential before cellular 

senescence.  

 

Overexpression of LMNA mutations in myoblasts has enabled the study of 

specific mutations in a disease relevant cell line (Barateau et al., 2017; Favreau 

et al., 2003; Östlund et al., 2001; Scharner et al., 2011), and the investigation of 

differentiation effects (Favreau et al., 2008, 2004). However, such studies result 

in overexpression of the mutant protein, on top of an already homozygous wild 

type cell line. This results in levels of lamin A/C wild type and mutant that may 

not reflect the true levels seen in the patient, and therefore potentially different 

effects could be seen. Indeed, studies in fibroblasts and myoblasts 

overexpressing LMNA mutants have produced differing results. For example, 

Barateau et al. found that primary patient fibroblasts from a patient with an 

unusual L-CMD-lipodystrophy phenotype, had no significant shape abnormality. 

However, C2C12 myoblasts transfected with the disease causing mutation had 

significantly dysmorphic nuclei (Barateau et al., 2017). Additionally, one study 
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found that primary fibroblasts from patients with the common AD-EDMD 

mutation R453W, and the FPLD mutation R482W have herniations, lamin A/C 

honeycombs and lamin B1 mislocalisation (Favreau et al., 2003). Within this 

study transfections into C2C12 myoblasts produced the same localisation 

defects seen in primary fibroblasts. However a separate study has seen no 

localisation defects when the very same mutations were transfected into C2C12 

myoblasts (Östlund et al., 2001). Additionally, the AD-EDMD mutation E358K 

produced no mislocalisation in primary fibroblasts (Muchir et al., 2004), but 

large nucleoplasmic foci and decreased nuclear rim staining in transfected 

C2C12 fibroblasts (Östlund et al., 2001). It is unclear if these disparities 

represent true differences in phenotypes due to inherent differences between 

the cell types, affects caused by LMNA overexpression due to transfection, or 

variability between studies.  

 

An additional cellular model that has been used for overexpression studies 

are HeLa cells (Capell et al., 2005; Raharjo et al., 2001; Tan et al., 2015). 

However, HeLa is a cancer cell line and LMNA mutations have been reported in 

numerous cancers (de Las Heras et al., 2013); therefore, this cell line may not 

be the best model to study the in vitro effects of LMNA mutations. Xenopus 

oocytes, and Caenorhabditis elegans are typically used to study the structure 

and assembly of Lamins (reviewed in Davidson and Lammerding, 2014). The 

nuclear lamina in Xenopus oocytes associates less closely with chromatin than 

in somatic cells, enabling structural analysis by electron microscopy (Aebi et al., 

1986). Exogenously expressed human Lamins assemble into the nuclear 

lamina, however, Xenopus oocytes themselves only express B-type lamin 

(Kaufmann et al., 2011). Caenorhabditis elegans has likewise produced useful 

structural insights, however, unlike in humans, C. elegans expresses only one 

lamin protein, Ce-lamin, which is similar to both A and B type lamins (Bank and 

Gruenbaum, 2011). 

 
1.7.2 iPSCs and their applications 

Induced pluripotent stem cell (iPSCs) offer a new approach to cellular 

disease modelling (Inoue et al., 2014; Yamanaka, 2012), that can help 

circumvent many of the current short comings of in vitro models. iPSCs can be 
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made from primary cells obtained from minimally invasive sources, such as skin 

fibroblasts, which can be reprogrammed into an embryonic stem cell pluripotent 

state by the expression of the reprogramming factors octamer-binding 

transcription factor 4 (OCT4), kruppel- like factor 4 (Klf4), sex determining 

region Y-box 2 (SOX2) and c-Myc (Takahashi et al., 2007). iPSCs can be 

directed to differentiate into any cell type. This means that a patient specific cell 

type that would otherwise be difficult and invasive to obtain, can be artificially 

made from a minimally invasive cell source. Furthermore, these cells have 

potentially unlimited expansion, circumventing problems of cellular senescence 

of primary cell lines. This may also help with the loss of nuclear phenotype seen 

with some mutations at higher passages of primary cell lines (Muchir et al., 

2004). iPSC derived cells have revolutionary potential applications in cell 

replacement therapies, disease modelling and high-throughput drug screening 

(figure 1.6) (reviewed in Inoue et al., 2014; Loperfido & Steele-Stallard et al., 

2015; Mercola et al., 2013).  In terms of disease modelling, iPSCs enable the 

effects of patient specific mutations in disease relevant cell types to be 

investigated, potentially unravelling novel effects of particular mutations. This is 

of particular relevance in laminopathy disorders in which there are inconsistent 

genotype-phenotype correlations (Scharner et al., 2010a). Once disease 

phenotypes have been observed, they can be used to test the effects of 

multiple drugs, on numerous patient mutations, which may help in the 

identification of novel mutation specific drugs. However, as they can only be 

used in a relatively small number of patients, such mutation specific drugs can 

come with a high price tag when used in the clinic.  
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Figure 1. 6 Applications of iPSCs.  
Easily accessible cells (skin, blood, renal epithelial cells in urine) can be reprogrammed into 
iPSCs by addition of reprogramming factors (KLF4, OCT3/4, MYC, SOX2). Cells can then be 
directed to differentiate into any cell type. This allows the generation of an unlimited number of 
patient specific cell types that may otherwise be invasive and difficult to obtain, from an easily 
accessible source. These cells can then be used in cell replacement therapies, which can be 
combined with ex-vivo gene correction (eg CRISPR-cas9, viral gene delivery, human artificial 
chromosome) if the cells are from patients with genetic disorders. Ex vivo gene correction can 
also be applied at the iPSC stage. Another application of patient specific iPSC derived cells is in 
disease modelling studies. This can either be in vitro or in vivo. This can help elucidate novel 
disease mechanisms. Once reliable disease phenotypes have been identified, they can be used 
to test potential therapies in high-throughput drug screens. Allowing multiple compounds to be 
tested in patient specific cells. This may help identify compounds that would work in some 
patients but not in others, which maybe missed using established cell lines. After further pre-
clinical testing in animal models, and clinical trails, potential new therapeutic compounds and 
cell replacement therapies could be used as future therapies.  
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Typically, human fibroblasts have been used for reprogramming, due to 

their easy accessibility, minimally invasive isolation from skin biopsies, ease of 

handling, expansion and availability in established research biobanks. 

Numerous other cell types have been successfully reprogrammed, including 

cells isolated from minimally invasive sources such as urine or blood (Ye et al., 

2013; Zhou et al., 2012). However, there is some evidence that iPSCs may 

retain some epigenetic memory of the donor cell source, and prefer to 

differentiate into cell types of the originating donor cell germ layer (Bar-Nur et 

al., 2011; K. Kim et al., 2011; Marchetto et al., 2009; Ohi et al., 2011). However 

these epigenetic effects have been found to reduce over subsequent passages 

(Nishino et al., 2011; Polo et al., 2010). Robust and efficient myogenic 

differentiation from iPSC reprogrammed from fibroblasts is possible (reviewed in 

Loperfido & Steele-Stallard et al., 2015), which may be helped by the fact that 

both fibroblasts and muscle are mesoderm. Additionally, since one of the key 

benefits of iPSCs is the ability to make inaccessible cell types from easily 

accessible cell sources, it would be ethically undesirable to perform highly 

invasive biopsies in order to further improve the efficiency of reprogrammed 

iPSC differentiation.  

 

Aside from potential epigenetic memory, other disadvantages and 

limitations exist with iPSCs for disease modelling applications. iPSCs can be 

time consuming to generate, maintain and differentiate into the cell type of 

interest. Initially iPSCs were generated using integrating vectors to deliver the 

reprogramming factors, however these methods carry the risk of insertional 

mutagenesis and re-activation of exogenous pluripotency genes in 

differentiated cells (reviewed in (Brouwer et al., 2015). This could potentially 

affect the results of disease modelling experiments. However, several non-

integrating methods have now been developed (see section 3.3.1 for more 

details).  

iPSCs can also develop genetic abnormalities which could potentially effect 

results of disease modelling experiments. These defects can be present in the 

donor cells pre-reprogramming, or be a consequence of iPSC generation, or 

prolonged culture (Assou et al., 2018; Martin, 2017). Assessment for genomic 

changes by karyotype or array CGH/SNP arrays is therefore required. 
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Reprogramming cells into iPSCs can reset the ‘cellular clock‘ of the donor 

cells (Studer et al., 2015). Subsequent differentiation protocols mimic in vivo 

embryonic and foetal development, meaning the resulting cells can be 

immature and more closely resemble pre-natal or post-natal cells. This can be a 

particular problem if modelling disease associated with aging. An elegant 

approach to circumvent this problem has been to exogenously express progerin 

in iPSC derived cells to artificially induce cellular aging (Miller et al., 2013). This 

has enabled Parkinson’s disease, a late on-set disorder, to be modelled in vitro 

in iPSC-derived neurons.  

Identifying phenotypic differences between control and disease cell lines 

can be confounded by variability between iPSC lines (Barral and Kurian, 2016; 

Cahan and Daley, 2013; Kilpinen et al., 2017). This could be due to differences 

in genetic background, donor cell age, method of iPSC generation or genetic 

abnormalities acquired in culture. To help solve this problem, isogenic controls 

can be used (Ben Jehuda et al., 2018; Kim et al., 2014). This is where the 

underlying genetic mutation has been corrected, generating a control cell line 

that has the same genetic background but does not carry the disease causing 

mutation.  

 

 
1.7.3 LMNA-mutant iPSCs 
 

Several groups have looked at using induced pluripotent stem cells to 

model laminopathies, however most of the work has focused on iPSCs derived 

from patients with HGPS (reviewed in Cicero and Nissan, 2015). Lamin A/C is 

absent from pluripotent cells, and reprogramming of patient HGPS cells to iPS 

cells leads to a restoration of their nuclear shape (Liu et al., 2011a). Upon 

differentiation to vascular smooth muscle cells (VSMC), nuclear abnormalities 

can again be observed which are accompanied with premature senescence 

phenotypes. HGPS iPSC have also been used to study disease mechanisms, 

and the protein progerin has been shown to cause an inhibitory effect on 

adipocyte differentiation from HGPS-iPS cells (Xiong et al., 2013). Additionally, 

lineage specific effects have been observed, with cells of the mesenchymal 

lineage, which are affected in patients, showing DNA damage and nuclear 
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abnormalities (Zhang et al., 2011). However neural progenitors, which are 

unaffected in patients, did not have increased DNA damage or nuclear 

dysmorphology. Nissan et al, also used iPSCs to demonstrate that the lack of 

phenotype in neural cells in HGPS was due to the presence of a microRNA, 

miR-9, which down-regulated lamin A and progerin expression in neuronal cells 

(Nissan et al., 2012). Disease associated phenotypes could be alleviated in 

non-neuronal cells upon miR-9 expression.  

 

iPSCs have also been used to test therapeutic correction of disease 

causing mutations in HGPS (Liu et al., 2011b). HGPS-iPS cells genetically 

corrected by homologous recombination had reduced cellular senescence and 

nuclear abnormalities compared to their uncorrected counterparts, when 

differentiated to VSMC and fibroblasts.  These studies have established the use 

of iPSCs for laminopathy disease modelling. However, HGPS is likely to have 

different underlying mechanisms to other laminopathies, caused by the toxic 

accumulation of the protein progerin, a truncated farnesylated, 

carboxymethylated prelamin A.  

  

Four studies so far have used iPSCs for disease modelling in non-HGPS 

laminopathy disorders. Friesen and colleagues derived iPSCs from patients with 

FPLD due to the LMNA mutation R482W and differentiated them into 

adipocytes (Friesen and Cowan, 2017). Mutant cells had decreased 

adipogenesis, altered lipid metabolism and insulin signalling, and increased 

markers of autophagy. Another study reprogrammed cells from patients with 

DCM (due to an unspecified frame shifting mutation), atypical Werners and 

HGPS (Ho et al., 2011). They found that primary patient fibroblasts displayed 

abnormalities in nuclear shape and upon reprogramming to iPSCs these 

abnormalities were no longer visible. When differentiated to fibroblasts these 

nuclear abnormalities reappeared. Additionally, the LMNA mutant iPSC derived 

fibroblasts displayed increased apoptosis rates in response to electrical 

stimulation. The same group used the frame-shift DCM-iPSC line, along with a 

new DCM-iPSC line (R225X), and differentiated them into cardiomyocytes (Siu 

et al., 2012). iPSCs derived cardiomyocytes were electrically stimulated to 

mimic an in vivo cardiac electrical field. In response to electrical stimulation 
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cardiomyocytes derived from the LMNA mutant, but not wild-type iPSCs, had 

increased nuclear blebbing and rates of apoptosis compared to their 

unstimulated counter parts. This effect was replicated in wild-type cells with 

shRNA knockdown of LMNA. In addition, the rates of apoptosis were 

significantly higher in electrically stimulated DCM-iPSC compared to wild-type-

iPSC. This rate of apoptosis was significantly improved for the LMNA-frameshift 

cardiomyocyte line when the ERK1/2 pathway was blocked with a MEK1/2 

inhibitor. Potential therapies have further been assessed in DCM-iPSCs (Lee et 

al., 2017). Differential responses were seen to a nonsense read-through drug, 

with only one of the two nonsense mutations assessed (R225X) producing a 

full-length protein in response to the drug treatment. In the drug responsive line, 

there was a significant reduction in the percentage of nuclei exhibiting nuclear 

blebbing after electrical stimulation. However, it is worth noting that the other 

LMNA DCM-iPSCs there was no increase in nuclear blebbing in response to 

electrical stimulation. The nonsense read through drug also significantly 

reduced apoptosis in response to electrical stimulation in this line, as well as 

excitation-contraction coupling. Together these studies validate the use of 

iPSCs to model laminopathy disorders and test potential therapies. However, 

studies so far have not used iPSC from patients with skeletal muscle 

laminopathies to model disease pathology, nor have they differentiated LMNA-

mutant cells into skeletal muscle cells.  

 

1.7.4 iPSC differentiation into skeletal muscle 
Numerous protocols have been developed for the directed differentiation of 

iPSCs into myogenic cells. These methods have been reviewed in a recent 

paper by our group, of which I was co-first author (full paper in appendix) 

(Loperfido & Steele-Stallard et al., 2015). Initial attempts at myogenic 

differentiation in pluripotent cells, based upon spontaneous differentiation were 

inefficient (Robbins et al., 1990; Sánchez et al., 1991). Subsequent protocols 

have focused on overexpressing in the iPSCs factors essential for embryonic 

myogenic development or adult muscle regeneration in vivo (see section 1.2). 

The first of these approaches used inducible expression of either Pax3 or Pax7 

(Belay et al., 2010; Darabi et al., 2012, 2011; Filareto et al., 2013). Pax3 and 
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Pax7 are transcription factors that activate downstream myogenic regulatory 

factors MyoD, Myf5 and Myf6 (Maroto et al., 1997; Tajbakhsh et al., 1997; 

Zammit et al., 2006). Pax3 is essential for the embryonic development of 

muscle (Bober et al., 1994), and is down regulated in the majority of muscle 

progenitors post-natally (Relaix et al., 2004). Pax7 is not essential for 

embryonic myogenesis, but required for the formation (Seale et al., 2000) and 

correct functioning of adult stem cells (von Maltzahn et al., 2013). After 

enrichment by FACs, cells generated with these protocols were able to 

differentiate into myotubes in vitro (Belay et al., 2010), as well as engraft into 

mouse muscle in vivo (Darabi et al., 2012, 2011; Filareto et al., 2013).  

 

During myogenic differentiation, activated satellite cells express MyoD and 

Myf5, and asymmetrically divide to form committed myoblast progenitors 

(Pax7+, Myf5+ and MyoD+), as well as cells that return to quiescence (Pax7+, 

Myf5- and MyoD-) and replenish the satellite cell pool (Tedesco et al., 2010). 

The myoblasts progenitors go on to form MyoD+ myocytes, which fuse with 

myofibres. Thus, iPSC differentiation protocols that use over expression of 

MyoD, a key driver of myogenic differentiation, have also been explored 

(Abujarour et al., 2014; Gerli et al., 2014; Goudenege et al., 2012; Maffioletti et 

al., 2015; Tanaka et al., 2013; Tedesco et al., 2012; Yasuno et al., 2014). Cells 

generated using these protocols have been shown to differentiate in vitro 

(Yasuno et al., 2014),  as well as engraft in mouse muscle in vivo (Gerli et al., 

2014; Goudenege et al., 2012; Maffioletti et al., 2015; Tanaka et al., 2013; 

Tedesco et al., 2012). 

 

Recently, protocols have emerged that use small molecules to coax 

myogenic differentiation from iPSC/ESC, instead of relying on overexpression 

of Pax3, Pax7 or MyoD (reviewed in (Kodaka et al., 2017; Loperfido & Steele-

Stallard et al., 2015). These protocols use growth factors and small molecules 

to stimulate signalling pathways that control in vivo myogenic development, as 

discussed in section 1.2.1 (skeletal muscle development) (Caron et al., 2016; 

Chal et al., 2016, 2015; Hosoyama et al., 2014; Shelton et al., 2014; Xu et al., 

2013). In some protocols this is also combined with FACS enrichment (Borchin 

et al., 2013; Hwang et al., 2015). Activation of Wnt signalling (either directly or 
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through GSK3β inhibitors) forms the basis of the majority of these protocols 

(Borchin et al., 2013; Caron et al., 2016; Chal et al., 2016, 2015; Hwang et al., 

2015; Shelton et al., 2014; Xu et al., 2013). To improve myogenic 

differentiation, and avoid additional cell sorting, additional small molecules and 

growth factors are added to the mix, which include bFGF, forskolin, EGF, BMP, 

VEGF, Inhibinβ, BMP inhibition, HGF, IGF1, ascorbic acid, Alk5 inhibitor, Dex, 

insulin, with the combinations differing between protocols (reviewed in Kodaka 

et al., 2017). Impure cell populations could be a problem with some of these 

protocols as neural cells also express Pax3, and cardiac cells can be formed 

from mesodermal cells. To improve on this, more recent protocols have used 

BMP inhibitors to prevent differentiation into lateral mesoderm (Chal et al., 

2016, 2015). 
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1.8 Thesis hypothesis, aims and objectives 
 

1.8.1 Hypothesis 
I hypothesised that iPSCs generated from patients with skeletal muscle 

laminopathies could be differentiated into myogenic precursor cells and 

myotubes, and that these cells would display disease-associated phenotypes in 

vitro.  

 

1.8.2 Aims 
1. This thesis aimed to assess if iPSCs derived from patients with skeletal 

muscle laminopathies displayed known disease-associated phenotypes (eg 

abnormal nuclear shape and mislocalisation of lamina proteins) when 

differentiated into disease affected cell types (eg myogenic precursors and 

myotubes). It was expected that the iPSC derived myogenic precursor cells and 

myotubes would display the disease-associated phenotypes of abnormal 

nuclear shape and lamina protein mislocalisation. This would establish the use 

of skeletal muscle laminopathy iPSCs for disease modelling applications and 

their future use in therapy screening platforms. In particular I aimed to assess 

these disease phenotypes in iPSC-derived cells from a patient with a mutation 

in LMNA exon 5. This would enable the future use of these exon 5 mutant cells 

to test the therapeutic potential of antisense oligonucleotide (AON) mediated 

LMNA exon 5 skipping.  

 

2. In this thesis I also aimed to further develop the potential therapy based on 

AON skipping of LMNA exon 5 for laminopathy patients with a mutation within 

this exon. Specifically, I aimed to assess the expression of Lamin A protein 

lacking exon 5 (Lamin A Δ5) in human cells. It was expected Lamin A Δ5 could 

be expressed at the protein level in human cell lines.  

 

1.8.3 Objectives 
Aim 1 of this thesis was met by obtaining laminopathy patient derived iPSCs or, 

where a suitable iPSC line with a mutation in exon 5 did not exist, primary 

patient cells were reprogrammed into iPSCs. The patient-specific iPSCs were 
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then differentiated into myogenic precursor cells/mesodermal cells and 

myotubes, and characterised. These cells were then used to investigate in vitro 

disease-associated phenotypes of abnormal nuclear shape and lamina protein 

mislocalisation. Furthermore apoptosis rate was investigated in these cells.  

Aim 2 of this thesis was met by expressing LMNA cDNA constructs lacking 

exon 5, exon 3 in human cell lines, and performing western blots to detect the 

presence of Lamin A lacking exon 5 or 3 at the protein level.  
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2 Methods 
 

2.1 Cell culture 
2.1.1 Patient Cells 

Ethical approval from the NRES Committee London covers human cell work in 

the Tedesco lab, study title: The use of cells as a model system to study 

pathogenesis and therapeutic strategies for Neuromuscular Disorders; REC 

reference: 13/LO/1826; IRAS project ID: 141100. Three iPSC lines with 

missense mutations in exons 1 and 4 were obtained from Cellular Dynamics in 

partnership with the Cure Muscular Dystrophy campaign (for mutations see 

table 2.1). iPSCs were generated by Cellular Dynamics from human peripheral 

blood or fibroblasts by episomal expression of reprogramming factors (personal 

correspondence). The episomal plasmids were lost from the iPSC lines during 

prolonged culture, and were no longer detected between passage 10-15. 

Cellular Dynamics performed further characterisation for the iPSCs lines, and 

they were found to have a normal karyotype and to express endogenous 

pluripotency markers (tested for a set of proprietary markers).   

Professor Gisele Bonne kindly donated LMNA p.(L302P) fibroblasts to the 

study from an ethically consented patient. Two control lines were used in this 

thesis, control 1 was obtained from systems bioscience (catalogue number 

SC102A-1). This iPSC line had been reprogrammed from dermal fibroblasts 

using integrating retroviruses encoding MYC, KLF4, SOX2, POU5F1. Control 2 

was obtained from Gibco (catalogue number A13777). This iPSC line had been 

reprogrammed from cord-blood derived CD34+ progenitors using episomal 

expression of OCT4, SOX2, KLF4, MYC, nanog, Lin28 and SV40T. 

Gene Exon Mutation CDS 
Mutation 
protein Cell type Source 

LMNA 1 c. 94_96delAAG p.(K∆32) iPSC Cure CMD 
LMNA 1 c.104T>C p.(L35P) iPSC Cure CMD 
LMNA 4 c.745 C>T p.(R249W) iPSC Cure CMD 

LMNA 5 c.905T>C p.(L302P) Fibroblast 
Professor  
G. Bonne 

 
Table 2. 1 Details of patient cells used in this study 
Cure CMD = cure congenital muscular dystrophy (Cure CMD, n.d.) 
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2.1.2 Fibroblast reprogramming to iPSCs 
LMNA p.(L302P) fibroblasts were reprogrammed to iPSCs using four separate 

lentiviruses encoding MYC, SOX2, OCT3/4, and KLF4 under the control of 

CMV promoters (Kerafast) and Human iPS Cell Boost Supplement II kit 

(Millipore). Reprogramming was conducted on mitotically inactivated mouse 

embryonic feeder (MEF) based culture conditions with (KSR) serum 

replacement medium (table 2.2) according to manufacturer’s recommendations. 

Two wells of a 6 well plate were each plated with 80,000 p.L302P fibroblasts at 

passage 8 on day 0 (density 8,889 cells/cm2). On day 1 (18 hours after plating), 

one of the wells of fibroblasts was detached, and cells counted. This showed 

there were 96,000 fibroblasts in this well, meaning there should also be this 

many fibroblasts in the well that was still attached. The recommended 

multiplicity of infection (MOI) was between 20-50. A desired MOI of 30 was 

chosen and the amount of virus required was calculated as follows:  

 

(number of cells/viral titre) x desired MOI/1mL x 1000 µL = amount of virus 

96,0000/108 x 30/1mL x 1000 µL = 28.8 µL 

 

Cells were infected with the four viruses at MOI 30 (28.8 µL for each) in 1 mL of 

10% DMEM (Dulbecco’s modified eagle medium) with 8 µg/mL Polybrene 

(hexadimethrine bromide, Sigma). For the viral infections heat inactivated 

DMEM 10% was used (made with FBS that had been heat inactivated at 56 °C 

for 30 minutes, in order to inactivate complement factors present in the serum). 

Cells were incubated with the viral mix for 8 hours, after which the medium was 

aspirated, cells washed three times with PBS, and fresh DMEM 10% was 

added. On day 5 the infected cells were replated onto Matrigel (growth-factor 

reduced, lactose dehydrogenase elevating virus-free; Corning) coated plates on 

top of a layer of inactivated MEFs, with knockout serum replacement medium 

supplemented with the small molecules from the Human iPS Cell Boost 

Supplement II kit (TGF-β RI Kinase Inhibitor IV, Sodium Butyrate and PS48). 

Two six well plates of MEFs were used to plate the infected fibroblasts (twelve 

wells in total, for feeder plate preparation see section 2.1.3). Medium was 
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changed on the reprogrammed cells every other day until day 25. Fresh MEFs 

were added to the wells on day 11. Small molecule supplementation was added 

to the media every other day up till day 18. On day 25 the first iPSC colonies 

were isolated. The isolated colonies were picked manually using scalpel and 

pipette, to isolate them from fibroblasts that had not been successfully 

reprogrammed. Isolated colonies were plated onto freshly prepared plates of 

MEFs. Colonies were labelled based on the well of the culture dish they were 

taken from, ie clone C2 was the second colony picked from well C. Each of the 

picked colonies were cultured separately, to ensure clonal expansion. Line C2, 

F1 and A3 should therefore represent distinct clonal lines, as they were picked 

from separate wells of the fibroblast reprogramming plate.  

After colony picking iPSCs were initially maintained in the knockout serum 

replacement medium on MEFs for ~4 passages, after which they were moved 

to feeder-free conditions with TESR-E8 medium (Stem Cell Technologies) on 

Matrigel. For standard passaging protocol of feeder based iPSCs see section 

2.1.3.1. iPSC grown on feeders were transitioned feeder free according to 

manufacturer’s recommendations (Stem Cell Technology). After manual 

removal of differentiated regions, iPSCs were detached with Collagenase type 

IV (Gibco) for 10 minutes at 37°C. The Collagenase was aspirated, cells 

washed with 1 mL of TESR-E8, and colonies detached by scraping. The 

collected cell mixture was pipetted up and down 3 times with a 2 mL pipette to 

break up the aggregates, and plated on Matrigel-coated dishes and incubated 

at 37°C in a low oxygen incubator (3% O2). For standard maintenance and 

passaging of feeder-free iPSCs see section 2.1.3.2. 

 

 

2.1.3 IPSC culture  
	
2.1.3.1 Feeder based iPSC culture 
The newly reprogrammed iPSCs were grown as colonies on a layer of 

inactivated mouse embryonic fibroblasts (MEFs) on Matrigel coated dishes, at 

37°C with 5% CO2 and 3% O2. Matrigel was thawed on ice and diluted 1:100 in 

cold DMEM (Sigma), after which the mixture was applied to standard tissue 

culture treated dishes for 30 minutes at 37°C. Commercial MEFs (Stem Cell 
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Technology) were mitotically inactivated with 10 µg/mL mitomycin C (Sigma) for 

3 hours. After this time, they were detached with trypsin and plated onto 

Matrigel-coated dishes at a density of 33,300 cells/cm2 to ensure 100% 

confluence, and incubated overnight to allow MEFs to attach.  

iPSCs were manually passaged approximately every 5 days onto Matrigel-MEF 

plates using a dissecting microscope and scalpel, as this allowed the manual 

selection of undifferentiated colonies. iPSC colonies were inspected daily, and 

differentiated regions were manually removed approximately every 2 days. A 

typical passaging ratio of 1:3 wells was used, for iPSCs media formulation see 

table 2.2.  

 

2.1.3.2 Feeder free iPSC culture 
Feeder free iPSCs were cultured at 37°C with 5% CO2 and 3% O2, on Matrigel 

coated plates (prepared as described above, except without MEFs), in the 

chemically defined TESR-E8 medium (Stem Cell Technologies, table 2.2), 

according to manufacturer’s instructions. For cell passaging, medium was 

aspirated, and iPSCs incubated with 1 mL/6well of Gentle Cell Dissociation 

Reagent (Stem Cell Technology) for 7 minutes at room temperature. After this 

time the Gentle Cell Dissociation Reagent was removed and colonies detached 

by gentle scraping. The suspension of iPSCs was pipetted up and down 5 times 

with a 2 mL seriological pipette to break up the colonies into smaller fragments. 

iPSCs were then plated onto Matrigel coated plates, using a typical ratio of 1:9 

wells where one well was plated into nine wells of the same size. iPSCs were 

passaged approximately every 5 days. Colonies were manually inspected for 

differentiated regions before passaging, but once stabilised in feeder free 

conditions (~3 passages) rarely required manual removal of differentiated cells.  

	

2.1.4 Embryoid body formation and differentiation 
Embryoid bodies were formed according to a previously published protocol (Lin, 

Y. and Chen, 2014). iPSCs were incubated with detached with Gentle Cell 

Dissociation Reagent for 6 minutes at room temperature, after which it was 

aspirated, and TESR-E8 containing 4 mg/mL of Polyvinal alcohol and 3 µg/mL 

of Rho-associated protein kinase (ROCK) inhibitor Y27362 (Calbiochem) was 
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added. Cells were collected by scraping and transferred to a non-tissue culture 

treated plate, to allow EBs to form in suspension. The following day the media 

was changed to TESR-E6 (Stem Cell Technology), which is the same 

formulation as TESR-E8, except it lacks b-FGF and TGF-β, factors that 

maintain pluripotency. TESR-E6 media was continued for 5 days, with media 

changes every other day. After five days the media was switched to 

spontaneous differentiation media (DMEM 20 %), although cells were not 

transferred to adherent plates (tissue culture treated), the EBs adhered to the 

non-tissue culture treated plate after the media was switched to DMEM 20%. 

After 7 days, the medium was aspirated, replaced with PBS and cells collected 

by scraping. The collected cells were spun at 232 g, transferred to a 1 mL 

eppendorf and spun again at 10,000g. RNA was then extracted from the pellet, 

as detailed in section 2.8.  

 
2.1.5 IPSC commitment to human mesangioblast like cells 
(HIDEMs) and routine HIDEM culture. 
IPSC commitment to iPSC derived human mesangioblast like cells (HIDEMs) 

was conducted by Tanel Ozdemir according to our published detailed protocols 

(Maffioletti et al., 2015; Tedesco et al., 2012). Given below is the standard 

protocol for HIDEM derivation, adaptations to this protocol when HIDEM 

commitment was not successful are detailed in section 3.4.  

Day 0 (early commitment): Regions of differentiation were manually removed 

from iPSCs, after which cells were treated with 3.3 µg/mL of ROCK inhibitor for 

1 hour. For feeder-based culture 3 wells of a 6 well plate were used, for feeder-

free 6 wells of a 6 well plate at 70% confluency. Cells were washed with PBS, 

after which dissociation media was added and cells incubated at 37°C. For 

feeder based culture cells were incubated for 90 minutes in total. For feeder-

free cultures cells were incubated for 15 minutes. Dissociation media (table 2.2) 

was then collected, and cells resuspended with a P100) to facilitate 

disaggregation of the clumps and 1 volume of commitment media added. Cells 

were centrifuged at 232g for 5 minutes at room temperature. After resuspending 

in HIDEM commitment media (table 2.2), cells were counted with trypan blue, 

and plated on Matrigel coated plates at a density of 6 x 104 cells per cm2 for 
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feeder dependent culture, and 3 x 105 cells per cm2 for feeder-free iPSC 

cultures. Plated cells were incubated at 37°C with 5% CO2 and 3% O2.  

Day 1-6: Media changes every other day 

Day 7 (intermediate commitment): Cells were detached and collected using 

dissociation reagent, as described for day 1. If cells had not detached after 2 

hours they were gently scraped. The collected cells were spun at 232g for 5 

minutes at room temperature, after which they were resuspended in 

commitment media and counted with trypan blue. Cells were plated onto 

matrigel coated plates at a density of 2.5 x 104
 cells per cm2. Plated cells were 

incubated at 37°C with 5% CO2 and 3% O2. 

Day 8-13: Media changes every other day. 

Day 14 (late commitment): Cells were washed with PBS, and detached with 

trypsin (Sigma) at 37°C for 5 minutes. Trypsin activity was blocked with 

commitment media, cells collected and pelleted at 232 g for 5 minutes at room 

temperature. Cells were resuspended in proliferation media, and counted with 

trypan blue, and plated onto matrgiel coated dishes at a density of 2 x 104 cells 

per cm2 (80% confluence). Plated cells were incubated at 37°C with 5% CO2 

and 3% O2.  

Day 15-20: Media were changed every other day. After three days at 100% 

confluence cells were passaged, which occurred at approximately day 21.  

Day 21: Cells were detached with trypsin, as described for day 14. Trypsin 

activity was blocked with proliferation medium, and cells collected by 

centrifugation at 232 g for 5 minutes at room temperature. Cells were 

resuspended in fresh proliferation media, counted with trypan blue, and  plated 

at a density of 1.2 x 104 on cell culture plastic without any matrigel coating. 

Plated cells were incubated at 37°C with 5% CO2 and 3% O2. Plated cells are 

classed as P0.   

Day 21+ (standard HIDEM culture): The HIDEM proliferation media was 

changed every 2-3 days. HIDEMs were passaged when they reached 80% 

confluence, as described for day 21. Cells were plated at 1 x 104 and incubated 

at 37°C with 5% CO2 and 3% O2.  
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2.1.6 iPSC commitment to mesenchymal progenitor cells 
(MPCs), and standard MPC culture 
 Feeder-free iPSCs were committed to mesenchymal progenitors using 

STEMdiffTM Mesenchymal Progenitor Kit from Stem Cell Technologies 

according to manufacturer’s protocol. On day -2 iPSCs were incubated with 

Gentle Cell Dissociation Reagent at 37°C for 8-10 minutes in order to achieve a 

single cell solution, collected and centrifuged at 300 g for 5 minutes at room 

temperature. Cells were resuspended in single-cell plating medium (TESR-E8 

with 3.3 µg/mL of ROCK inhibitor) and counted with trypan blue, and plated in 

single cell plating medium at a density of 5 x 104 cells/cm2. Cells were 

incubated at 37°C with 5% CO2 and 3% O2. On day -1 medium was replaced 

with TESR-E8. On day 0 cells were washed with PBS, and medium was 

changed to Stemdiff-ACF Mesenchymal Induction Medium. Daily medium 

changes were performed between days 1-3. On day 4, cells were again washed 

with PBS and the medium was replaced with Mesencult-ACF Medium. On day 5 

Mesencult-ACF medium was changed. On day 6 cells were passaged on to 

cultureware pre-coated with Mesencult Attachment Substrate. Plates were first 

coated by diluting the attachment substrate 1:300 in PBS, incubating tissue 

culture plastic with the solution for 2 hours at room temperature, after which 

plates were washed with PBS. Cells were detached by washing first with PBS, 

and incubating at 37°C for 10 minutes with gentle cell dissociation reagent. An 

equal volume of Mesencult ACF medium was added, cells collected and 

pelleted at 300 g for 7 minutes. Cells were resuspended in Mesencult ACF 

supplemented with 3.3 µM ROCK inhibitor. Cells were counted and plated onto 

Mesencult Attachment Substrate coated plates at a density of 1.5 – 10 x 103 

cells per cm2, with Mesencult ACF medium supplemented with µM ROCK 

inhibitor. A half medium change was performed until cells were 80% confluent.  

For passage 2, cells were washed with PBS, and detached with Mesencult ACF 

Enzymatic Dissociation Solution at 37°C for 6 minutes, after which Mesencult 

ACF Enzyme Inhibition Solution was added. Mesencult ACF was added to the 

cell culture plate and the remaining un-detached cells were collected by cell 

scraping. Cells were pelleted at 300 g for 8 minutes, and resuspended in 

Mesencult ACF Medium. Cells were counted with Trypan blue, and plated with 
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Mesencult ACF Medium on to plates pre-coated with Mesencult-ACF 

attachment substrate. Cells were plated at 3-8 x 103 per cm2. Half medium 

changes were performed, and when cells reach 80 % confluency they were 

passaged according the above protocol for passage 2. After passage 4 cell 

scraping was no longer required during passaging, and medium was changed 

every 2-3 days. At passage 3 cells were plated at 1.5 – 6 x 103 cells per cm2, at 

passage 4+ cells were plated at 1.5 – 3 x 103 cells per cm2. Cells were 

incubated at 37°C with 5% CO2 and 3% O2. 

 

2.1.7 HIDEM and MPC infection with MyoD, and differentiation 
to myotubes. 
Myogenic differentiation of HIDEMs and MPCs was achieved by lentiviral 

mediated transduction of a tamoxifen inducible MyoD-ER (Addgene). 1 x 105 

cells were infected with MOI 10 (HIDEMs) or 0.5 MOI (MPCs) of virus with 8 

µg/ml of Polybrene in the standard media the cells were grown in, for 12 hours 

at 37°C with 5% CO2 and 3% O2.  

For myogenic differentiation. MyoD-ER infected cell lines were plated at 80% 

confluency on Matrigel-coated plates (see section 2.1.3.1). When cells reached 

90% confluency media was supplemented with 1µM tamoxifen. The following 

day after the first addition of tamoxifen, medium was changed to myogenic 

differentiation medium supplemented with 1µM tamoxifen. After this daily half 

medium changes were performed until myotubes became visible, this typically 

occurred 3-5 days after the first addition of 1µM tamoxifen.  

 

2.1.8 Primary fibroblast, MEFs, HEK and HeLa cell culture 
Primary fibroblasts, MEFs, 293T HEK and HeLa were cultured in 10% DMEM 

(table 2.2). Cells were passaged when they reached approximately 80% 

confluency. First cells were washed with tissue culture grade PBS (without Ca2+ 

and Mg2+, Gibco) to remove traces of medium, and detached with trypsin for 3 

minutes at 37c. Trypsin was inactivated with DMEM 10% and the collect mixture 

was centrifuged at 232 g for 5 minutes to pellet cells. The supernatant was 

discarded, and cells were resuspended in DMEM 10% and counted with Trypan 

blue. Primary fibroblasts and MEFs were replated at 40% confluency, HEK and 
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HeLa were replated at 20% confluency due to their fast growth rate. Cells were 

grown at 37°C with 5% CO2.  

 

2.1.9 Transfection of HEK 293T cells 
0.5 x 106 HEK 293T cells were transfected with 1.5 µg of plasmids encoding 

lamin A constucts using lipofectamin® LTX with plus reagent (Invitrogen) for 24 

hours, according to manufacturer’s recommendations. Plasmids were produced 

previously in our lab, using a 6.3 kb pMSCVpuro vector (Scharner et al., 2015). 

Plasmid contained an IRES-eGFP, which is under the control of the same 

promoter as the lamin A constructs, and expressed as a separate (i.e. non-

fusion) protein. The expression of lamin A constructs and eGFP is controlled by 

a cytomegalovirus (CMV) promoter. Protein was extracted from cells 72 hours 

after transfection, using protein extraction protocol 2 (see section 2.12).  

 

2.1.10 Retroviral Infection of HeLa and HEK 293T cells 
Retroviruses for human cell infection were generated previously in our lab 

(Maffioletti et al., unpublished), using the plasmids encoding lamin A constructs 

(Scharner et al., 2015). 1 x 105 of cells were transduced using 8 µg/ml of 

hexadimethrine bromide (Polybrene; Sigma) for 12 hours, after which the 

transduction was repeated for 12 hours with fresh virus. HeLa cells were 

transduced without polybrene (virus only).  
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Medium Cell type Formulation 
KSR iPSC feeder-

based culture 
Knockout DMEM (Gibco) 
25% (v/v) KSR (Gibco) 
1% (v/v) non-essential amino acids (Sigma) 
2 mM L-glutamine (Sigma) 
0.1 mM β-mercaptoethanol (Gibco) 
(100 IU + 0.1 mg)/ml penicillin/streptomycin (Sigma) 
10 ng/mL bFGF (Gibco) 

TESR-E8 iPSC feeder-
free culture 

TESR-E8 basal medium (Stem Cell Technologies) 
TESR-E8 x 20 supplement (Stem Cell Technologies) 
TESR-E8 x 500 supplement (Stem Cell Technologies) 

DMEM 10% Fibroblasts 
MEFs 

DMEM (Sigma) 
10% (v/v) FBS (Life Technologies) 
2 mM L-glutamine (Sigma) 
(100 IU + 0.1 mg)/ml penicillin/streptomycin (Sigma) 

DMEM 20 % Spontaneous 
differentiation 
of iPSCs 

DMEM (Sigma)  
20% FBS (v/v) (Life Technologies),  
2 mM glutamine (Sigma)  
(100 IU + 0.1 mg)/ml penicillin streptomycin (Sigma) 

HIDEM 
dissociation 
reagent 

HIDEM 
commitment 

PBS (Ca2+ and Mg2+ free) (Gibco) 
1% (v/v) FBS (Life Technologies) 
0.5 mM EDTA pH 8.0 (Fisher Scientific) 
0.1 mM β-mercaptoethanol 

HIDEM 
commitment  

HIDEMs Minimum essential medium alpha plus nucleosides (Life 
Technologies) 
10% (v/v) FBS (Life Technologies) 
2 mM L-glutamine (Sigma) 
0.1 mM 2-mercaptoethanol (Gibco) 
(100 IU + 0.1 mg)/ml penicillin/streptomycin (Sigma) 

HIDEM 
proliferation 

HIDEMs MegaCell DMEM (Sigma) 
5% (v/v) FBS (Life Technologies)  
2 mM L-glutamine (Sigma) 
1% (v/v) non-essential amino acids (Sigma) 
0.05 mM 2-mercaptoethanol (Gibco) 
5ng/ml human bFGF (Gibco) 
(100 IU + 0.1 mg)/ml penicillin streptomycin (Sigma) 

MPC induction MPCs STEMdiff ACF Mesenchymal Induction Medium (Stem Cell 
Technologies) 

Mesencult-
ACF 

MPCs MesenCult-ACF Basal Medium (Stem Cell Technologies) 
MesenCult-ACF x 5 supplement (Stem Cell Technologies) 
2 mM Glutamax (Gibco) 

Myogenic 
differentiation  

Myotube 
induction  

DMEM (Sigma) 
2% (v/v) Horse serum (Euroclone) 
2 mM L-glutamine (Sigma) 
(100 IU + 0.1 mg)/ml penicillin streptomycin (Sigma) 

 

Table 2. 2 Media formulations  
b-FGF = basic fibroblast growth factor, DMEM = Dulbecco’s modified eagle medium, FBS = 
Foetal bovine serum, KSR = Knockout serum replacement.  
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2.2 Alkaline phosphatase staining 
Growing cells were washed with PBS, fixed with 4% (w/v) paraformaldehyde 

(PFA) for 5 minutes followed by a PBS wash. Cells were incubated for 20 

minutes with the alkaline phosphatase staining solution: 0.1 M Trizma 

hydrochloride, 0.1 M NaCl, 0.5 M MgCl2, 0.5 % vol/vol µl of Tween-20, 2 % (v/v) 

of NBT/BCIP solution. NBT/BCIP solution = 18.75 mg/ml NBT + 9.4 mg/ml 

BCIP. After this incubation cells were imaged with a dissecting microscope. 

Paraformaldehyde fixed HeLa cells were used as a control for the alkaline 

phosphatase staining.  

 

2.3 Immunofluorescence 
Cells were washed with PBS, fixed with 4 % (w/v) PFA for 5 minutes, followed 

by a further PBS wash. Fixed cells were permeabilised for 1 hour with 

permeabilisation solution (1% bovine serum albumin (BSA) + 0.2% Triton in 

PBS) at room temperature. Cells were then blocked for 30 minutes with 10% 

donkey or goat serum diluted in permeabilising solution at room temperature. 

Cells were then incubated overnight at 4°C with the primary antibodies diluted 

in permeabilisation solution. Unbound primary antibody was removed using 

three washes of 0.2% Triton in PBS.  After this cells were incubated for 1 hour 

with secondary antibodies and HOECHST 33342 diluted in 0.2% Triton in PBS. 

Unbound secondary antibody was washed away with two washes of 0.2% 

Triton in PBS, followed by one rinse of PBS. Cells were imaged with an inverted 

fluorescence microscope. To act as a control for non-specific secondary 

antibody binding, a separate well was incubated with secondary antibody only 

and not with primary antibody. The following primary antibodies were used: 

rabbit anit-SOX2 1:100 (Abcam AB97959) mouse anti-OCT3/4 1:100 (Santa 

Cruz sc5279), rabbit anti-NANOG 1:100 (abcam ab80892), mouse anti-lamin 

A/C 1:250 (Nova Castra NCL-LAM) or goat anti-lamin A/C 1:250 (for myogenic 

differentiation only) (Santa Cruz sc-6215), rabbit anti-Lamin B1 1:2000 (Abcam 

ab16048), goat anti-emerin 1:100 (Santa Cruz SC8086), chicken anti-GFP 

1:500 (Millipore AB16901), HOECHST (DNA stain 1:500), mouse anti-myosin 

heavy chain 1:5 (MF20 clone which recognises all myosin heavy chain forms, 

DSHB hybridoma bank). Secondary antibodies were all AlexaFluor® 
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fluorescently conjugated (Life Technologies) used 1:500. Within all the repeats 

of an immunofluorescence staining (eg for localisation analysis of lamin A/C) 

the same secondary antibodies were used. In HIDEMs, MPCs and iPSCs the 

following staining combinations used were: mouse anti-lamin A/C with donkey 

anti-mouse 488, goat anti-emerin with donkey anti goat 547, and rabbit anti 

lamin B1 with donkey anti rabbit 647. In myotubes derived from HIDEM and 

MPC the following staining were used: mouse anti-myosin heavy chain (MF20) 

with donkey anti-mouse 546, goat anti-lamin A/C with donkey anti-goat 488, 

rabbit anti-lamin B1 with donkey anti-rabbit 647.  

 
 

2.4 Microscopy 
For standard fluorescence microscopy the Leica DM16000B inverted 

microscope. Leica application suite advanced fluorescence software.  

For confocal fluorescence microscopy imaging the upright Leica SPE2 was 

used running LAS-X software. A x63 objective was used, with a slice size of 1 

µM. Scanning parameters 1024 x 1024, speed of 600, zoom factor 1.5 and 

frame average 3. For confocal imaging cells were plated on Labtex II chamber 

glass slide (with cover, Nalgen Nunc International).  

 
	
2.5 Image analysis 
2.5.1 Nuclear contour ratio 

Abnormalities in nuclear shape on lamin A/C immunostained images were 

manually drawn around using the polygon tool in Fiji imaging software. For each 

nuclei the area and circumference measurements were used to quantify the 

nuclear contour ratio (4π area/circumference2) (Goldman et al., 2004). Imaging 

fields were randomly selected by unfocusing the microscope until cells were no 

longer visible, moving to a new imaging area and re-focusing. Cells were 

imaged at x32 magnification on an inverted microscope for all nuclear contour 

ratio quantification. Three repeats were used for all analysis, these were three 

independent cell passages fixed with paraformaldehyde on different days. 

Multiple imaging fields were taken for each repeat (between 3-14), so typically 
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between 150-300 cells could be analysed. For each repeat the nuclear contour 

ratio was averaged to the number of cells analysed, not to the number of 

imaging fields taken to prevent bias from an image with a low number of cells.  

 

 

2.5.2 Peripheral localisation analysis 
Lamin A/C, lamin B1 and emerin immunostained cells were imaged by 

confocal microscopy at x63 magnification. A mini-stack was taken over the 

middle of the nuclei in the Z plane of a 3.5 µM stack (6 slices of 1 µM thickness 

with a 0.7 µM overlap), and a maximum intensity projection generated. Mini-

stacks were used as it was noticed the peripheral localisation could be 

visualised better on different slices for different cells within the same imaging 

field. Therefore a mini-stack and a maximum projection would ensure that cells 

were not incorrectly analysed. 

After a maximum intensity projection was generated, nuclei were manually 

drawn around using the polygon tool in Fiji imaging software. The entire nuclei 

was drawn around, and also just the nucleoplasmic component. The peripheral 

localisation ratio was calculated as follows:  

 

1. Total fluorescence intensity of the periphery = (total fluorescence 

intensity of nuclei) – (total nucleoplasmic fluorescence intensity).  

2. Area of periphery = (total area of nuclei) – (area of nucleoplasm) 

3. Average fluorescence intensity of periphery = (total fluorescence of the 

periphery) / (area of periphery) 

4. Average fluorescence intensity of nucleoplasm = (total fluorescence 

intensity of nucleoplasm) / (area of the nucleoplasm) 

5. Peripheral localisation ratio = (average fluorescence intensity of the 

periphery) / (average fluorescence intensity of the nucleoplasm) 

 

Three repeats were analysed, these were three independent cell passages 

fixed with paraformaldehyde on different days. Multiple imaging fields were 

taken for each repeat, so typically approximately 100 cells could be analysed. 

Approximately 16 images were taken for each cell line, for each repeat. For 
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each repeat the peripheral localisation ratio was averaged to the number of 

cells analysed, not to the number of imaging fields taken to prevent bias from 

an image with a low number of cells. Nuclei with peripheral foci were not 

included in the analysis, as the foci distorted the peripheral localisation ratios.  

 

2.5.3 Mislocalisation analysis of Lamin B1 capping and 
aggregates of Lamin A/C and Emerin  

The maximum projections generated as part of the peripheral localisation 

analysis were used for all mislocalisation analysis. Aggregates of lamin A/C 

were judged in two categories: honeycomb and foci. Honeycomb contained 

multiple patches where lamin A/C staining was absent which resembled a 

honeycomb, as opposed to the usual homogenous staining with a bright 

peripheral ring and occasional bright nucleoplasmic nucleoli. Foci were usually 

located on the nuclear periphery and were very bright patches of lamin A/C 

staining.  

Emerin foci were usually located on the nuclear periphery and were very bright 

patches of emerin staining, as opposed the usual evenly distributed peripheral 

ring of emerin. Emerin staining was too weak to analyse honeycomb 

mislocalisation reliably.  

Lamin B1 capping was assessed as nuclei with absent patches of lamin B1, as 

opposed to the usual even distribution, with a slightly brighter peripheral ring.  

 

2.6 Fluorescence automated cell sorting (FACs) for HIDEM and 
MPC characterisation 

Cells were prepared for FACs for both HIDEM and MPC characterisation 

according to our previously published protocol (Maffioletti et al., 2015). This 

protocol involved first washing growing cells with PBS and detaching them. For 

HIDEMs cultures, cells were detached with trypsin for 3 minutes at 37°C and 

Trypsin activity was blocked with FACs buffer (Ca2+ and Mg2+ free PBS, Gibco; 

1% v/v FBS, Life Technologies; 0.5 mM EDTA pH8.0, Fisher Scientific). For 

MPC cultures, cells were washed with PBS, and detached with Mesencult ACF 

Enzymatic Dissociation Solution at 37°C for 6 minutes, after which Mesencult 
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ACF Enzyme Inhibition Solution was added. The cells were collected, pelleted 

in a centrifuge at 300 g for 7 minutes, and resuspended in FACs buffer.  

HIDEM and MPC detached cells were collected and filtered through a 40 µM 

cell strainer to remove cell clumps, and then counted with trypan blue. 1 x 105 

cells were placed in a FACs tube for each antibody staining. An additional 

unstained control tube was also included for each cell line. Tubes were 

centrifuged at 232 g for 5 minutes at room temperature. Supernatant was 

discarded and cells resuspended in 2 mL of FACs buffer to wash the cells, and 

centrifuged again at 232 g for 5 minutes at room temperature. Supernatent was 

discarded and cells resuspended in 50 µL of FACs buffer. Tubes to be stained 

had Abs added to them in the concentrations specified in table 2.3, unstained 

control tubes had no Abs added to them. All tubes were then incubated at 4°C 

in the dark for 45 minutes. After this 3 mL of FACs buffer was added to the 

tubes remove any unbound antibody, and tubes centrifuged at 232 g for 5 

minutes at room temperature. Cells were then fixed with 2 % (w/v) 

paraformaldehyde for 10 minutes, after which 3 mL of FACs buffer added and 

cells centrifuged at 232 g for 5 minutes. Supernatant was discarded and cells 

were resuspended in 100 µL FACs buffer. Cells were analysed using a CyAn 

ADP benchtop flow cytometer from Beckman Coulter.  
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Application Antibody Dilution Fluorescent 

conjugate 
Company 

HIDEM 
characterisation 

Anti-CD44 1:100 FITC BD Biosciences 
(560977) 

HIDEM 
characterisation 

Anti-CD56 1:50 APC Biolegend  
(304610) 

HIDEM 
characterisation 

Anti-CD31 1:125 FITC Immunostep  
(31F-100T) 

HIDEM 
characterisation 

Anti-CD13 1:125 FITC ID labs  
(IDAC1071) 

HIDEM 
characterisation 

Anti-CD49b 1:25 FITC BD Bioscience 
(555498) 

HIDEM 
characterisation 

Anti-CD146 1:10 PE Biocytex  
(5050-PE100T) 

HIDEM 
characterisation 

Anti-CD45 1:25 PE BD Biosciences  
(555483) 

MPC 
characterisation 

Anti-CD73  1:20 PE BioLegend  
(344004) 

MPC 
characterisation 

Anti-CD90 1:200 PE-Cy7  

MPC 
characterisation 

Anti-CD146 1:10 PE Biocytex  
(5050-PE100T) 

MPC 
characterisation 

Anti-SSEA4 1:25 PE BD Biosciences 
(560128) 

MPC 
characterisation 

Anti-CD34 1:50 FITC BD Bioscience  
(555821) 

MPC  
characterisation 

Anti-CD45 1:25 PE BD Bioscience 
(555483) 

 
Table 2. 3 Antibodies and dilutions for FACs.  
APC = allophycocyanin, PE = phycoerythrin, FITC = fluorescein isothiocyanate.  

 
2.7 Apoptosis assay 
The Annexin V Apoptosis Detection Kit APC from Affymetrix was used for the 

apoptosis assay according to manufacturer’s recommendations. MPCs were 

detached with standard procedures for this cell type using Mesencult ACF 

Enzymatic Dissociation Solution (see section 2.1.6). Detached cells were 

centrifuged at 232 g for 5 minutes, resuspended in Mesencult ACF and 

counted. Two FACs tubes were created for each cell line each containing 1 x 

10^5 cells. A tube for a control unstained sample was also included. Cells were 
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washed once with 3 mL of PBS, then once with x 1 binding buffer (supplied with 

Affymetrix kit). For each wash cells were centrifuged at 232 g for 5 minutes at 

room temperature and the supernatant discarded. After the washes, the cells 

were resuspended in 100 µL of 1 x binding buffer and 5 µL of fluorochrome-

conjugated Annexin V added. No Annexin V was added to the unstained 

control. The mix was incubated for 15 minutes at room temperature in the dark. 

Cells were washed in 3 mL of 1 x binding buffer and centrifuged at 232 g for 5 

minutes at room temperature. The supernatant was discarded and cells 

resuspended in 200 µL of 1 x binding buffer. 5 µL of Propidium Iodide (PI) was 

added to the cells, no PI was added to the unstained control. Cells were then 

stored on ice in the dark and analysed within four hours by Flow Cytometry 

using the CyAn ADP benchtop flow cytometer from Beckman Coulter.  

 

2.8 PCR, RT-PCR, Q-PCR analysis and sequencing 
	
2.8.1 Design of primers for PCR, RT-PCR and Q-PCR 
	
All primers used in this thesis are listed in table 2.4, 2.5, 2.6. Primers I designed 

myself were designed using NCBI primer blast (NCBI primer blast, 2018). 

Primers were checked with this program against either the human reseq mRNA 

library (for RT-PCR and Q-PCR) or against the human genome (for PCR on 

DNA) to ensure they were specific for lamin A/C cDNA. Furthermore primers 

were checked to ensure they did not have SNPs underneath them with SNP 

checker (“SNPCheck,” 2018). SNPs underneath primers can interfere with 

amplification, particularly if they are under the 3’ region of the primer. This is a 

particular problem if the SNP is heterozygous in the individual, which can lead 

to erroneous results if only one allele is amplified in the PCR reaction. Q-PCR 

primers were designed to be between 100-300 bp in length, and checked for 

low self-complementarity in NCBI primer blast. Primers for both RT-PCR and Q-

PCR were designed to be intron spanning where possible, to avoid amplification 

of any genomic DNA contamination. In the case of the viral pluripotency genes 

however, this was not possible as the forward primer had to appear in the 

5’UTR that contained a viral specific sequence. Given the constraint of a size of 

100-300 bp it was not possible for the reverse primer to be in a different exon.  
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Primers were ordered from Eurofins genetics (Wolverhampton, UK). On arrival 

the lyophilised primers were rehydrated 1 x TE buffer (10 mM Tris-HCL, 1 mM 

EDTA, pH 8.0) to make a primer stock at a concentration of 100 pmol/µL. TE 

buffer helps to prevent DNA degradation in long term storage. A working primer 

dilution of 10 pmol/µL primer was made by diluting the primer 1 in 10 in distilled 

milliQ water (final concentration of TE x 0.1).  

 
 

Gene Purpose Forward Reverse 
Size of PCR 
product 

Annaelin
g temp. 

LMNA 
Seq. exon 5 
c.905T>C p.L302P 

ATTGGTTC
CCTCACTG
CCTC 

AGAAACAGC
ACACAGGCC
AT 509 bp 68 °C 

LMNA 

Seq. exon 1 
(c.94_96delAAG 
p.K32del, and 
c.104T>C p.L35P) 

TCGGTGAC
TCAGTGTT
CGC 

TGAGTCAAG
GGTCTTGCG
G 500 bp 62 °C 

LMNA 

Seq. exon 4 
(c.745C>T 
p.R249W) 

TCCTTCCT
CCAACCCT
TCCA 

CACCAGGTT
GCTGTTCCT
CT 448 bp 62 °C 

 
Table 2. 4 Primers used for PCR on genomic DNA 
I designed primers for LMNA exon 5 as part of this thesis and Roberto Hoffman designed 
primers for exons 1 and 4 under my supervision, according to the methods detailed in section 
2.7.  

 
 

  



	 90	

 

Gene Purpose 

 
 
Forward Reverse 

Size of PCR 
product 

Annae
ling 
temp. Ref. 

GAPDH 

Confirm 
cDNA 
synthesis, 
and check 
for DNA 
contaminati
on 

GCCCCCA
TGTTCGT
CATGGGT
G 

CCCGGAGGG
GCCATCCACA
G 

199 bp cDNA, 
483 bp 
genomic DNA 62 °C 

Steele-
Stallar
d et al 
2013 

LMNA 

Deletion of 
exon 3 
(exon 2-4) 

AAGGAGG
GTGACCT
GATAGC 

TTGTCAATCT
CCACCAGTCG
G 

326 bp wt, 200 
bp del ex3 58 °C - 

LMNA 

Deletion of 
exon 5 
(exon 3-7) 

CTTCCAG
AAGAACA
TCTACAG
TG 

AGGGCTGGG
GGACAGGCG
TAG 

565 bp wt, 439 
bp del ex5 58 °C 

Scharn
er et al 
2015 

LMNA 

Deletion of 
exon 5 
(exon 4-6) 

CCAAGCG
CCGTCAT
GAGACC 

CGCTCCTTTT
CCGCCAGCA
G 

376 bp wt, 250 
bp del ex5 58 °C 

Scharn
er et al 
2015 

FOXA2   
Endoderm 
marker 

TGGGAGC
GGTGAAG
ATGGAAG
GGCAC  

TCATGCCAGC
GCCCACGTAC
GACGAC  

216 bp on 
cDNA, 1253 
bp on genomic 64 °C 

Takah
ashi et 
al 
2007  

SOX17 
Endoderm 
marker 

AGCAAGA
TGCTGGG
CAAGTC 

GCCGTAGTAC
ACGTGAAGGG 

186 bp cDNA, 
798 bp 
genomic 

unkno
wn - 

AFP 
Endoderm 
marker 

GAATGCT
GCAAACT
GACCACG
CTGGAAC  

TGGCATTCAA
GAGGG 
TTTTCAGTCT
GGA  

281bp cDNA, 
1939bp 
genomic 58 °C 

Takah
ashi et 
al 
2007 

GATA-4 
Endoderm 
marker 

AGATGCG
TCCCATC
AAGACG 

CCAAGACCAG
GCTGTTCCAA 

219bp on 
cDNA, 1428bp 
on genomic 58 °C - 

BRACH
YURY/T 

Mesoderm 
marker 

CTTTTCC
AGATGGT
GAGAGCC 

GACCAAGACT
GTCCCCGCT 

275 bp on 
cDNA, cDNA 
specific 

unkno
wn - 

Msx1 
Mesoderm 
marker 

CGAGAG
GACCCCG
TGGATGC
AGAG 

GGCGGCCAT
CTTCAGCTTC
TCCAG 

307 bp cDNA, 
2639 bp 
genomic 58 °C 

Takah
ashi et 
al 
2007 

MAP2 
Ectoderm 
marker 

CAGGTGG
CGGACGT
GTGAAAA
TTGAGAG
TG 

CACGCTGGAT
CTGCCTGGG
GACTGTG  

212 bp cDNA, 
431 bp 
genomic 58 °C 

Takah
ashi et 
al 
2007  

 
 
Table 2. 5 Primers for RT-PCR 
Where “ – “ is indicated in the reference (ref.) column, I designed the primers as part of this 
thesis, as detailed in section 2.7.  
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Gene Purpose 

 
 
 
Forward Reverse 

Size of 
PCR 
product 

Annaelin
g temp. 

MYC 
Endogenous 
expression 

GTAGTGGAA
AACCAGCAG
CCTC 

CGTCGCAGT
AGAAATACG
GCT 109 bp 64 °C 

MYC 

Exogenous 
viral 
expression 

TAGCGCTAC
CGGACTCAG
AT 

CTCCTCCTC
GTCGCAGTA
GA 113 bp 64 °C 

SOX2 

Pluripotency 
marker/ 
endogenous 
expression 

GCGAACCAT
CTCTGTGGT
CTT 

CCAACGGTG
TCAACCTGC
AT 109 bp 64 °C 

SOX2 

Exogenous 
viral 
expression 

CGAGCTCAA
GCTTCGAAT
TCTGC 

CCGAAGTTT
GCTGCGGGC 106 bp 64 °C 

KLF4 

Pluripotency 
marker 
(endogenous 
specific) 

CGGCCAATT
TGGGGTTTT
GG 

GCCAGGTGG
CTGCCTCAT
TA 129 bp 64 °C 

KLF4 

Exogenous 
viral 
expression 

GCGCTACCG
GACTCAGAT 

GACGCAGTG
TCTTCTCCCT
T 130 bp 64 °C 

OCT3/4 

Pluripotency 
marker/ 
endogenous 
expression 

CTGTCTCCG
TCACCACTC
TG 

AAACCCTGG
CACAAACTC
CA 124 bp 64 °C 

OCT3/4 

Exogenous 
viral 
expression 

CTAGCGCTA
CCGGACTCA
GA 

CCCATCACC
TCCACCACC
T 137 bp 64 °C 

GAPDH 

Confirm cDNA 
synthesis, and 
check for DNA 
contamination 

GCCCCCATG
TTCGTCATG
GGTG 

CCCGGAGG
GGCCATCCA
CAG 199 bp  64 °C 

 
Table 2. 6 Primers for Q-PCR.  
All primers listed in the table I designed as part of this thesis, as detailed in section 2.7.  

 

2.8.2 DNA extraction  
DNA was extracted using DNeasy kit (Quiagen) from approximately 100,000 

pelleted cells according to manufacturers instructions. DNA was eluted from the 

membrane using elution buffer (1 x TE) to ensure stability. DNA concentration 

was quantified with a nanodrop, and a working dilution of DNA was made up to 

10 ng/µl, diluting into distilled milliQ water.  
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2.8.3 PCR and Sanger sequencing 
A final concentration of 0.5 ng/µl genomic DNA was used with Gotaq DNA 

polymerase (Promega). Standard reaction mix final concentrations: 0.5 ng/µl 

genomic DNA, 0.05 units/µL of Gotaq, 0.5 pmol/µL of each forward and reverse 

primer, 0.25 mM dNTPs, 1 x Green GoTaq reaction buffer, 1.5 mM MgCl2 made 

up to volume with distilled milliQ water. PCR cycles were 95 0C for 2 minutes 

denaturing, followed by 35 cycles of 95 0C for 30 s denaturing, primer specific 

annealing temperatures (see table 2.4) for 30 s annealing, 72 0C for 40s 

elongation, followed by a final elongation of 72 0C for 2 minutes. A PCR reaction 

with no DNA was included in every reaction to control for DNA/PCR product 

contamination. PCR products were visualised using 1.5 % (w/v) agarose gel 

with 2 µl/100 mL of ethidium bromide. 

Where PCR reactions were sequenced, 10 µL of the reaction was purified with 

an equal volume of Microclean (Biozone) following manufacturer’s instructions. 

Purified PCR reactions were sequenced using didioxynucleotide Sanger 

sequencing by Source Biosciences (Cambridge) overnight sequencing service.  

 
2.8.4 RNA extraction 

Cells were detatched and pelleted at 232 g, washed with PBS and further 

pelleted at 40c at 10,000 g. RNA was isolated from cell pellets using RNeasy 

Mini kit (Quiagen) according to manufacturer’s instructions. A DNase step was 

included to eliminate genomic contamination. RNA quality and yield was 

assessed using a Nanodrop. 260/280 ratios demonstrate levels of protein 

contamination (pure RNA ratio ≥2), and EDTA and other buffer salt 

contamination by assessing the 260/230 ratio (>2.0 for RNA).  

 

2.8.5 Reverse transcription polymerase chain reaction (RT-
PCR) 

Retro-transcription to cDNA was conducted with the ImProm-II™ Reverse 

Transcription System kit (Promega) following manufacturer’s instructions. For 

RNA extracted from LMNA c.905T>C p.L302P iPSCs spontaneously 

differentiated via embryoid body formation, 0.5 µg of RNA was used per 20 µL 
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cDNA synthesis reaction. For RNA extracted from HeLa transduced with lamin 

A constructs, 0.4 µg of RNA was used per 20 µL cDNA synthesis reaction. To 

test for DNA or PCR product contamination in the reagents a ‘no RNA’ sample 

was included. Furthermore, to test for genomic contamination in case the 

DNase step had not removed all DNA, an extra reverse transcription enzyme 

negative reaction was run for every sample including the no RNA sample. PCRs 

were performed with Gotaq® DNA polymerase (Promega) with 1 µL cDNA/20 µL 

PCR reaction. Standard reaction mix final concentrations: 0.05 units/µL of 

Gotaq, 0.5 pmol/µL of each forward and reverse primer, 0.25 mM dNTPs, 1 x 

Green GoTaq reaction buffer, 1.5 mM MgCl2 made up to volume with distilled 

milliQ water. A sample containing no cDNA was included with every PCR to 

control for DNA contamination. PCR cycles were 95 0C for 2 mins denaturing, 

followed by 35 cycles of 95 0C for 30 s denaturing, variable annealing 

temperature for 30 s (see table 2.5 for annealing temperatures and primer 

sequences), 72 0C for 40s elongation, followed by a final elongation of 72 0C for 

2 mins. PCR products were visualised using 1.5 % (w/v) agarose gel with 2 

µl/100 mL of ethidium bromide. To test for genomic contamination in the 

synthesised cDNA a GAPDH PCR was performed on the reverse transcription 

positive and negative cDNA reactions. The GAPDH primers were intron 

spanning, so produced different size products on genomic DNA and cDNA. 

Reverse transcription positive cDNA GAPDH PCRs confirm successful cDNA 

synthesis. Reverse transcription negative cDNA GAPDH PCRs test for genomic 

contamination, and should produce no PCR product.  

 

2.8.6 Real-Time Quantitative Polymerase Chain Reaction (Q-
PCR) 
	
2.8.6.1 Primer optimisation  

Primers were first optimised for Q-PCR by running a RT-PCR using a range of 

PCR annealing temperatures from 56oC – 68oC, checking for reaction 

temperatures that produced specific amplification with no primer dimers. After 

the best temperature was chosen, primers were further checked for their 

efficiency. To do this a cDNA master mix was made using equal parts from 

each sample. A dilution series was then made of 1, 1 in 4, 1 in 16, 1 in 64. The 
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dilution series of cDNA plus a control no cDNA (blank) sample was run in 

triplicate for each Q-PCR primer. PCR master mix: 1 x Sybr green master mix 

(Gotaq PCR master mix, promega), 0.1 pmol/µL forward primer, 0.1 pmol/µL 

reverse primer with 2 µL cDNA/20 µL reaction, made up to a 20 µL volume with 

nuclease free water. A melt curve was included at the end of the Q-PCR, which 

was checked to see if amplification was specific/produced only one PCR 

product. 

 

Temperature cycles: 95oC for 10 mins. Followed by 40 cycles of: 95oC for 30 

sec, 64 oC 1 min, 72oC for 30 sec. Final step of 95 oC for 1 min.   

Melt curve: from 58 oC to 90 oC with 0.3 oC increment for 30s each 

 

In the melt curve, a single peak indicates only one PCR product has been 

amplified in the reaction. All primers produced a single peak on the melt curve. 

The numerical value of the dilution series (1, 0.25, 0.0625, 0.015625) was 

converted by log10 to: 0, -0.602, -1.2, -1.8; and plotted against the mean CTs for 

each primer.  A line of best fit was calculated for this graph. The R2 of this line 

should be close to 100. Using the equation of this line the efficiency was 

calculated using the following equation: 

Efficiency = E = [10^ (-1/gradient of line)]-1 x100 

   

Primer efficiencies should be below 100, and above 70. Results of this 

optimisation (table 2.7) showed that an annealing temperature of 64oC 

produced compariable efficiencies between the viral and endogenous primer 

pairs being analysed together. Furthermore all R2 were close to 100, indicating 

this would be a suitable annealing temperature.  
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Primer Equation of line1 R 

squared 
Efficiency2 Annaeling 

temp. 
cMyc viral Y = -3.655*X + 27.36 98.82 0.88 64 °C 

cMyc 
endogenous 

Y = -4.259*X + 23.08 99.08 0.72 64 °C 

klf4 viral Y = -3.659*X + 27.27 99.42 0.88 64 °C 

klf4 
endogenous 

Y = -4.133*X + 29.92 99.44 0.75 64 °C 

oct3/4 viral Y = -3.500*X + 27.10 99.90 0.93 64 °C 

oct 3/4 
endogenous 

Y = -3.575*X + 21.50 97.06 0.90 64 °C 

sox2 viral  Y = -3.948*X + 31.90 99.64 0.79 64 °C 

sox2 
endogenous 

Y = -4.139*X + 32.50 99.81 0.77 64 °C 

GAPDH Y = -3.762*X + 18.68 99.10 0.84 64 °C 

Table 2. 7 Q-PCR primer efficiency 
1For each primer a dilution series of cDNA (1, 1 in 4, 1 in 16, 1 in 64) was analysed by Q-PCR. 

The numerical value of the dilution series was converted by log10 and plotted against the 

averaged CT value. The equation of line represents the line of best fit for each graph. 
2Efficiency = E = [10^ (-1/gradient of line)]-1 x100 

 
2.8.6.2 Q-PCR sample analysis 

All cDNA samples were diluted 1 in 4, of which 2 µL were used per reaction. 2 

µL was used as 1 µL volumes carry a greater degree of variability in Q-PCR 

results due to pipetting errors. A control no cDNA (blank) sample was also 

included for every primer. All samples were run in triplicate. PCR master mix: 1 

x Sybr green master mix (Gotaq PCR master mix, promega), 0.1 pmol/µL 

forward primer, 0.1 pmol/µL reverse primer, with 2 µL cDNA/20 µL reaction, 

made up to a 20 µL volume with nuclease free water. A melt curve was included 

with each Q-PCR run, and checked for single peak amplification. A house 

keeping gene (GAPDH) reaction was included on each plate for all samples. 

Only cDNA synthesised in the same reaction was comparatively analysed. After 

checking for no amplification (CT value 0 or >39), the experimental CT values 

were analysed using the ΔCT method:  

1. CT triplicate values averaged 

2. ΔCT = average CT - average CT of house keeping gene  

3. Expression = 2ΔCT 

4. ΔΔCT = sample ΔCT – comparison/control cell line ΔCT 

5. Fold change = 2ΔΔCT 
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2.9 Karyotyping 
For each cell line karyotyped, a T25 flask of 80% confluent cells was sent to 

The Doctors Laboratory (TDL). Karyotype and sample preparation and 

karyotype analysis was performed by TDL.  

 
2.10 Protein extraction and quantification  

Protein extraction protocol 1: Laemli sample buffer (50 mM Tris-HCL pH 6.8, 

10 % (v/v) glycerol, 2 % (w/v) sodium dodecyl sulfate (SDS)) mixed with 

protease inhibitor cocktail (Roche) was added to pelleted cells. Samples were 

then heated at 95 °C for 5 minutes, chilled on ice for 5 minutes, centrifuged at 

10,000 g for 10 minutes at room temperature, after which the supernatant was 

collected. Protein extraction protocol 1 was used on the transduced HeLa cells, 

at passage two after infection. For eGFP FACs sorted transduced HeLa, protein 

was extracted using protocol one at two passages after cell sorting, and six 

passages since initial transduction.  

 

Protein extraction protocol 2: Cell culture dishes were placed on ice, washed 

with cold PBS, detached using a cell scraper, and pelleted at 10,000 g for 1 

minute at 4 °C. Pellets were resuspended in suspension buffer (100 mM NaCl, 

10 mM Tris-HCL and 1 mM EDTA, 2 % (w/v) SDS, 10 % (v/v) glycerol and 60 

mM Tris-HCL pH 6.8, protease inhibitor cocktail (Roche), 1 % (v/v) phosphatase 

inhibitor cocktails 2 and 1 % (v/v) phosphatase inhibitor cocktails 3 (Sigma)). To 

help break chromatin the samples were boiled at 95 °C for 10 minutes, followed 

by sonication. Debris was removed by centrifuging at 10,000 g for 10 minutes 

after which the supernatant was collected. Protein extracted protocol 2 was 

used on transfected HEK 293T cells 72 hours after addition of plasmids, and on 

transduced HEK 293T cells four passages after infection.  

 

Absolute protein quantification was conducted with Bio-Rad protein assay kit 

according to manufacturer’s protocols. Results were read with Bio-Rad i-mark 

plate reader and MPM6 software. Protein concentration was calculated using 
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BSA standards. After determination of protein concentration dithiothreitol (DTT) 

was added to all samples (50 mM final concentration).  

 

2.11 Western Blot 
Samples were size separated on 4 – 15 % Mini-PROTEAN® TGX™ Precast 

SDS gels (Bio-Rad) against a precision plus protein standards dual colour 

ladder (Bio-Rad). Samples were loaded onto the gels using LDS x 4 sample 

buffer (Novex, Life Technologies). Gels were run at 70 v for 30 minutes, 

followed by 150 v for 1 hour 30 minutes in running buffer (25 mM Tris, 190 mM 

glycine and 0.1 % SDS). Samples were transferred to nitrocellulose membranes 

using iblot dry transfer for 7 minutes (Invitrogen), according to manufacturers 

recommendations. Membranes were blocked for one hour with 5 % (w/v) milk 

(Marvel) diluted in Tris-buffered saline with tween 20 (TBST; 20 mM Tris pH 7.5, 

150 mM NaCl, 0.1 % (v/v) tween 20). Primary antibodies were diluted in TBST 

with 5% (w/v) milk, and incubated with membranes overnight at 4 °C. Unbound 

antibody was washed away with three washes of TBST for 5 minutes each. 

Membranes were incubated with secondary antibody diluted in TBST with 5% 

(w/v) milk for 1 hour. Unbound secondary antibody was washed away with three 

washes of TBST for 5 minutes each. Bands were imaged using ECL Prime (GE-

Life Sciences), and visualised using Chemidoc Imager (Bio-Rad) and Imagelab 

software. Blotting for tubulin was used a loading control. Primary antibodies: 

goat anti-Lamin A/C (1:1000), mouse anti-tubulin (1:5000, Sigma). Horseradish 

conjugated secondary antibodies: Rabbit anti-goat (1:50,000, Abcam), sheep 

anti-mouse (1:10,000, GE-Life Sciences). 

 

2.12 Statistics 
Graphpad software Prism 6 was used for statistical analysis. 
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3. Results 
 
3.1 Myogenic differentiation and disease phenotypes in iPSC 
from patients with skeletal muscle laminopathies 
 
3.1.1 Introduction 

Currently patient fibroblasts are the most frequently used primary cell 

source for in vitro disease modelling of skeletal muscle laminopathy disorders 

(Barateau et al., 2017; Emerson et al., 2009; Favreau, 2003; Muchir et al., 

2004, 2003; Tan et al., 2015). Testing of the effects of patient specific mutations 

in myogenic cells is typically achieved by exogenous overexpression of 

mutations in C2C12 myoblasts (Barateau et al., 2017; Favreau, 2003; Favreau 

et al., 2008, 2004; Markiewicz et al., 2005; Ostlund et al., 2001; Scharner et al., 

2011) or genetically modifying mice (reviewed in Azibani et al., 2014).  

A typical hallmark of LMNA mutations is abnormal nuclear shape, and 

lamina protein mislocalisation. Muscle biopsies of EDMD patients have shown 

abnormalities in myonuclei morphology and chromatin organization (Y. E. Park 

et al., 2009). Fibroblasts from patients with limb-girdle muscular dystrophy 1B 

(LGMD1B) (Muchir et al., 2004, 2003), autosomal dominant Emery-Dreifuss 

muscular dystrophy (AD-EDMD), LMNA related congenital muscular dystrophy 

(L-CMD) (Tan et al., 2015), dilated cardiomyopathy (DCM) (Muchir et al., 2004), 

familial partial lipodystrophy (FPLD) (Muchir et al., 2004; Verstraeten et al., 

2009; Vigouroux et al., 2001), Mandibuloacral dysplasia (MAD) (Novelli et al., 

2002), Hutchinson-Gilford progeria syndrome (HGPS) (Eriksson et al., 2003) 

and Werner syndrome 2 (WRN2) (Chen et al., 2003) have all been shown to 

have nuclear abnormalities. These abnormalities include abnormal shape, 

blebbing, and mislocalisations such as honeycombing of lamin A/C, 

nucleoplasmic and peripheral foci, patches with no Lamin B1 staining (capping), 

and emerin honeycombs or mislocalisation to the endoplasmic reticulum. 

However, not all LMNA-mutant primary patient fibroblasts have defects in 

nuclear shape (Barateau et al., 2017; Muchir et al., 2004), or Lamin A/C 

localisation (Muchir et al., 2004). Additionally, when defects are present, these 
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can be lost at higher passages with successive in vitro culture (Muchir et al., 

2004, 2003). Correlations between the type of laminopathy disorder and the 

type of nuclear abnormality seen have remained elusive, mutations causing AD-

EDMD, FPLD and MAD, despite affecting different tissues, all have fibroblasts 

with honeycombing of Lamin A/C (Muchir et al., 2004; Novelli et al., 2002; 

Torrente et al., 2007; Vigouroux et al., 2001). Additionally mutations that cause 

LGMD1B, DCM-CD, FPLD, atypical Werners and HGPS all have fibroblasts 

with abnormal nuclear shape or blebs (Capell et al., 2005; Chen et al., 2003; 

Goldman et al., 2004; Muchir et al., 2004; Vigouroux et al., 2001).  

Expression in C2C12 myoblasts of LMNA mutations causing autosomal 

dominant Emery Dreifuss Muscular Dystrophy (AD-EDMD) and L-CMD with 

lipodystrophy, also results in abnormal nuclear shape (Barateau et al., 2017; 

Scharner et al., 2011), as well as mislocalisations of lamin A/C (Barateau et al., 

2017; Favreau, 2003; Ostlund et al., 2001; Scharner et al., 2011). 

Mislocalisations observed include honeycomb-like structures which typically 

cannot localise lamin B1 (Favreau, 2003), nucleoplasmic speckles (Scharner et 

al., 2011). 

Lmna-/- MEFs have an irregular nuclear shape (Nikolova et al., 2004), as 

well as loss of lamin B1 from one nuclear pole and emerin mislocalisation to the 

endoplasmic reticulum (Scharner et al., 2015). Furthermore biopsies of heart 

muscle in Lmna-/-, Lmna+/- and LmnaK32del/- mice show abnormally shaped 

elongated nuclei (Cattin et al., 2013; Nikolova et al., 2004). 

 

An additional protein mislocalisation phenotype studied in lamin A/C mutant 

cells is the distribution of this protein to the peripheral nuclear lamina versus the 

nucleoplasm. Lamin A/C is found both in the nucleoplasm (reviewed in Dechat 

et al., 2010)  and at the nuclear periphery (reviewed in Cortelli et al., 2012; 

Gruenbaum and Foisner, 2015). At the nuclear periphery lamin A/C forms the 

nuclear lamina meshwork that lies underneath the nuclear envelope. Peripheral 

lamin A/C provides structural support to the nucleus, heterochromatin tethering 

and regulation of transcription, mechanotransduction and is involved in signal 

pathway regulation (reviewed in (Azibani et al., 2014; Gruenbaum and Foisner, 

2015). The function of the nucleoplasmic component of lamin A/C is less well 

understood, and it is thought to be involved in the regulation of cell proliferation, 
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differentiation, and potentially chromatin organisation and DNA replication 

(reviewed in Dechat et al., 2010). 

Although not as widely investigated as nuclear shape and lamin A/C 

aggregates, several mutations have been shown to result in increased 

nucleoplasmic and decreased peripheral lamin A/C. The knock in ΔK32 mouse 

model of L-CMD (p.K32del) has low lamin A/C expression levels, a failure to 

relocate lamin A/C to the nuclear periphery during muscle differentiation, and 

striated muscle maturation delay (Bertrand et al., 2012). C2C12 myoblasts 

expressing mutations causing AD-EDMD, DCM and a L-CMD with metabolic 

defect have also been found to have reduced peripheral rim staining for lamin 

A/C (Barateau et al., 2017; Markiewicz et al., 2005; Ostlund et al., 2001). 

However, not all LMNA mutations cause decreased peripheral lamin A/C in 

C2C12 myoblasts (Östlund et al., 2001), or in knock in mouse models (Arimura 

et al., 2005; Mounkes et al., 2005). Together these data indicate that a lack of 

peripheral lamin A/C, and/or a dominant negative accumulation of Lamin A/C in 

the cytoplasm maybe be an important mechanism in laminopathy disease 

pathology. It may therefore be a good candidate as an in vitro disease 

phenotype outcome measure.  

 

The currently used in vitro disease models of laminopathies however do have 

some disadvantages. As a primary cell source, fibroblasts are not the disease 

affected cell type in skeletal muscle laminopathies. Additionally, phenotypes 

can be lost with prolonged in vitro culture (Muchir et al., 2004, 2003a). Over 

expression of LMNA-mutants in myoblasts may lead to expression levels that 

differ from those seen in patients, and mice typically only show a phenotype 

when they have two disease causing Lmna alleles, rather than the dominant 

inheritance seen in humans. iPSCs offer a patient-specific cell source, that can 

be made from cells obtained from minimally invasive sources. Once derived, 

they can be used to make cell types that would otherwise be difficult and 

invasive to obtain directly from patients (e.g. muscle). This enables the study of 

mutation specific effects, in disease relevant cell lines. Although some work has 

been conducted on cells derived from laminopathy iPSC, most of this work has 

focused on HGPS-iPSC (Liu et al., 2011b, 2011a; Nissan et al., 2012; Xiong et 

al., 2013; Zhang et al., 2011). Further work has been conducted in iPSCs 
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derived from patients with dilated cardiomyopathy (Ho et al., 2011; Lee et al., 

2017; Siu et al., 2012), Werners (Ho et al., 2011) and FPLD (Friesen and 

Cowan, 2017). As yet, no study has used iPSCs from patients with 

laminopathies that affect skeletal muscle (EDMD, LGMD1B and L-CMD). 

Furthermore laminopathy iPSCs have yet to be differentiated into myogenic 

precursors or myotubes. The disease associated phenotype of abnormal 

nuclear shape/blebbing has been seen in cardiomyocytes derived from DCM-

iPSCs after electrical stimulation (Lee et al., 2017; Siu et al., 2012), and in 

iPSCs derived fibroblasts from patients with DCM, atypical Werners and HGPS 

(Ho et al., 2011). As a starting point for this project, whether iPSCs from 

patients with skeletal muscle laminopathies would display disease-associated 

phenotypes when differentiated into myogenic precursor cells and myotubes 

was investigated. 

Several protocols have been developed to differentiate iPSC/ESCs into 

skeletal myotubes. Initial attempts relying on spontaneous differentiation proved 

inefficient, so protocols typically use exogenous overexpression of myogenic 

regulatory genes PAX3/PAX7 or MYOD to drive differentiation (reviewed in 

(Loperfido & Steele-Stallard et al., 2015). Recently, methods that do not rely on 

transgene overexpression, and instead use small molecules to mimic in vivo 

myogenic development have been established (Kodaka et al., 2017). Work 

within our lab developed a robust skeletal myogenic differentiation protocol 

based upon short and controlled MyoD expression in iPSC-derived mesodermal 

cells similar to pericyte-derived mesoangioblasts (Gerli et al., 2014; Maffioletti et 

al., 2015; Tedesco et al., 2012). Pericytes stabilise and regulate blood vessels; 

importantly, they also function as tissue-specific progenitors in a number of 

adult human tissues (Birbrair et al., 2014). Notably, some skeletal muscle 

pericytes can engraft and differentiate into muscle fibre when transplanted in 

vivo and contribute to muscle regeneration in post-natal muscle (Dellavalle et 

al., 2007). Mesoangioblasts are the in vitro expanded progeny of the 

aforementioned skeletal muscle pericytes (Dellavalle et al., 2007; Minasi et al., 

2002; Sampaolesi et al., 2006, 2003). In this protocol, iPSCs are first committed 

to a mesoangioblast-like cell for 21 days, known as ‘human induced pluripotent 

stem cells derived mesoangioblasts like cells’ (HIDEMs). This intermediate step 

generates a stable population, which facilitates cell banking and expansion. A 
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tamoxifen-inducible MyoD is integrated into the HIDEMs via lentiviral 

transduction, allowing robust controllable myogenic differentiation in vitro 

(Maffioletti et al., 2015) and in vivo (Gerli et al., 2014; Tedesco et al., 2012). 

Within disease modelling, this means that it is possible to look at disease 

phenotypes in myogenic precursor cells, as well as in the terminally 

differentiated multinucleated myotubes. An additional advantage of this 

protocol, is that it does not require an additional step of cell sorting, which is 

required in the Pax3/7 protocols (Darabi et al., 2012, 2011; Filareto et al., 

2013). Some MyoD based protocols have used transposons to directly integrate 

MyoD into iPSCs themselves, and induce differentiation in the iPSCs without an 

intermediate stage (Tanaka et al., 2013; Yasuno et al., 2014). Although these 

protocols are faster (10 days) than those with an intermediate stage, direct 

genetic manipulation of iPSCs can be challenging. Furthermore, they do not 

allow the study of an intermediate myogenic precursor cell type. 
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3.1.2 Hypothesis, Aims and Objectives 
 
3.1.2.1 Hypothesis 
 In this results section I hypothesised that iPSCs from patients with skeletal 

muscle laminopathies would produce disease associated phenotypes when 

differentiated into myogenic cells and myotubes.  

 
3.1.2.2 Aims 

The aim of this results section was to commit and differentiate LMNA 

mutant iPSC lines from patients with skeletal muscle laminopathies into 

myogenic precursor cells and myotubes. These LMNA mutant cells were then 

used to study laminopathy associated disease phenotypes in vitro. This will 

establish the use of iPSC-derived cells for disease modelling and therapy 

screening for skeletal muscle laminopathies. Of the potential disease 

phenotypes, nuclear shape and mislocalisation of lamin A/C and associated 

proteins were chosen as a starting point, due to their well-documented 

appearance in other cell lines expressing disease causing LMNA mutants. 

 

3.1.2.3 Objectives 
 iPSCs derived from patients with laminopathies affecting skeletal muscle 

were first committed into a myogenic cell line (HIDEMs) and characterised. 

Disease phenotypes (abnormal nuclear shape, protein mislocalisation) were 

then studied in these cells. LMNA-HIDEMs will be further differentiated into 

myotubes using transient MyoD expression, and disease phenotypes further 

assessed.  
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3.1.3 Results 
 

3.1.3.1 LMNA-mutant iPSCs can generate HIDEMs 
Three patient derived LMNA-mutant iPSC lines were obtained from Cellular 

Dynamics Inc. via Cure Congenital Muscular Dystrophy (CureCMD; USA). 

These iPSCs had three distinct heterozygous dominant LMNA mutations, two 

located in exon 1 (p.K32del and L35P) and one in exon 4 (p.R249W). The 

patients from whom the cells were obtained, all had laminopathies affecting 

skeletal muscle (see table 3.1.1). The three LMNA-iPSCs were grown on 

mouse embryonic fibroblasts (MEFs) and differentiated into human iPSC-

derived mesoangioblast-like inducible myogenic cells (HIDEMs) using our 

previously published protocol (Gerli et al., 2014; Maffioletti et al., 2015; Tedesco 

et al., 2012) by Tanel Ozdemir. After a 21 day commitment protocol from iPSC 

to HIDEMs, the three generated LMNA-mutant HIDEMs cell lines 

morphologically resembled previously generated control HIDEMs and were 

named according their mutation (K32del, L35P and R249W) (figure 3.1.1A).  

Before characterising the lines, I organised DNA sequencing to check the 

presence of the expected mutations. Sequencing revealed all three contained 

the expected disease-causing mutations in a heterozygous state (figure 
3.1.1B). HIDEMs typically express a characteristic panel of cell surface markers 

typical of mesodermal perivascular cells (Maffioletti et al., 2015; Tedesco et al., 

2012), including CD146 (vascular/perivascular marker), CD13, CD44 and 

CD49b. They have low expression/negative expression of CD56 (myoblast 

marker), CD45 (pan-hematopoietic marker), and CD31 (endothelial cell marker). 

I first characterised the three generated lines by flow cytometry for these 

markers, along with a previously generated control cell line. As expected the 

three LMNA-HIDEM lines expressed CD146, CD13, CD44 and CD49b, but not 

CD56, CD45 and CD31 (figure 3.1.2). Expression was at levels similar to 

previously generated control HIDEMs. Immunofluorescence for pluripotency 

markers SOX2 and OCT3/4 failed to detect an antigen in all three LMNA-

HIDEM lines (figure 3.1.3), demonstrating successful mesodermal commitment 

and lack of residual pluripotent cells. Together these data demonstrate 
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successful generation of an expandable mesodermal derivative from LMNA-

iPSCs. 

 

 
Exon 
with 
mutation 

cDNA Protein Protein 
domain 

Cell 
type 

Affected 
Tissue 

LMNA-
database 
mutation 
reports1 

Cell 
Source   

1 c.94_96 
delAAG p.(K32del) Head/ 

coil 1A2 
iPS 
cell 

Skeletal 
and heart 
muscle 

5 reports: 
EDMD (2),  
L-CMD (2), 
asymptoma
tic (1) 

CureCMD;
USA and 
Cellular 
Dynamics 
Inc. 

1 c.104T>C p.(L35P) Coil 1A iPS 
cell 

Skeletal 
and heart 
muscle  
(L-CMD) 

1 report:  
L-CMD (1) 

CureCMD;
USA and 
Cellular 
Dynamics 
Inc 

4 c.745C>T p.(R249W) 

Coil 2, 
(ERK 
1/2 
binding 
domain) 

iPS 
cell 

Skeletal 
and heart 
muscle  
(LGMD1B) 

9 reports: 
 L-CMD (6),  
EDMD (2), 
Striated 
muscle 
laminopath
y (1) 

CureCMD;
USA and 
Cellular 
Dynamics 
Inc 

 
Table 3.1 1 LMNA-iPSC mutations and clinical features 
1laminopathy disorders reported to be caused by these mutations in the LMNA-Universal 
mutation database. Numbers in brackets represent the number of cases reported in the 
database for each disorder. http://www.umd.be/LMNA/ - accessed 1/2018 
2The beginning of coil 1A is often stated as amino acid 34 (Capell and Collins, 2006; Captur et 
al., 2017; UMD-LMNA, 2018), however some researchers also report this as position 31 
(Scharner et al., 2010; Tan et al., 2015; Zwerger et al., 2015). Thus, K32del has both been 
reported to be in the head domain (UMD-LMNA, 2018), and in coil 1A (Bank et al., 2011). It is 
worth noting that the crystal structure of the head domain and coil1A has not been solved, so 
the exact domain that this mutation is in is uncertain. Due to its location on the border of this 
region, it may affect the functioning of both domains. 
Cure CMD = Cure Congenital Muscular Dystrophy, EDMD = Emery-Dreifuss muscular 
dystrophy, L-CMD = LMNA-related congenital muscular dystrophy, LGMD1B = Limb-girdle 
muscular dystrophy 1B.  
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Figure 3.1.1 K32del, L35P and R249W LMNA mutant HIDEM lines generated from patient 
derived iPSCs. 
A. Phase contrast images of the three generated LMNA mutant HIDEM lines termed K32del, 
L35P and R249W. The LMNA mutant lines morphologically resemble a previously generated 
control HIDEM line. Scale bar 100 µM. B. Sequencing of the generated LMNA HIDEM K32del, 
L35P and R249W cell lines confirms they contain the correct dominant disease causing 
mutations in a heterozygous state. Both forward and reverse chromatograms are shown. Tanel 
Ozdemir, a 3-month rotation PhD student, performed the HIDEM commitment, however he did 
not conduct any characterisation of the cell lines. Roberto Hoffman, an undergraduate BSc 
student, whom I supervised for 2 months, completed the sequencing. I took the phase contrast 
images, and assembled the figure. No template controls were included with all PCRs to check 
for contamination of PCR reagents with DNA or PCR products. 
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Figure 3.1.2 Flow cytometry characterisation of generated K32del, L35P and R249W 
LMNA-mutant HIDEMs.  
Flow cytometry shows characteristic expression of HIDEM markers in the three generated lines, 
at levels similar to a previously generated control HIDEM line, and in keeping with previous 
literature (Maffioletti et al 2015). Red histograms representing antibody stained samples are 
overlayed on black unstained samples for each line. These data demonstrate the successful 
generation of three LMNA-mutant HIDEM cell lines. HIDEMs are characteristically positive for 
CD146 (vascular/perivascular marker), CD13, CD44, CD49b. They have low 
expression/negative expression of CD56 (myoblast marker), CD45 (pan-hematopoietic marker), 
CD31 (endothelial cell marker). 
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Figure 3.1.3 Expression of pluripotency genes in K32del, L35P and R249W LMNA-mutant 
HIDEMs.  
Immunofluorescence staining shows the generated HIDEM cell lines are negative for SOX2 and 
OCT3/4, demonstrating their successful commitment and lack of residual pluripotent cells. A 
secondary antibody only control was included with all immunofluorescence reactions to control 
for background non-specific secondary antibody staining. Scale bar 100 µM.  
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3.1.3.2 K32del, L35P and R249W LMNA-mutant HIDEMs have a 
significantly deformed nuclear shape 

LMNA-HIDEMs were stained by immunofluorescence for lamin A/C (mouse 

anti-lamin A/C, NovaCastra). Imaging revealed numerous deformed nuclei (non-

spherical/non-oval shaped nuclei) in LMNA-mutant but not control HIDEMs 

(figure 3.1.4). Cell shape deformities in LMNA mutant cells can be quantified 

using the nuclear contour ratio (4π x areas/circumference2) (Scharner et al., 

2015; Scharner et al., 2011). This is a measure of how much a shape deviates 

from a circle. Values can range from 1-0, with 1 representing a perfect circle. 

Values below 1 represent an increasing level of shape deformity. 

Morphologically normal cells typically have a contour ratio that ranges between 

1 - ~0.8, representing a range of circular and slightly oval shaped nuclei.  

 

Within the LMNA-mutant cell lines, morphologically abnormal looking cells 

typically had circularity values ≤0.78 (figures 3.1.6 - 3.1.8). Morphologically 

normal looking cells had a range of values between 1 - 0.79. This range of 

values for nuclei with a normal shape is due to the presence of many oval 

nuclei within the culture. This was dependent on the density of the culture, with 

cultures of 90-100% confluency containing numerous oval nuclei. The average 

nuclear contour ratio of each of the three LMNA-mutant HIDEM lines was 

significantly lower when compared to control HIDEMs (figure 3.1.5A) (K32del 

0.76 ± 0.02 s.d. p=0.0087, R249W 0.75 ± 0.01 s.d. p=0.0033, L35P 0.79 ± 0.03 

s.d. p=0.0386, control HIDEMs 0.85 ± 0.03 One-way ANOVA, Tukey’s multiple 

comparisons, n=3 independent cell passages analysed between passage 3-6 

post HIDEM derivation, between 152 – 334 nuclei from 6-10 imaging fields were 

assessed per passage for each cell line). However, none of the LMNA-mutant 

HIDEM lines had a nuclear contour ratio that was significantly different each 

other. There was heterogeneity of cell shapes within each plate of cells 

analysed for each cell line (figure 3.1.5C). Within LMNA-mutant HIDEMs there 

were nuclei with a normal circular/oval shape along side significantly deformed 

nuclei. Abnormally shaped nuclei in LMNA-mutant HIDEMs typically had 

contour ratio values between 0.3-0.78. Quantification of the proportion of cells 

with a deformed nuclear contour ratio (<0.79) showed that each LMNA-mutant 
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HIDEMs had a significantly higher proportion of deformed nuclei compared to 

control (K32del 52.3% ± 8.0% s.d. p=0.0059, R249W 58.1% ± 2.1% s.d. 

p=0.0023, and L35P 42.7% ± 13.1% s.d. p=0.0354 control 18.1% ± 8.1% s.d. 

One-way ANOVA n=3 Tukey’s multiple comparisons) (figure 3.1.5B). However, 

none of the LMNA-mutant HIDEM lines had proportions of deformed nuclei that 

were significantly different each other. 

 

 
Figure 3.1.4 Immunofluorescence for lamin A/C and B1 in K32del, L35P and R249W 
LMNA-mutant HIDEMs.  
Immunostaining with lamin A/C (mouse anti-lamin A/C, NovaCastra) shows numerous 
abnormally shaped nuclei in all of the LMNA mutant lines (examples shown with white open 
head arrows). Some mislocalisation of lamin B1 (rabbit anti-lamin B1, Abcam) is also visible 
(white closed arrows). A secondary antibody only control was included with all 
immunofluorescence reactions to control for background non-specific secondary antibody 
staining. Scale bar 50 µM. 
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Figure 3.1.5 Investigation of abnormal nuclear shape in K32del, L35P and R249W LMNA-
mutant HIDEMs.  
A. Nuclear deformity in LMNA mutant HIDEMs was quantified using the nuclear contour ratio. 
This is a measure of circularity ranging from 1 to 0, with 1 being a perfect circle and increasing 
lower values representing increasing shape deformities.  All LMNA mutant lines had significantly 
lower nuclear contour ratios than the control cell line. None of the LMNA HIDEM lines had 
nuclear contour ratios significantly different from each other. B. Abnormally shaped nuclei in 
LMNA-HIDEMs typically ranged in contour values from 0.78-0.3. Comparison of the proportion 
of cells with a nuclear contour ratio >0.79 showed that all LMNA-mutant HIDEMs had 
significantly more abnormal nuclei compared to control. C. Frequency distributions of all nuclear 
circularity values for each repeat analysed show the heterogeneity of nuclear contour values 
present within in each line. One-way analysis of variance (ANOVA) with Tukey’s post hoc 
comparisons. **p<0.01, * p<0.05. Three passages were analysed (n=3), between 152 – 334 
nuclei were assessed per passage for each cell line. In total between 663-755 nuclei were 
analysed per cell line. Error bars standard deviation for all graphs.  
 

 

A range of shape abnormalities could be seen in the LMNA-HIDEMs, I 

defined and categorised these based on their appearance as jellybean 

(concave on one side), blebbed (small lamin A/C protrusion), strings (very thin 

lamin A/C staining often connecting two nuclei/micronuclei) and elongations 

(long thin nuclei). Examples of these shapes and their circularity values are 

shown in figures 3.1.6-3.1.8. The shape of the HOECHST staining appeared to 

be approximately the same as the deformed lamin A/C staining. Some of the 

observed nuclear blebs in the LMNA-mutant HIDEMs were relatively small, and 
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as such did not produce much change in nuclear contour ratio (figures 3.1.6-
3.1.8). To provide a better measure of this phenotype, I calculated the 

proportion of cells with blebs. However LMNA-mutant HIDEMs did not have a 

significantly different proportion of small nuclear blebs compared to control 

(K32del 0.7% ± 0.3% s.d. p=0.2434, R249W 0.2% ± 0.2% s.d. p=0.9950, L35P 

0.6% ± 0.3% s.d. p=0.6061, control 0.3% ± 0.2% s.d., one–way ANOVA with 

Tukey’s multiple comparisons n = 3). 

 

 

 
Figure 3.1.6 Abnormal nuclear shapes seen in LMNA K32del HIDEMs.  
Representative immunofluoscence of LMNA p.K32del HIDEMs shows a heterogeneous range 
of nuclear shapes, that can be classed as normal or abnormal. Abnormal nuclear shapes could 
be divided into five approximate categories; jellybean, severely deformed, blebs, strings and 
elongated. Two examples of each of these types of deformities are shown, with their 
corresponding nuclear circularity values. Cells that appear normal in terms of shape have a 
nuclear circularity 1-0.79. Some mislocalisation of lamin AC can be seen (white arrows). Scale 
bar 20 µM. 
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Figure 3.1.7 Abnormal nuclear shapes seen in LMNA R249W HIDEMs.  
Representative immunofluoscence of LMNA p.R249W HIDEMs shows a heterogeneous range 
of nuclear shapes, that can be classed as normal or abnormal. Abnormal nuclear shapes fall 
into five approximate categories; jellybean, severely deformed, blebs, strings and elongated. 
Two examples of each of these types of deformities are shown, with their corresponding nuclear 
circularity values. Cells that appear normal in terms of shape have a nuclear circularity 1-0.79. 
Some mislocalisation of lamin AC can be seen (white arrows). Scale bar 20 µM. 
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Figure 3.1.8 Abnormal nuclear shapes seen in LMNA L35P HIDEMs.  
Representative immunofluoscence of LMNA p.L35P HIDEMs shows a heterogeneous range of 
nuclear shapes, that can be classed as normal or abnormal. Abnormal nuclear shapes fall into 
five approximate categories; jellybean, severely deformed, blebs, strings and elongated. Two 
examples of each of these types of deformities are shown, with their corresponding nuclear 
circularity values. Cells that appear normal in terms of shape have a nuclear circularity 1-0.80. 
Some mislocalisation of lamin AC can be seen (white arrows). Scale bar 20 µM. 
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3.1.3.3 LMNA-mutant HIDEMs have mislocalisations of lamin A/C, B1 and 
emerin 

The immunofluorescence for lamin A/C and B1 also revealed the presence 

of foci of lamin A/C and regions with a honeycomb pattern within the nucleus 

(defined as areas with numerous patches of absent lamin A/C staining) 

compared to the normal uniform distribution (figure 3.1.6-3.1.8). In addition 

there were cells where lamin B1 was missing from areas of the nucleus 

(capping). In order to better visualise and investigate the mislocalisations of 

lamin A/C and B1, the LMNA-mutant lines were imaged by confocal microscopy 

using the same antibodies, mouse anti-lamin A/C (NovaCastra) and rabbit anti-

lamin B1 (Abcam). Cells were also immunolabelled for emerin (goat anti-

emerin, Santa Cruz), an additional component of the nuclear lamina whose 

localisation is dependent on lamin A (Vaughan et al., 2001). Three notable 

differences between control and LMNA-mutant HIDEMs were observed for 

lamin A/C immunolabelling; a lack of peripheral lamin A/C, aggregates of lamin 

A/C (foci or honeycombs), and a lower overall expression of lamin A/C (figure 
3.1.9). For lamin B1, absence at the poles (capping) of the nuclei of some cells 

could be seen, typically in regions of the nucleus where there were aggregates 

of lamin A/C. Emerin showed a lack of clear peripheral nuclear localisation, as 

seen with lamin A/C, as well as a lower overall expression level, and occasional 

emerin foci (figure 3.1.10).  
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Figure 3.1. 9 Localisation of lamin A/C, lamin B1 and emerin in K32del, L35P and R249W 
LMNA-mutant HIDEMs by confocal imaging.  
Three notable differences between control cells and K32del, L35P and R249W LMNA-mutant cells 
can be observed. Firstly, control cells have a bright rim of peripheral nuclear staining, with weaker 
homogenous nucleoplasmic lamin A/C also present. In the LMNA-mutant HIDEMs the presence of 
peripheral lamin A/C was heterogeneous, the majority of cells had no peripheral lamin A/C, others 
had partial peripheral staining, and a small number of cells had a bright rim of peripheral staining. 
Lamin B1 did not have strong peripheral staining in all cells lines including control. Emerin localised 
more to the nuclear periphery than nucleoplasm in control cells, however this was variable in LMNA-
mutant cells. The second lamin A/C phenotype observed was nuclear aggregates in the LMNA-
mutant cells, typically either honeycomb or foci (white arrows). In the areas with these lamin A/C 
aggregates there is a corresponding absence of lamin B1. The final phenotype that can be seen is a 
lower expression level of lamin A/C and emerin in the LMNA-mutant cell lines. This phenotype is 
heterogeneous with some cells showing a higher level of lamin A/C expression. Cells were imaged 
with an oil immersion x63 objective and 3.5 µM z-stacks with 0.7 µM overlap between slices. A max-
signal intensity projection was generated for each stack. A secondary antibody only control was 
included with all immunofluorescence reactions to control for background non-specific secondary 
antibody staining. Scale bar 50 µM. 
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Figure 3.1.10 Examples of lamin A/C aggregates in K32del, L35P and R249W LMNA-
mutant HIDEMs by confocal imaging.  
K32del, L35P and R249W LMNA-mutant HIDEM lines had cells with aggregates of lamin A/C. 
These were either honeycomb in appearance (white closed arrow) or bright foci (white open 
arrow). Areas with lamin A/C honeycombs/foci have a corresponding lack of lamin B1 (yellow 
open arrows). In some areas with lamin A/C foci there are also foci of emerin, however areas 
with honeycombs of lamin A/C did not have corresponding honeycombs of emerin. Scale bar 10 
µM.  
 

 

Quantifications of lamin A/C aggregates showed they were present in each 

of the LMNA mutant lines (figure 3.1.11A). Both honeycombs and foci were 

present in each line, with a single nucleus often containing both types of 

mislocalisation. Additionally the honeycomb structures themselves also 

contained foci within them. For this reason the proportion of cells with any form 

of mislocalisation aggregates were scored, rather than counting honeycombs 

and foci as separate measures. The proportion of lamin A/C aggregates was 
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significantly higher in each LMNA-mutant HIDEM line compared to control 

(K32del 38.4% ±9.6% s.d. p<0.0001, R249W 56.8% ±10.4 s.d. p<0.0001, L35P 

41.7% ±3.0% s.d. p<0.0001, control 4.6% ±4.0 s.d., two-way ANOVA with 

Tukey’s multiple comparison test n=3). Additionally the proportion of cells with 

nuclear regions lacking lamin B1 was significantly higher in each LMNA-mutant 

HIDEM line compared to control (K32del 35.8% ±7.1% s.d. p<0.0001, R249W 

55.1% ±6.4% s.d. p<0.0001, L35P 40.5% ±5.2% s.d. p<0.0001, control 6.3% 

±2.4% s.d., two-way ANOVA with Tukey’s multiple comparison test n=3). Lamin 

B1 mislocalised regions were small, or covered an entire side of a nucleus and 

typically appeared in the same areas where there was also honeycomb or foci 

of lamin A/C. In the vast majority of LMNA-mutant nuclei with lamin A/C 

aggregates, there were also mislocalisations of lamin B1 (figure 3.1.11B) 

(K32del 82.5% ±2.5% s.d., R249W 91.6% ±1.6% s.d., L35P 89.1% ±7.6% s.d., 

control 66.7% ±38.2% s.d.). Likewise the majority of LMNA-mutant nuclei with 

lamin B1 mislocalisations had mislocalisations of lamin A/C (figure 3.1.11B) 

(K32del 88.1% ±7.4% s.d., R249W 90.3% ±6.7% s.d., L35P 89.4% ±4.1% s.d., 

control 33.3% ±14.4% s.d.). Within each cell line, the number of nuclei with 

mislocalisation of lamin A/C and a corresponding lack of lamin B1 in the very 

same region, was compared to the total number of nuclei with lamin A/C or 

lamin B1 mislocalisations. These comparisons showed there was no significant 

difference between these values (figure 3.1.11A). There was also no significant 

difference between the total number of nuclei with mislocalisation of lamin A/C 

and lamin B1 (average differences: K32del 2.6% p=0.8057, R249W 1.8% 

p=0.9547, L35P 1.2% p=0.9921, control 1.7% p=0.9636, Two-way ANOVA for 

all comparisons, n = 3). Taken together these data imply that aggregates of 

lamin A/C interfere with the localisation of lamin B1. Some foci of emerin were 

also seen in LMNA-mutant HIDEMs, at levels much lower than lamin A/C or 

lamin B1 mislocalisation. Significantly more K32del and R249W HIDEMs had 

mislocalisation of emerin compared to control (figure 3.1.12), this difference 

was not statistically significant in L35P, although the p value was close to 

p=0.05 (K32del 15.0% ±1.2% s.d. p=0.0460, R249W 15.4% ±7.1% p=0.0402, 

L35P 14.1% ±4.0% s.d. p=0.0631, control 3.1% ±1.2% s.d. one-way ANOVA 

with Dunnett’s post hoc comparisons to control n=3).  
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Figure 3.1.11 Quantification of lamin A/C aggregates and lamin B1 capping foci in 
confocal imaged K32del, L35P and R249W LMNA-mutant HIDEMs.  
A. Lamin A/C nuclear aggregates typically appeared as a honeycomb pattern, or bright foci 
normally located at the nuclear periphery. Some nuclei had both honeycomb and foci 
aggregates. K32del, L35P and R249W LMNA-mutant HIDEM lines had significantly more 
aggregates of lamin A/C than control (ref.1), and significantly more nuclei with lamin B1 capping 
(absence at poles of nuclei) compared to control (ref.2). Regions of lamin B1 capping typically 
occurred where there were honeycomb or foci aggregates of lamin A/C, so the percentage of 
nuclei with both lamin A/C aggregates and a corresponding lack of lamin B1 in the same area 
were scored. Significantly more LMNA-mutant nuclei lacked both lamin A/C and lamin B1 than 
control (ref.3). Within each cell line, there was no significant difference between the number of 
nuclei with: lamin A/C mislocalisation and both lamin A/C + lamin B1 mislocalisation, lamin A/C 
mislocalisation and lamin B1 capping, lamin B1 capping and both lamin A/C + lamin B1 
mislocalisation. Three independent passages were analysed per cell line (n = 3), between 82-
178 cells were analysed per passage per cell line. lamin A/C, lamin B1 and both lamin A/C + 
lamin B1 data were analysed together using two-way analysis of variance (ANOVA), with 
Tukey’s multiple post-hoc comparisons, **** p ≤ 0.0001. Error bars show standard deviation. B. 
The majority of cells with lamin A/C aggregates also had a corresponding lack of lamin B1 in the 
same region of the nucleus. C. Likewise, the majority of cells with lamin B1 aggregates had 
corresponding aggregates of lamin A/C, suggesting these aggregates were responsible for the 
lamin B1 mislocalisations. Error bars show standard deviation for both graphs.  
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Figure 3.1.12 Quantification of emerin aggregates in confocally imaged K32del, L35P and 
R249W LMNA-mutant HIDEMs.  
A higher number of emerin foci could be observed in LMNA-mutant HIDEMs, this was 
significant when compared to control in K32del, and R249W. In L35P the difference trended to 
significance at p = 0.0631. One-way ANOVA with Dunnett’s post hoc comparisons to control. 
Three independent passages were analysed per cell line (n = 3), between 82-178 cells were 
analysed per passage per cell line. *p < 0.05 Error bars show standard deviation. 

 

 

Confocal imaging in control HIDEMs showed they had a clear bright rim of 

peripheral nuclear lamin A/C as well as nucleoplasmic lamin A/C (figure 3.1.9). 

The peripheral lamin A/C signal was stronger than the nucleoplasmic signal. 

Distribution of the lamin A/C within the nucleoplasm was homogenous with a 

few brighter spots, which likely represent nucleoli. In K32del, L35P and R249W 

LMNA-mutant HIDEMs however, numerous cells lacked this brighter rim of 

peripheral lamin A/C. This lack of peripheral lamin A/C occurred in both cells 

with and without lamin A/C honeycomb/foci aggregates of lamin A/C. The 

difference in nucleoplasmic versus peripheral lamin A/C was quantified using a 

ratio of the average fluorescence intensity of the nuclear periphery divided by 

the average fluorescence intensity of the nucleoplasmic region (figure 3.1.13). 

Using this analysis, a ratio above 1 indicates more lamin A/C is located at the 

nuclear periphery than is in the nucleoplasm. Conversely a ratio lower than 1 

indicates more lamin A/C is located in the nucleoplasm than is found at the 

periphery. Rather than only using values from a transverse section of the nuclei 

(shown in histogram in figure 3.1.13A) as has been done previously (Pilat et 

al., 2013), I performed my analysis on the average values from the entire 
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nucleoplasmic area and divided them by the average the entire nuclear 

periphery area. I performed the analysis this way as initial attempts using just a 

transverse section produced different results for the same nuclei, depending on 

where the dissecting line was drawn. I therefore decided to use a method where 

the entire nucleoplasmic region and entire peripheral region could be included 

in the analysis. I did this by manually drawing around the peripheral and 

nucleoplasmic regions (figure 3.1.13B). The average fluorescence intensity of 

the nucleoplasm and the average fluorescence intensity of the nuclear 

periphery region was then calculated from these areas. I found this method 

produced more reproducible results than the transverse sections. The 

peripheral localisation analysis was performed on maximum projections 

generated from 3.5 µM z-stacks of 1 µM slices, with a 0.7 µM overlap between 

slices. These mini-stacks were taken in the mid region of the cell along the z-

axis. These mini-stacks were used as it was noticed some cells had clearer 

peripheral staining one or two slices higher than other cells present in the same 

imaging field. A cell may therefore be given an incorrect peripheral localisation 

value if only a single slice was analysed. A max projection generated from 

these mini-stacks would help to prevent such errors.  

Using this method of analysis, control HIDEMs were found to have a 

significantly higher lamin A/C peripheral localisation ratio than each of the 

LMNA-mutant HIDEM lines (figure 3.1.13.C) (K32del 1.05 ± 0.05 s.d. 

p<0.0001, R249W 1.06 ± 0.05 s.d. p<0.0001, L35P 0.92 ± 0.04 s.d. p<0.0001, 

control 1.44 ± 0.04 s.d., one-way ANOVA Tukey’s post hoc comparisons n=3). 

This means that lamin A/C is not being correctly localised to the nuclear lamina 

in K32del, L35P and R249W LMNA-mutant HIDEMs. The presence of some 

degree of peripheral lamin A/C was heterogeneous in LMNA-mutant HIDEMs, 

some cells completely lacked any lamin A/C, others had incomplete peripheral 

lamin A/C that appeared as foci with mislocalisation of lamin B1 (as previously 

discussed), and others had a normal complete ring of peripheral lamin A/C. I 

defined a cut off of >1.05 to assess the number of nuclei with a complete ring of 

peripheral lamin A/C. This value was chosen in place of >1, as numerous nuclei 

had peripheral localisation ratios between 1 - 1.05, and upon further 

investigation these nuclei did not have a normal complete ring of peripheral 

immunolabelling. Most had incomplete peripheral lamin A/C or patched of bright 
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foci/honeycombs that were distorting the peripheral localisation values. Values 

>1.05 better represented nuclei with a normal ring of complete peripheral 

immunolabelling. Nearly all control HIDEMs had peripheral lamin A/C compared 

to half or less of the LMNA-mutant HIDEM nuclei, this difference compared to 

control was significant in all lines (figure 3.1.13.D) (K32del 48.0% ± 17.2% s.d. 

p=0.0036, R249W 50.3% ± 14.9% s.d. p=0.0049, L35P 11.6% ± 6.9% s.d. 

p<0.0001, control 98.5% ± 1.7% s.d., one–way ANOVA Tukey’s post hoc 

comparisons n = 3). Additionally this sub-population of cells that did have 

peripheral lamin A/C had an average peripheral localisation ratio that was much 

lower compared to control, showing that even cells with peripheral lamin A/C did 

not localise it at the correct levels (figure 3.1.13E) (K32del 1.19 ± 0.03 s.d. 

p<0.0001, R249W 1.17, ± 0.01 s.d. p<0.0001, control 1.44 ± 0.04 s.d., one–way 

ANOVA Tukey’s post hoc comparisons n = 3). L35P was not included in the 

analysis as too few cells had peripheral lamin A/C for a comparison to be 

meaningful (only 8, 6 and 16 cells across the three repeats), although the 

average peripheral localisation ratio in these cells was likewise higher 

compared to control (1.14 ± 0.01 s.d. n=3).  
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Figure 3.1.13 Quantification of lamin A/C localisation to the nuclear periphery versus the 
nucleoplasm in K32del, L35P and R249W LMNA-mutant HIDEMs.  
A. Distribution of Lamin A/C fluorescence intensity values across the nucleus (dotted line). B. The 
presence of peripheral Lamin A/C was calculated by dividing the average fluorescence intensity 
of the nuclear periphery by the average fluorescence intensity of the nucleoplasm. Ratios above 1 
demonstrate more lamin A/C is located at the nuclear periphery than in the nucleoplasm. 
Peripheral and nucleoplasmic regions were manually selected using the polygon tool in Fiji on 
maximum intensity projections generated from a 3.5 µM stack (slices 1 µM in thickness with 0.7 
µM overlap). The stacks were located in the middle plane of the nuclei to allow peripheral and 
nucleoplasmic regions to be visualised, and did not span the entire height of the nuclei. C. 
Average peripheral localisation ratios of three independent repeats D. Quantification of the 
proportion of cells shown in C with some degree of peripheral immunolabelling (peripheral 
localisation ratio > 1.05). E. The average peripheral localisation ratio of the nuclei shown in D 
(nuclei with peripheral localisation ratio >1.05). L35P had too few cells with peripheral lamin A/C 
to be included in this analysis. F. Histograms showing the distribution of peripheral localisation 
ratio values for each of the three repeats analysed in C, D and E. In repeat 1 between 61-89 cells 
were analysed, in repeat 2 between 76-109, and in repeat 3 between 94-105 cells were analysed. 
In total 204 – 303 nuclei were analysed per cell line. One-way analysis of co-variance (ANOVA), 
with Tukey’s post hoc comparisons, **p<0.01, ***p<0.001, ****p<0.0001. Error bars show 
standard deviation.  
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I hypothesised that the lack of a nuclear lamina (peripherally-localised lamin 

A/C) could be responsible for the abnormal nuclear shapes seen in the K32del, 

L35P and R249W LMNA-mutant HIDEMs, as one of the roles of peripheral 

lamin A/C is to provide structural support to the nucleus (Davidson and 

Lammerding, 2014). Additionally, the presence of both normal and abnormal 

nuclear shapes within the same well of LMNA-mutant HIDEMs could potentially 

be explained by the presence of nuclei with and without peripheral lamin A/C. 

To assess this, I compared the relationship between nuclear contour ratios and 

peripheral localisation ratio values using a Spearman correlation. I performed 

the correlation on the combined data from all three repeats (figure 3.1.14). This 

analysis showed a significant correlation between nuclear contour ratio and 

peripheral localisation ratio in control, K32del, R249W but not in L35P (Control 

r: 0.2677, 95% CI: 0.1434 – 0.3837, p<0.0001, n = 244; K32del r: 0.2985, 95% 

CI: 0.1781 – 0.4101, p<0.0001, n = 252; R249W r: 0.1605, 95% CI: 0.03958 – 

0.2769, p=0.0076, n = 275; L35P r: -0.02675, 95% CI -0.1423 – 0.08950, p = 

0.6428, n = 303; Spearman correlation). However, the correlation coefficient 

ratios were low, meaning there was not a perfect linear relationship between the 

two, and other variables maybe affecting the nuclear contour ratio. This could 

perhaps be overall Lamin A/C expression level or external forces on the cell. 

This analysis suggests that a lack of peripheral lamin A/C is contributing to the 

abnormal nuclear shapes seen in LMNA-mutant HIDEMs. The lack of 

correlation in L35P could be because this cell line had very few cells with 

peripheral Lamin A/C (ratios > 1.05), and for there to be a positive effect on 

nuclear contour ratios least some Lamin AC needs to be assembled into the 

nuclear lamina.  

It is additionally interesting to note that in all cell lines assessed, the 

average nuclear contour ratio values were higher in the cells plated and 

analysed by confocal microscopy, than those plated and analysed by inverted 

fluorescence microscopy in the previous section 3.1.3.2. However, comparison 

between control HIDEMs showed there was still a significant difference between 

control and LMNA-mutant HIDEMs in the cells plated and analysed by confocal 

microscopy (K32del 0.86 ± 0.03 s.d. p=0.0253, R249W 0.80 ± 0.1 s.d. 

p=0.0004, L35P 0.78 ± 0.03 s.d. p=0.0002, control 0.92 ± 0.02 s.d, one–way 
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ANOVA with Tukey’s multiple comparisons, n = 3). Different substrates have 

been shown to affect nuclear morphology (Tamiello et al., 2013), therefore the 

difference between these two experiments could be due to a different cell 

culture material being used for this analysis that was confocal compatible 

(standard tissue culture plastic vs glass slides). In the previous analysis 

standard tissue culture-ware was used.  

 

 

 
 
Figure 3.1.14 Comparison of nuclear contour ratio and lamin A/C peripheral localization 
ratio.  
Nuclear contour ratio gives a measure of circularity ranging from 1 to 0, with 1 being a perfect 
circle and increasing lower values representing increasing shape deformities. For each nuclei, 
peripheral localisation ratio (average peripheral fluorescence intensity/average nucleoplasmic 
fluorescence intensity) was plotted against its nuclear contour ratio. Data from three 
experimental repeats was analysed together, and is displayed on each graph.  After tests 
showed a non-normal distribution, results were analysed with a non-parametric Spearman 
correlation. Each repeat contained between 119-147 cells, which combined to a total of 
between 244-303 nuclei per cell line. Graphs show the combined data from all three repeats.  
 
 

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
0.2

0.4

0.6

0.8

1.0

Peripheral localisation ratio

N
uc

le
ar

 c
on

to
ur

 r
at

io

Control: 
data from all repeats

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
0.2

0.4

0.6

0.8

1.0

Peripheral localisation ratio

N
uc

le
ar

 c
on

to
ur

 r
at

io

R249W: 
data from all repeats

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
0.2

0.4

0.6

0.8

1.0

Peripheral localisation ratio

N
uc

le
ar

 c
on

to
ur

 r
at

io

K32del: 
data from all repeats

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
0.2

0.4

0.6

0.8

1.0

Peripheral localisation ratio

N
uc

le
ar

 c
on

to
ur

 r
at

io

L35P: 
data from all repeats

95% CI: 0.1434 - 0.3837
****r = 0.2677

95% CI: 0.1781 - 0.4101
****

r 2 = 0.06645r 2 = 0.06631

r = 0.2985

95% CI: 0.03958 - 0.2769
**r = 0.1605

r 2 = 0.02956

95% CI: - 0.1423 - 0.08950
nsr = - 0.02675

r 2 = 0.02919 x 10-5



	 126	

Given that lamin A/C aggregates caused lamin B1 to be absent from 

regions of the nucleus, the effect of this lack of peripheral lamin A/C on lamin 

B1 localisation to the periphery versus the nucleoplasm was investigated. The 

lamin B1 peripheral localisation ratio was calculated as for lamin A/C (figure 
3.1.15). The peripheral localisation ratio for lamin B1 was not significantly 

different in LMNA-mutant HIDEMs compared to control (figure 3.1.15C) 

(K32del 0.99 ± 0.03 s.d. p=0.1153, R249W 1.06 ± 0.02 s.d. p=0.9189, L35P 

0.99 ± 0.02 s.d. p=0.1240, control 1.08 ± 0.07 s.d. one–way ANOVA with 

Tukey’s multiple comparisons, n = 3). Additionally, many of the control cells did 

not have peripheral lamin B1 (figure 3.1.15D). The difference in the proportion 

of cells with peripheral lamin B1 between control and LMNA-mutant HIDEMs 

was not significant (K32del 32.4% ± 9.4% s.d. p=0.3838, R249W 47.2% ± 

14.8% s.d. p=0.9303, L35P 31.2% ± 10.8% s.d. p=0.3450, control 55.2% ± 

25.7% s.d, one–way ANOVA with Tukey’s multiple comparisons, n = 3). 

 

As for lamin A/C, emerin immunolabelling appeared as a bright ring at the 

nuclear periphery and also in the nucleoplasm. Peripheral localisation to the 

nuclear lamina was quantified as for lamin A/C, using a ratio of average 

peripheral fluorescence intensity to nucleoplasmic fluorescence intensity (figure 
3.1.16). The emerin peripheral localisation ratio in LMNA-mutant HIDEMs was 

significantly lower than control (figure 3.1.16C) (K32del 1.03 ± 0.03 s.d. 

p<0.0001, R249W 1.07 ± 0.02 s.d. p=0.0004, L35P 0.97 ± 0.01 s.d. p<0.0001, 

control 1.24 ± 0.05 s.d, one–way ANOVA with Tukey’s multiple comparisons, n 

= 3). Additionally the proportion of cells with complete peripheral 

immunolabelling (emerin localisation ratio >1.05) was significantly higher in 

control HIDEMs compared to LMNA-mutant HIDEMs (figure 3.1.16D) (K32del 

35.1% ± 12.8% s.d. p<0.0001, R249W 61.9% ± 5.6% s.d. p=0.0027, L35P 

11.4% ± 5.1% s.d. p<0.0001, control 96.0% ± % 3.6% s.d., one–way ANOVA 

with Tukey’s multiple comparisons n = 3). Furthermore this subset of cells that 

did have peripherally located emerin, had a significantly lower peripheral 

localisation value, showing that they were not localising the correct level of 

emerin to the nuclear periphery (figure 3.1.16E) (K32del 1.13 ± 0.01 s.d. 

p=0.0023, R249W 1.11 ± 0.01 s.d. p= 0.0010, control 1.25 ± 0.04 s.d. one–way 
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ANOVA with Tukey’s multiple comparisons, n = 3, L35P had too few cells with 

peripheral emerin to be included in the analysis). 
 

 
 
Figure 3.1.15 Quantification of Lamin B1 localisation to the nuclear periphery versus the 
nucleoplasm in K32del, L35P and R249W LMNA-mutant HIDEMs. 
A. Distribution of Lamin B1 fluorescence intensity values across the nucleus (dotted line). B. 
The presence of peripheral Lamin B1 was calculated by dividing the average fluorescence 
intensity of the nuclear periphery by the average fluorescence intensity of the nucleoplasm. 
Ratios above 1 demonstrate more Lamin B1 is located at the nuclear periphery than in the 
nucleoplasm. Nucleoplasmic and peripheral regions were manually selected using the polygon 
tool in Fiji on maximum intensity projections generated from a 3.5 µM stack (slices 1 µM in 
thickness with 0.7 µM overlap). The stacks were located in the middle plane of the nuclei to 
allow peripheral and nucleoplasmic regions to be visualised, and did not span the entire height 
of the nuclei. C. Average peripheral localisation ratios of three independent repeats D. 
Quantification of the proportion of cells shown in C with some degree of peripheral 
immunolabelling (peripheral localisation ratio > 1.05). E. Histograms showing the distribution of 
peripheral localisation ratio values for each of the three repeats analysed in C, D and E. In 
repeat 1 between 61-89 cells were analysed, in repeat 2 between 76-109, and in repeat 3 
between 94-105 cells were analysed. In total 204 – 303 nuclei were analysed per cell line. One-
way analysis of co-variance (ANOVA), with Tukey’s post hoc comparisons, n.s. = not significant 
to p<0.05. Error bars are standard deviation for all graphs. 
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Figure 3.1.16 Quantification of Emerin localisation to the nuclear periphery versus the 
nucleoplasm in K32del, L35P and R249W LMNA-mutant HIDEMs.  
A. Distribution of Emerin fluorescence intensity values across the nucleus (dotted line). B. The 
presence of peripheral Emerin was calculated by dividing the average fluorescence intensity of 
the nuclear periphery by the average fluorescence intensity of the nucleoplasm. Ratios above 1 
demonstrate more Emerin is located at the nuclear periphery than in the nucleoplasm. Peripheral 
and nucleoplasmic regions were manually selected using the polygon tool in Fiji on maximum 
intensity projections generated from a 3.5 µM stack (slices 1 µM in thickness with 0.7 µM 
overlap). The stacks were located in the middle plane of the nuclei to allow peripheral and 
nucleoplasmic regions to be visualised, and did not span the entire height of the nuclei. C. 
Average peripheral localisation ratios of three independent repeats D. Quantification of the 
proportion of cells shown in C with some degree of peripheral immunolabelling (peripheral 
localisation ratio > 1.05). E. Average peripheral localisation ratio of the nuclei shown in D (nuclei 
with peripheral localisation ratio >1.05). L35P had too few cells with peripheral lamin A/C to be 
included in this analysis. F. Histograms showing the distribution of peripheral localisation ratio 
values for each of the three repeats analysed in C, D and E. In repeat 1 between 61-89 cells were 
analysed, in repeat 2 between 76-109, and in repeat 3 between 94-105 cells were analysed. In 
total 204 – 303 nuclei were analysed per cell line. One-way analysis of co-variance (ANOVA), 
with Tukey’s post hoc comparisons, **p<0.01, ***p<0.001, ****p<0.0001. Error bars show 
standard deviation.  
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 In summary, all three LMNA-mutant HIDEM lines have mislocalisations of 

Lamin A/C, Lamin B1 and Emerin. The mislocalisations observed are 

honeycombe/foci of Lamin A/C and localised absence of Lamin B1. There is 

also loss of Lamin A/C and Emerin localisation to the nuclear lamina, although 

Lamin B1 was not similarly affected. In K32del and R249W some Emerin foci 

were also visible in the nucleus. It is likely that mislocalisations of lamina-

associated proteins are contributing the improper functioning of Lamin A/C and 

the nuclear lamina, and thus to disease pathology in patients. In addition there 

seems to be some correlation between the absence of Lamin A/C localised to 

the nuclear lamina and deformed nuclear contour ratios.  
 
3.1.3.4 R249W LMNA-mutant HIDEMs differentiate into myotubes with 
nuclear elongation  

Having analysed nuclear morphology and protein localisation in proliferating 

cells, I next examined how these parameters would alter after myogenic 

differentiation and cell fusion into multinucleated myotubes. This models 

potential changes in muscle fibres in laminopathy patients. In the published 

HIDEM protocol, myogenic differentiation is achieved by transducing HIDEMs 

with a lentivirus containing a tamoxifen inducible MyoD-ER (estogen-receptor) 

(Maffioletti et al., 2015; Tedesco et al., 2012). Therefore, to induce myogenic 

differentiation, K32del, L35P and R249W LMNA HIDEMs were transduced with 

this lentivirus using a multiplicity of infection of 10 (MOI 10). The MyoD 

construct used did not contain a GFP reporter, so in line with the previous 

published protocol, successful integration into the HIDEMs was assessed based 

on their ability to differentiate into multinucleated myosin heavy chain 

expressing myotubes. To induce differentiation from MyoD-HIDEMs, cells were 

plated at high density on a Matrigel coated dish, and 1mM of 4-OH tamoxifen 

added to the culture when confluency reached 90-100%. After 24 hours, 

differentiation medium was added (2% horse serum in DMEM), again 

supplemented with 1 mM of 4-OH tamoxifen. Daily half media changes with 

differentiation medium were then performed for ~ 4 more days. Successful 

myotube formation was assessed visually, and based on positive myosin heavy 

chain immunostaining. K32del, L35P and R249W LMNA-mutant MyoD-HIDEMs 

differentiated to form multinucleated myotubes 4-6 days after MyoD induction 
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with tamoxifen. Spontaneous contraction was not quantitatively assessed, 

although cultures plated on to glass slides compatible for confocal analysis 

detached in control and K32del, L35P and R249W LMNA-mutant MyoD-

HIDEMs, implying there was a degree of contraction present. This typically 

occurred at day 3-4, around the time when myotubes became visible in the 

cultures plated on standard cultureware. Visual observations of cells actively 

detaching appeared to show this was due to spontaneous contraction.  

 

Differentiated cultures were immunolabelled for lamin A/C (goat anit-lamin 

A/C, Santa Cruz) and myosin Heavy Chain (mouse MF20 antibody from DSHB, 

which recognises all myosin heavy chain variants) (figure 3.1.17). Fewer 

nuclear shape deformities were observed in the differentiated K32del, L35P and 

R249W LMNA-mutant MyoD-HIDEMs compared to the undifferentiated 

HIDEMs. Elongated nuclei could be seen in R249W and occasionally in L35P. 

Additionally in L35P several small nuclear blebs could be seen. The “jellybean”, 

severely deformed and string shapes that were common in HIDEMs were not 

present within the myonuclei. The nuclear contour ratio was used to quantify 

nuclear shape deformity in LMNA-mutant MyoD-HIDEMs myotubes, a nucleus 

was considered to be within a myotube based on three criteria: 1) if it was within 

a Myosin Heavy Chain positive structure; 2) if that structure was multinucleated 

with ≥2 nuclei; 3) if there was nuclear exclusion of Myosin Heavy Chain. 

Quantification revealed that only R249W had myonuclei with a significantly 

lower contour ratio than control, due to the presence of abnormally elongated 

nuclei (figure 3.1.18) (K32del 0.84 ± 0.03 s.d. p=0.596, R249W 0.69 ± 0.03 s.d. 

p<0.0001, L35P 0.81 ± s.d. p=0.1475, control 0.87 ± 0.03 s.d, one–way ANOVA 

with Sidak’s multiple comparisons, n = 3). Comparisons of nuclei outside of the 

myotubes between control and LMNA-HIDEMs showed that R249W and K32del 

had significantly deformed nuclei compared to control. (K32del 0.81 ± 0.05 s.d. 

p = 0.0470, R249W 0.80 ± 0.04 s.d. p<0.0001, L35P 0.84 ± 0.01 s.d. p=0.1917, 

control 0.89 ± 0.03 s.d, two-way repeat measures ANOVA with Tukey’s multiple 

comparisons, n = 3). K32del and L35P were not significantly different compared 

to control for myotube nuclei, and for non-myotube nuclei in L35P. Furthermore, 

within R249W the myotube nuclei were significantly deformed compared to 
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those outside of the myotube, whereas differences within K32del, L35P and 

control were not significant (mean differences: K32del 0.034 p=0.0596, R249W 

-0.1038 p<0.0001, L35P -0.027 p=0.1475, control -0.016, two-way repeat 

measures ANOVA with Sidak’s multiple comparisons, n = 3). These results 

differ from those seen in the undifferentiated HIDEMs, where all LMNA-mutant 

lines had a significantly deformed nuclear contour ratio compared to control.  

 

 

 

 
 

Figure 3.1.17 K32del, L35P and R249W LMNA-mutant HIDEMs differentiated into skeletal 
myotubes by inducible MyoD expression.  
Representative immunofluorescence for lamin A/C and Myosin Heavy Chain (MF20 antibody). 
HIDEM cell lines were transduced with lentivirus containing a tamoxifen inducible MyoD-ER. 
Upon MyoD induction all lines differentiated to form numerous Myosin Heavy Chain positive 
multinucleated myotubes. Very elongated nuclei are visible in R249W only (closed arrows). 
Cells with nuclear blebbing could be seen in L35P (open arrow). Few cells with lamin A/C 
mislocalisation were observed. A secondary antibody only control was included with all 
immunofluorescence reactions to control for background non-specific secondary antibody 
staining. Scale bar 100 µM.  
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Figure 3.1.18 Investigation of nuclear shape in myotubes differentiated from K32del, 
L35P and R249W LMNA-mutant MyoD-HIDEMs.  
Nuclear deformity was quantified using the nuclear contour ratio. This is a measure of circularity 
ranging from 1 to 0, with 1 being a perfect circle. LMNA R249W mutant myotubes have 
significantly deformed myotube nuclei (very elongated shape) compared to control myotubes 
nuclei (Ref.1) p<0.0001. Non-myotube/myocyte nuclei in this line and in K32del also have a 
significantly lower nuclear contour ratio compared to the control non-myocyte/myotube nuclei 
(Ref.2). In K32del and L35P lines circularity was not significantly different than control within 
myotubes, and in L35P non-myotube nuclei were also not significantly different from control. 
Comparisons within each line of nuclei inside and outside of myotubes, show that only line 
R249W has a significantly lower nuclear contour ratio for nuclei within a myotube compared to 
those outside. A nuclei was considered to be within a myotube based on three criteria; if it was 
within a Myosin Heavy Chain positive structure, if that structure was multinucleated, if there was 
nuclear exclusion of Myosin Heavy Chain. Results analysed with two-way repeat measures 
ANOVA, Tukey’s post-hoc test for comparisons to control, and Sidak’s  post-hoc comparison for 
comparisons within each line. n=3 independent experimental replicates, with between 100 and 
270 analysed per cell line per repeat, except in one repeat in K32del where only 57 nuclei were 
found outside of myotubes. * p < 0.05, **** p< 0.0001 

 

 

Small nuclear blebs could be seen in some of the LMNA-mutant HIDEMs. 

Small blebs do not produce much change in nuclear contour ratio, so to provide 

a better measure the proportion of cells with small blebs was calculated. 

Myotube nuclei in the LMNA-mutant HIDEMs had a slightly higher, but not 

significantly different proportion of cells with blebbing compared to control 

(K32del 3.1% ± 2.4% s.d. p=0.5507, R249W 4.0% ± 3.7% s.d. p=0.3233, L35P 

3.9% ± 1.3% s.d. p=0.3436, control 0.5% ± 0.6% s.d., one–way ANOVA with 

Tukey’s multiple comparisons n = 3). Additionally nuclei outside of the myotube 

did not have a significantly different amount of nuclear blebbing compared to 

control (K32del 1.0% ± 1.1% s.d. p=0.6968, R249W 0.6% ± 1.1% s.d. 

p=0.9029, L35P 1.3% ± 1.7% s.d. p=0.5211, control 0.0% ± 0.0% s.d., one–way 

ANOVA with Tukey’s multiple comparisons n = 3).  
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The amount of MyoD expressed as mRNA, or the number of MyoD viral 

copies in the genome of each line was not assessed. This means that, although 

the same viral MOI was used, it would not be possible to make meaningful 

comparisons between the cell lines and control based on how well they 

differentiated, as a different MyoD expression level could influence 

differentiation parameters. For this reasons further comparisons based on level 

of differentiation (fusion index), or timing of myogenic gene expression were not 

conducted in these cell lines. Future work with these cell lines could quantify the 

amount of viral MyoD integrated into the genome to allow for these analyses.  

 

Mislocalisation of Lamin A/C, Lamin B1 or Emerin from the nuclear lamina 

was not studied in K32del, R249W or L35P mutant myotubes as they failed to 

adhere to confocal microscopy compatible glass slides, even after multiple 

attempts with different substrate dilutions. Initially the MyoD infected HIDEMs 

adhered to the confocal slides. However as the cells differentiated into 

myotubes they detached from the slides, which appeared to be due to 

spontaneous contraction. Different concentration of Matrigel, a Matrigel 

sandwich, as well as a poly-L-lysine coating were all tried without much 

improvement. 
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3.1.5 Conclusions 
In this section three LMNA-mutant iPSC lines derived from patients with 

skeletal muscle laminopathies were successfully committed into mesodermal 

cells (HIDEMs) and then terminally differentiated into multinucleated skeletal 

myotubes. K32del, L35P and R249W LMNA-mutant HIDEMs displayed 

disease-associated phenotypes, abnormal nuclear shape, honeycomb/foci 

aggregates of lamin A/C and mislocalisation of lamin B1.  K32del and R249W 

also displayed emerin Foci. All LMNA-mutant HIDEMs displayed a reduction in 

nuclear peripherally located lamin A/C and peripheral emerin, highlighting this 

as an important disease associated phenotype. When differentiated via MyoD 

expression, K32del, L35P and R249W LMNA-mutant lines successfully formed 

multinucleated myosin heavy chain positive myotubes. Only one LMNA-

mutation, R249W, produced myotubes with abnormally shaped myonuclei that 

appeared elongated. Together, the results presented in this section 

demonstrate that K32del, L35P and R249W LMNA-mutant iPSCs model the key 

cellular hallmark of laminopathies (i.e. nuclear abnormalities) upon skeletal 

muscle differentiation in vitro. These results will be discussed together with the 

results of sections 3.2, 3.3 and 3.4 in an overall thesis discussion in section 4. 

The results will be discussed in this way, as both section 3.1 and 3.4 deal with 

the same disease phenotypes in iPSC derived cells (ie nuclear circularity), and 

are therefore discussed together to avoid unnecessary repetition.  
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3.2 Expression of lamin A lacking exon 3 or 5 in human cell 
lines 
 
3.2.1 Introduction 

In section 3.1 the use of patient-specific iPSC derivatives to model disease 

phenotypes in skeletal muscle laminopathies was established. These 

phenotypes could be used as outcomes measures to test potential therapies. 

Currently there is no effective therapy for any laminopathy disorder, and 

treatment is palliative. A few experimental therapies are currently in 

development for laminopathies. For HGPS, which is due to abnormal 

expression of a farnesylated form of lamin A/C named progerin, 

farnesyltransferase inhibitors are being assessed (Gordon et al., 2012). 

Inhibition of ERK1/2 signalling, a part of the MAPK pathway, has been shown to 

lead to improved survival in Lmna DCM mice (Muchir et al., 2012a). Rapamycin, 

which induces autophagy and slows cellular aging, has improved heart function 

in DCM mice (Choi et al., 2012), and phenotypes in HGPS-fibroblasts (Cao et 

al., 2011). Therapies that seek to target the gene itself have also been 

developed such as adenoviral-based homologous recombination (Liu et al., 

2011b), and drugs that cause read-through of nonsense mutations (Lee et al., 

2017).  

 

Recently, work within our laboratories has developed a potential therapy 

based on skipping disease-causing mutations in LMNA exon 5 using antisense 

oligonucleotides (AONs) (Scharner et al., 2015). LMNA exon 5 and exon 3 both 

encode six in-frame heptad repeats located in the central α-helical rod domain 

of lamin A/C. It was theorised that removal of either one of these exons from the 

final lamin A and C proteins would shorten, but should not otherwise disrupt, the 

structure of the α-helices and the overall protein. Expression of a lamin A or C 

construct lacking exon 5 (lamin A/C Δ5) in Lmna-null MEFs restored normal 

nuclear shape to levels comparable to expression of native lamin A or C, as 

well as lamin A/C and lamin B1 protein localisation. However expression of the 

disease-causing mutations R190dup, N195K, S295P and S303P or lamin A/C 

lacking exon 3 (Δ3), did not similarly restore nuclear shape to levels 
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comparable to expression of wt lamin A or C. In addition these variants failed to 

improve protein localisation of lamin A/C or lamin B1. As laminopathies are for 

the most part dominant diseases, dominant-negative effects were assessed by 

expression in wt MEFs. Lamin A Δ5 or lamin A wt did not produce any dominant 

negative effects on nuclear shape, or protein localisation of lamin A/C or lamin 

B1. However transduction with lamin A Δ3 and several of the disease causing 

mutations caused abnormal nuclear shape and protein mislocalisation.  

 

Candidate AONs designed to skip Lmna exon 5 were tested in human 

dermal fibroblasts and HeLa, and exon 5 skipping was established at the RNA 

level for some candidate sequences. Although exon skipped forms of lamin A 

and lamin C were seen expressed in mouse cell lines, whether they can be 

expressed as a protein in human cells was not established. For AON-mediated 

skipping of exon 5 to be effective, lamin A Δ5 needs to be expressed in human 

cells and be functional, as haploinsufficiency has been reported as a disease 

mechanism (Benedetti et al., 2007; Wolf et al., 2008).  

The AONs will not be allele specific, and exon 5 will be skipped in both the 

mutant and wildtype RNA. Unless full-length lamin A/C protein is replaced with 

a likewise functional lamin A/C only lacking the amino acids encoded by Lmna 

exon 5, it would result in a reduced amount of functional protein. If the amount 

of protein would be reduced, there maybe continued disease pathology, this 

time due to insufficient functional protein expression (i.e. haploinsufficiency) 

rather than a dominant negative or toxic gain of function. Therefore, before the 

therapeutic potential of AON-mediated skipping of disease-causing mutations in 

LMNA-exon 5 can be tested in patient cells, it needs to first be assessed 

whether a version of lamin A/C lacking amino acids encoded by exon 5 is stable 

and can be expressed in human cells.  
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Figure 3.2. 1 Antisense oligonucleotide mediated skipping of LMNA exon 5.  

A.  Schematic showing the antisense oligonucleotide (AON) effect on LMNA mRNA transcript 

and Lamin A and C proteins. LMNA exon 5 is in frame, and codes for six-heptad repeats in coil 

2 of Lamin A and C proteins. Complementary AON binding to exon 5 results in this exon being 

spliced out of the mRNA transcript during pre-mRNA processing. The resulting mRNA transcript 

remains in frame, and encodes a protein that is internally truncated in coil 2 of both Lamin A and 

C. B. Representative structure of coil 2B showing two heptad repeats. Exon 5 contains six in-

frame repeats of the heptad coil. Removal of these residues from the protein should not 

therefore disrupt the overall structure of the coil and protein (adapted from (Scharner et al., 

2015; Strelkov et al., 2004). C. Sequence of LMNA exon 5 (uppercase, boxed) and immediately 

adjacent intronic sequence (lower case). Predicted exonic splice enhancer (blue) and silencer 

(red with asterisk) sequences are shown. Two candidate AONs were identified by Scharner et 

al, L5-b and L5-c, whose binding positions in exon 5 are shown. These AONs produce the most 

efficient exon skipping when used in combination in a 3:1 ratio of L5-b:L5-c (adapted from 

(Scharner et al., 2015).  
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3.2.2 Hypothesis, Aims and Objectives 
 
3.2.2.1 Hypothesis 
It was hypothesised that a Lamin A protein lacking amino acids encoded by 

Lmna exon 5 would be stable and expressed in human cells.  

 
3.2.2.2 Aim 
Assess if forms of lamin A lacking amino acids encoded by Lmna exon 3 or 

exon 5 could be expressed in human cell lines, producing a protein of expected 

size. 

 

3.2.2.3 Objectives 
Human cell lines were transduced or transfected with constructs encoding lamin 

A isoforms lacking amino acids encoded by Lmna exon 5 or exon 3. Expression 

of these constructs was confirmed by co-expression of GFP from an IRES-

eGFP in the plasmid backbone and reverse transcription PCR. Protein was 

extracted from successfully transduced/transfected cell lines, and western blot 

was performed for native and mutant lamin A/C.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 139	

3.2.3 Results 
 
3.2.3.1 Expression of lamin A wt, lamin A Δ3, lamin A Δ5 protein in HeLa 
Cells 

The lamin A constructs (lamin A wt, lamin A Δ3, lamin A Δ5) had been 

generated previously in our laboratories (Scharner et al., 2015). These 

constructs were repackaged into retroviruses that were able to infect human 

cells by Sara Maffioletti. The constructs are under a constitutively active 

promoter (pMSCV), and contain an IRES-e-GFP. This means that GFP will be 

expressed from the same RNA as the lamin A constructs, as a separate non-

fused protein.  

HeLa cells were transduced with retroviruses encoding human wild type 

lamin A (wt), lamin A lacking the amino acids encoded by Lmna exon 3 (Δ3), or 

lamin A lacking the amino acids encoded by Lmna exon 5 (Δ5) for 12 hours with 

8 µg/ml of hexadimethrine bromide (polybrene). After this, the media was 

changed and fresh virus with polybrene was added for a further 12 hour 

incubation. A double viral incubation was used as retroviruses are only able to 

infect actively dividing cells. The transduced cells were expanded and banked, 

and checked for GFP expression. Successful integration of the viral constructs 

was assessed based on GFP expression in live and fixed cells. 

Immunofluorescence for GFP demonstrated successful integration of the 

constructs into HeLa cells (figure 3.2.2A); however, not all the cells contained 

the construct. When quantified two passages (7 days) post transduction, 29% 

(±3.3%) of cells transduced with lamin A wt were eGFP+ve, 12% (±3.2%) with 

lamin A Δ3 were eGFP+ve, and 18% (±4.8%) with lamin A Δ5 were eGFP+ve 

(figure 3.2.2B). To enrich for transduced cells, lamin A wt, lamin A Δ3 and 

lamin A Δ5 were FACS-sorted for eGFP three passages post transduction (10 

days).  
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Figure 3.2. 2 Transduction efficiency of lamin A Δ3 and Δ5 constructs in HeLa cells.  
A. Representative immunofluorescence of HeLa transduced with three different lamin A 
constructs, lamin A wild type (wt), lamin A lacking exon 3 (Δ3), and lamin A lacking exon 5 (Δ5). 
GFP was also expressed from the lamin A constructs, controlled by an IRES under the same 
promoter. Cells positive for GFP will also contain integrated lamin A constructs. Scale bar 100 
 µM B. Mean proportion of GFP positive cells by immunofluorescence two passages post 
transduction. For each cell line 1700-2600 cells were analysed across three imaging fields. 
Error bars show the standard deviation between three imaging areas. 
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Protein was extracted from the sorted and unsorted transduced cells. For 

the unsorted HeLa protein was extracted 2 passages post infection (7 days), for 

the eGFP FACs sorted HeLa, protein was extracted two passages after cell 

sorting, and five passages (18 days) since initial transduction. Plated cells were 

detached with trypsin and pelleted at 232 g for 5 minutes, after which they were 

resuspended in PBS and further pelleted at 10,000 g for 5 minutes at 40C. 

Protein extraction buffer 1 was added directly to the cell pellets (50 mM Tris-

HCL pH 6.8, 10 % v/v glycerol, 2 % w/v sodium dodecyl sulfate SDS mixed with 

protease inhibitor cocktail). Samples were then heated at 950C for 5 minutes, 

chilled on ice for 5 minutes, then centrifuged at 10,000 g for 10 minutes at room 

temperature, after which the supernatant was collected. Absolute protein 

quantification was conducted with Bio-Rad protein assay kit, and results were 

read against BSA standards with Bio-Rad i-mark plate reader and MPM6 

software. After determination of protein concentration dithiothreitol (DTT) was 

added to all samples (50 mM final concentration). Samples were size separated 

on 4 – 15 % Mini-PROTEAN® TGX™ Precast SDS gels (Bio-Rad) against a 

precision plus protein standards dual colour ladder (Bio-Rad). Samples were 

loaded onto the gels using LDS x 4 sample buffer (Novex, Life Technologies). 

Gels were run at 70 v for 30 minutes, followed by 150 v for 1 hour 30 minutes in 

SDS running buffer (25 mM Tris, 190 mM glycine and 0.1 % SDS). Samples 

were transferred to nitrocellulose membranes using iblot dry transfer for 7 

minutes (Invitrogen). Membranes were blocked for one hour with 5 % (w/v) milk 

(Marvel) diluted in Tris-buffered saline with tween 20 (TBST; 20 mM Tris pH 7.5, 

150 mM NaCl, 0.1 % (v/v) tween 20). After this membranes were incubated with 

a polyclonal goat antibody again lamin A/C (Santa Cruz lamin A/C N18 SC-

6215) diluted in TBST with 5% (w/v) milk, and incubated overnight at 4 °C. This 

antibody recognises a sequence at the end terminus of lamin A/C, and should 

therefore be able to bind to both native and lamin A protein species lacking 

exon 3 or 5. The unbound antibody was washed away with three washes of 

TBST for 5 minutes each. Membranes were incubated with secondary antibody 

diluted in TBST with 5% (w/v) milk for 1 hour at room temperature. Unbound 

secondary antibody was washed away with three washes of TBST for 5 minutes 

each. Bands were imaged using ECL Prime (GE-Life Sciences), and visualised 
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using Chemidoc Imager (Bio-Rad) and Imagelab software. Blotting for tubulin 

was used as a loading control. 

 

In the western blots for unsorted (figure 3.2.3) and sorted (figure 3.2.4A) 

HeLa, the detection of lamin A was weak, despite 50 µg of protein being a 

relatively high amount of protein to load: I thought that this could be due to a 

problem with the reagents or with the protein extraction protocol. Samples were 

re-run with new SDS gels, nitrocellulose membranes, and buffers. This 

improved the detection of endogenous lamin A and C with 50 µg of protein 

loaded (3.2.4B). A faint band between endogenous lamin A and C was visible 

with a low exposure (7s) in the lamin A Δ5 sample, when developed using ECL 

Prime (GE-Life Sciences), and Chemidoc Imager (Bio-Rad). This likely 

represents the lamin A Δ5 protein. To increase visualisation of this band the 

membrane was over-exposed for 20s, which increased the signal intensity of 

this band. However, the high expression of the endogenous lamin A and C 

prevented the detection of a lamin A Δ3 band, and most importantly, from 

confirming the lack of a band between lamin A and C in the control lamin A wt 

transduced cell line and in the uninfected control. Therefore, although the band 

seen in the lamin A Δ5 HeLa cell line likely represents the protein product of this 

construct, this cannot be reliably stated without better resolution between the 

mutant lamin A and native lamin A and C protein bands. 
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Figure 3.2. 3 Western blots for Lamin A/C in HeLa transduced with lamin A Δ3 and Δ5 
constructs.  
A.  Lamin A/C protein expression in unsorted transduced HeLa, where 29% of HeLa lamin A wt 
cells contain the construct, 12% of HeLa Lamin A Δ3 and 18% of HeLa Lamin A Δ5 as 
measured by immunofluorescence for GFP expression. As Lamin A Δ3 and Δ5 are internally 
truncated, they were expected to appear between the endogenous bands of lamin A/C (69 kDa 
and 62kDa respectively). However, despite loading 150 µg of protein and probing with a 
polyclonal lamin A/C antibody that recognises the N-terminus of the protein, no band could be 
seen for the lamin A Δ3 and Δ5. β tubulin expression was used as a loading control. A precision 
plus protein standards dual colour ladder (Bio-Rad) was used as a size marker, with the location 
of sizes indicated. 
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Figure 3.2. 4 Western blots for lamin A/C in HeLa transduced and FACS-enriched for 
lamin A wt, lamin A Δ3 and Δ5 constructs.  
A. Western blot on HeLa lines FACs for expression of IRES-eGFP, which is co-expressed from 
the same RNA as the lamin A constructs. Probing with a polyclonal lamin A/C antibody that 
recognises the N-terminus of the protein, bands corresponding to endogenous lamin A and 
lamin C can be seen, however no band for lamin A Δ 3 or Δ 5 protein are present. B. Protein 
extracted from FAC sorted HeLa re-run on a 4 – 15% SDS gradient gel using new nitrocellulose 
membranes. Two clear bands for lamin A and C are visible with a faint third band between 
them, in the Lamin A Δ5 transduced cells probed with antibody X. This could be the Lamin A Δ5 
protein, however, due to high expression of endogenous Lamin A and C, it is difficult to discern 
this band or any band for Lamin A Δ3, especially when over-exposed to increase signal 
detection. For all western blots protein was run on a 4 – 15% SDS gradient gel, and β tubulin 
expression was used as a loading control. Wt = wild type. A precision plus protein standards 
dual colour ladder (Bio-Rad) was used as a size marker, with the location of sizes indicated. 
 

 

The presence of the constructs had been confirmed by detection of an 

IRES-eGFP by immunofluorescence two passages (7 days) post transduction, 

and also by FACs three passages (10 days) post transduction. To further 

confirm the presence of the lamin A constructs in the correct cell line, RNA was 

extracted from cell pellets and cDNA synthesised with 0.5 µg of RNA per 20 µL 

cDNA. Genomic DNA was removed with a DNAse step performed during RNA 
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extraction, and all PCR primers spanned an intron, so would produce a larger 

sized product if amplifying genomic DNA. Furthermore, for all samples an extra 

cDNA synthesis reaction was run in which RNA was added but no reverse 

transcriptase enzyme (RT negative sample) in order to test for genomic 

contamination. An intron spanning GAPDH reaction was run on the RT negative 

and positive samples to check for successful cDNA synthesis, and for DNA 

contamination. I had designed the GAPDH primers previously for use in 

assessing successful cDNA synthesis and genomic DNA contamination (Steele-

Stallard et al., 2013). The primers are intron spanning, and will produce PCR 

products of different size for cDNA and genomic DNA. Therefore the RT 

negative sample should only amplify and produce a band if there is 

contaminating genomic DNA present. The GAPDH PCR demonstrated 

successful cDNA synthesis in the RT positive sample, and showed there was 

no genomic DNA contamination. Primers for amplification between lamin A/C 

exon 3-7 and 4-6 were designed previously by J. Scharner (Scharner et al., 

2015). I designed primers for amplification between exon 2-4 using NCBI primer 

blast (NCBI primer blast, 2018). Primers were checked with this program 

against the human reseq mRNA library to ensure they were specific for lamin 

A/C cDNA. Furthermore primers were checked to ensure they did not have 

SNPs underneath with SNP checker (“SNPCheck,” 2018). SNPs underneath 

primers can interfere with amplification, particularly if they are under the 3’ 

region of the primer. This is a particular problem if the SNP is heterozygous in 

the individual, which can lead to erroneous results if only one allele is amplified 

in the PCR reaction.  

Amplification between LMNA exons 2 to 4 should produce a wild type band 

of 326 bp for all three cell lines and uninfected control. A smaller PCR product 

should only be observed in the HeLa lamin A Δ3 cell line, corresponding to an 

expected size of 200 bp for a deletion of LMNA exon 3. For LMNA exon 5 

deletion, RT-PCR with primers located in LMNA exons 3 and 7 should produce 

a band of 565 bp for wild type in all the cell lines. A smaller band of 439 bp will 

be detected in the HeLa lamin A Δ5 cell line only, representing a deletion of 

exon 5. The expected bands were obtained (figure 3.2.5), with only the lamin A 

Δ3 cell line producing a band corresponding to a deletion of exon 3 when 

amplified between exons 2-4, and only lamin A Δ5 cell line producing a band 
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corresponding to a deletion of exon 5 when amplified between exons 3-7. To 

independently confirm the result I also used primers for LMNA exons 4 to 6, 

which, as expected, only produced a band of 250 bp in the HeLa lamin A Δ5 

cell line by RT-PCR amplification. These results confirm that the HeLa LMNA 

Δ3 and Δ5 cell lines both contain and express the correct LMNA constructs, and 

rule out this being a reason for a lack of detection of the constructs at the 

protein level. 

 

 

 
Figure 3.2. 5 Reverse transcription PCR on HeLa transduced with native lamin A, lamin A 
Δ3 and Δ5 constructs.  
RNA was extracted from HeLa cells transduced with lamin A constructs, and FACs for 
expression of an IRES-eGFP that is co-expressed with the lamin A constructs. Results confirm 
presence of lamin A Δ3 and Δ5 in the corresponding cell lines at the RNA level. PCR product 
sizes:  LMNA exon 2-4 wild type 326bp and Δ3 200 bp, LMNA exon 3-7 wild type 565 bp and 
Δ5 439 bp, LMNA exon 4-6 wild type 376 bp and Δ5 250 bp. Uninfected HeLa cells were used 
as a negative control. All primers are intron spanning and would produce different size products 
on genomic DNA. NTC = no template control. 
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3.2.3.2 Expression of lamin A wt, lamin A Δ3, lamin A Δ5 protein in HEK 
293T Cells 

 

The high level of lamin A and C expression in HeLa could be obscuring 

detection of the mutant lamin A constructs in the early western blots (figure 
3.2.4) and taking up most of the antibody signal.  HEK 293T cells express lower 

levels of endogenous lamin A (Piekarowicz et al., 2017): hence, using this cell 

line could help improve resolution between the lamin A and C bands. Therefore, 

as for the HeLa cells, HEK 293T cells were transduced with retroviruses 

encoding human wild type lamin A (wt), lamin A Δ3, or lamin Δ5 for 12 hours 

with 8 µg/ml of hexadimethrine bromide (polybrene). After this, the media was 

changed, and cells were incubated for a further 12 hours with fresh virus with 

polybrene. Fluorescent imaging of live HEK 293T cells two days after 

transduction with lamin A constructs showed there were cells positive for eGFP, 

indicating successful integration of the lamin A constructs (figure 3.2.6). Protein 

for western blots was extracted four passages post transduction, from cells that 

had not been sorted for GFP. A different protein extraction protocol was used 

for HEK protein extraction that had been validated previously in our lab 

(Scharner et al., 2015), in case poor protein extraction methods had contributed 

to the relatively weak lamin A/C detection. Typically, for protein extraction, 

plates containing growing cells are placed on ice and collected by scraping 

(“Sample preparation for western blot | Abcam,” 2018, “Western Blotting | Life 

Science Research | Bio-Rad,” 2018). This helps to maintain the conformation of 

membrane-associated proteins. Furthermore a sonication step can be included 

which helps to fragment chromatin and release nuclear proteins that are bound 

to it, this is particularly important for chromatin associated proteins, like lamin 

A/C. Cell culture dishes were placed on ice, washed with cold PBS, detached 

using a cell scraper, and pelleted at 10,000 g for 1 minute at 4 °C. Pellets were 

resuspended in suspension buffer (100 mM NaCl, 10 mM Tris-HCL and 1 mM 

EDTA, 2 % w/v SDS, 10 % v/v glycerol and 60 mM Tris-HCL pH 6.8, protease 

inhibitor cocktail, 1 % v/v phosphatase inhibitor cocktails 2 and 1 % v/v 

phosphatase inhibitor cocktails 3). To help break chromatin the samples were 

boiled at 95 °C for 10 minutes, followed by sonication. Debris was removed by 
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centrifuging at 10,000 g for 10 minutes after which the supernatant was 

collected. 

 

 

 
Figure 3.2. 6 HEK 293T transduction with native lamin A, lamin A Δ3 and Δ5 constructs.  
A. Fluorescent imaging of live HEK 293T cells two days after transduction with lamin A 
constructs. Expression of an IRES eGFP indicates successful integration of lamin A constructs. 
Scale bar 100 µM.  
 

 

Probing with the polyclonal goat antibody again lamin A/C (Santa Cruz 

lamin A/C N18 SC-6215) revealed bands corresponding to exogenous lamin A 

wt, Δ3 and Δ5 in the cell lines transduced with the matching construct (figure 
3.3.7A). Lamin A Δ3 and Δ5 clearly produced protein of expected size between 

the lamin A wt and lamin C wt bands. This result demonstrates that lamin A Δ3 

and Δ5 can be expressed in human cells at the protein level. 

 

In tandem, I also transfected 0.5 x 106 HEK 293T cells with 1.5 µg of 

plasmids encoding the native lamin A, lamin A Δ3 and Δ5 constructs using 

lipofectamin® LTX with plus reagent (Invitrogen), as transfection may provide 

more copies of the construct plasmid than transduction, albeit transiently. Media 

was changed 24 hours post transfection, and protein extracted after 72 hours, 

using the same protein extraction protocol as the transduced HEK. The 

corresponding transfected cells produced bands for lamin A wt, Δ3 and Δ5 both 

48 hours and 72 hours post-transfection (figure 3.3.7B). This resulted in the 

detection of a stronger band than that of the previously transduced cell lines. 
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HEK 293T cells transfected with GFP only, acted as a negative control, and no 

endogenous lamin A was detected in this sample. A faint band corresponding to 

endogenous lamin C could be seen in all the samples.  

 

 

 

 
 

Figure 3.2. 7 Western blots of HEK 293T transduction and transfection with native lamin 
A, lamin A Δ3 and lamin A Δ5 constructs.  
A. Western blot of HEK 293T cells transduced with Lamin A constructs. Protein was extracted 
four passages post infection. Lamin A Δ3 and Δ5 are expressed in HEK 293T cells at the 
protein level as revealed using polyclonal lamin A/C antibody that recognises the N-terminus of 
the protein. B. Western blot of HEK 293T cells transfected with lamin A constructs. Protein was 
extracted 48 hours and 72 hours post-transfection. Lamin A Δ3 and Δ5 are expressed in HEK 
293T cells at the protein level over this time period. For all western blots β-tubulin was used as 
a loading control, and protein was size separated on a 5 – 15% SDS gradient gel. 
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3.2.4 Conclusions 
Results presented in this section show that lamin A Δ3 and Δ5 proteins can 

be produced in human cell lines. A band corresponding to lamin A Δ5 was seen 

on western blot in HeLa transduced cell lines. The presence of the lamin A 

constructs in these cell lines was confirmed by the co-expression of GFP, and 

by RT-PCR. Endogenous lamin A and C expression was high in HeLa lines 

making it not possible to see if lamin A Δ3 was also expressed. In HEK 

transduced and transfected with the constructs, lamin A Δ3 and Δ5 protein 

production could clearly be detected, likely due to the lower level of 

endogenous lamin A expression in these lines. Together the transduction and 

transfection results in 293T HEK successfully demonstrate stability of lamin A 

Δ5 at the protein level in human cells. This is vital if skipping of LMNA exon 5 is 

to represent a viable therapeutic option for patients with missense mutations 

within this exon. 
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3.3 Generation of a novel iPSC line from a patient with a 
missense mutation in LMNA exon 5 (LMNA c.905T>C, p.L302P 
mutation) 
 

3.3.1 Introduction 
In section 3.1, iPSC-derived inducible myogenic cells from patients with 

skeletal muscle laminopathies were successfully used to model disease 

phenotypes in vitro. Subsequently, I decided to use these phenotypes as future 

outcome measures to test potential therapies. Indeed, work within our 

laboratories aims to develop a potential therapy based on skipping disease-

causing mutations in LMNA-exon 5 (Scharner et al., 2015). In section 3.2, I 

added to this body of work by demonstrating that Lamin A protein lacking exon 

5 can be expressed in human cells, an important step before this potential 

treatment can be further developed. So far correction of disease phenotypes 

(i.e. normalisation of nuclear abnormalities) has only been assessed by the 

overexpression of LMNA del exon 5 in Lmna-null MEFs. The lack of a dominant 

negative effect has been shown by over expression of LMNA-del exon 5 in 

Lmna+/+ MEFs (Scharner et al., 2015). The next step in the development of this 

potential therapy is to test AONs to skip disease-causing mutations in LMNA 

exon 5 in laminopathy patient cells. Laminopathies are already rare disorders 

and mutations within exon 5 more so, with 134 individuals out of 2251 

individuals in the UMD-LMNA database having mutations in exon 5 (5.95%) 

(http://www.umd.be/LMNA/, accessed January 2018). We were unable to 

directly obtain iPSCs with pathogenic mutations in exon 5. However, in 

collaboration with Professor G. Bonne and Dr J.M. Cuisset (Myology Institute, 

France) fibroblasts were obtained that were originally isolated from a patient 

with L-CMD carrying a missense mutation in LMNA exon 5, LMNA c.905T>C; 

p.L302P. Initial assays on the fibroblasts showed some nuclear shape 

abnormalities; however, these were quickly lost with successive in vitro culture 

(Jurgen Scharner, unpublished). This is in keeping with previous studies 

reporting that not all primary patient fibroblasts with LMNA mutations have an 

abnormal nuclear shape (Muchir et al., 2004; Scharner et al., 2011). 
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Additionally, loss of phenotypes has been observed with increasing cell 

passage (Muchir et al., 2004). It was hypothesised that reprogramming these 

fibroblasts into iPSCs and differentiating them into myogenic cells, could allow 

more detailed assessment of disease phenotypes in this cell line, as was 

successfully demonstrated for the three skeletal muscle laminopathy lines in 

section 3.1. Additionally, this will allow the study of therapy effects on disease 

phenotype in a cell line harbouring a potentially druggable mutation. Once 

disease phenotypes have been characterised, this will lay the ground-work for 

the iPSC-derived cells to be used in subsequent testing of LMNA-exon 5 

skipping.  

 

Reprogramming adult somatic cells into iPSCs was first achieved via 

retroviral overexpression of four reprogramming factors Oct3/4, Sox2, Klf4 and 

c-Myc (OSKM) (Takahashi et al., 2007; Takahashi and Yamanaka, 2006). After 

their initial expression, exogenous reprogramming factors are silenced by 

epigenetic mechanisms, whilst endogenous pluripotency gene expression is 

switched on and maintained in undifferentiated iPSCs.  Fibroblasts can be 

reprogrammed without the potentially tumourgenic c-Myc, however this leads to 

reduced reprogramming efficiency (Nakagawa et al., 2007). An alternative 

transcription factor combination (Sox2, Oct4, Lin28 and Nanog) which targets 

the same pluripotency pathways has also been developed (Yu et al., 2007). To 

improve reprogramming efficiencies, several additional transcription factors, 

small molecules and microRNA’s have been developed to use in addition to the 

main reprogramming factors. Most of these factors target apoptosis/cell cycle, 

TGFβ, PI3K, β-catenin, cAMP or MAPK/ERK or chromatin remodelling 

pathways (Brouwer et al., 2015).  

Several methods have been developed for the delivery of the 

reprogramming factors, which can be categorised as either integrative or non-

integrative. Integrating methods of reprogramming factor delivery are 

retroviruses (Aasen et al., 2008; Takahashi et al., 2007), lentiviruses 

(Hockemeyer et al., 2008; Maherali et al., 2008), transposon (Woltjen et al., 

2009), bacteriophage (Ye et al., 2010) and zinc finger nucleases (Ramalingam 

et al., 2013).  Retroviral and lentiviral gene delivery are very efficient and widely 
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used methods of iPSC generation. Additionally lentiviruses have the advantage 

of infecting a wide range of cell types, as well as non-dividing cells. However, as 

these methods are integrative, they carry a risk of insertional mutagenesis. 

Additionally there can be incomplete silencing of the exogenous reprogramming 

factors delivered by retroviruses and lentiviruses (Sommer et al., 2009; 

Toivonen et al., 2013). 

Non-integrative methods developed include mRNA (Mandal and Rossi, 

2013; Warren et al., 2010), episomal vector (Yu et al., 2007), protein (Kim et al., 

2009), adenovirus (Zhou and Freed, 2009), Sendai virus (Fusaki et al., 2009), 

and minicircle DNA (Narsinh et al., 2010). These methods have the advantage 

of avoiding random integration into the host genome. Additionally they avoid 

residual expression of potentially tumorigenic reprogramming factors due to 

incomplete silencing of the exogenous genes. This is of particular importance 

when developing iPSC for cellular therapies. However, of these non-integrative 

methods, episomal vectors, protein, adenovirus are relatively inefficient.  

 

Maintenance of pluripotency has typically been achieved by the culture of 

iPSC colonies in conditions developed for ESCs, such as growth on a feeder 

layer of mitotically-inactivated mouse embryonic fibroblasts (mMEFs) and 

Matrigel basement membrane, in ESC medium with Knock-Out serum 

replacement and bFGF supplementation and low O2 tension (~2%-3% O2) 

(reviewed in Chen et al., 2014). However random spontaneous differentiation of 

iPSC colonies still occurs, which is identifiable by visual inspection. The use of 

mMEF dependent culture and undefined medium is undesirable for several 

reasons; it can lead to experimental variability due to differences between 

mMEF and serum batches, is labour intensive and time consuming, and makes 

cells unsuitable for clinical applications due to potential pathogen and 

immunogenic issues. Defined feeder-free culture conditions have subsequently 

been developed (Ludwig et al., 2006a, 2006b), however variability still exists in 

this medium between batches of BSA (Chen et al., 2011). To eliminate this 

variability the exact xeno-free medium components required for the 

maintenance of iPSC have been identified (Chen et al., 2011). Surprisingly this 

consists of just eight components: DMEM/F12 basal medium supplemented 

with insulin, L-ascorbic acid, selenium, NaHCO3, transferrin, βTGF and βFGF. 
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The crucial signalling molecule required for the maintenance of pluripotency 

being βFGF, with βTGF further boosting survival and growth.  

 

 

3.3.2 Hypothesis, Aims and Objectives 
 
3.3.2.1 Hypothesis 
 
 I hypothesised that primary fibroblasts from a patient with L-CMD due to the 

heterozygous LMNA exon 5 mutation LMNA c.905T>C p.L302P can be 

successfully reprogrammed into pluripotent iPSCs.  

 
3.3.2.2 Aim 
 

The aim of this results section was to generate an additional iPSC line with 

a mutation in LMNA exon 5, which will be used in subsequent sections to study 

LMNA related disease phenotypes in vitro. Importantly, as these cells contain a 

mutation in exon 5, they can eventually be used to test the therapeutic potential 

of AONs to skip the disease causing missense mutation within this exon.   

 

3.3.2.3 Objectives 
 
 Primary patient fibroblasts harbouring the heterozygous mutation LMNA 

c.905T>C p.L302P were reprogrammed using lentirviral over-expression of 

reprogramming factors SOX2, OCT3/4, KLF4 and MYC. Generated iPSC lines 

were characterised to confirm they contain the disease causing mutation and 

express pluripotency markers. Furthermore, pluripotency was confirmed by 

spontaneous differentiation to demonstrate their ability to give rise to cells of all 

three-germ lineages.  
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3.3.3 Results 

 
3.3.3.1 LMNA c.905T>C p.L302P fibroblasts reprogrammed with SOX2, 
OCT3/4, MYC and KLF4 grow as iPSC colonies 
 

Patient fibroblasts with a heterozygous dominant missense mutation in 

LMNA exon 5 (c.905 T>C; p.L302P) were reprogrammed into iPSCs with four 

separate lentiviruses encoding SOX2, OCT3/4, KLF4 and MYC under a CMV 

promoter. Cells were plated for reprogramming at passage 8 into one well of a 6 

well dish, and infected with the viruses at MOI 30 on day 1. On day 5 the 

infected cells were moved into 6 wells of a 6 well dish pre-plated with mitomycin 

C-treated (inactivated) (mMEFs), with knockout serum replacement iPSC 

media. Additionally, an iPSC reprogramming boost supplement kit containing 

TGF-β RI kinase inhibitor IV, sodium butyrate and PS48 was used to improve 

the reprogramming efficiency. These factors were added as a supplement to 

the knockout serum replacement media. Reprogrammed iPSC colonies were 

expected to become visible approximately 18-25 days from the initial viral 

transduction. Cells were inspected daily between this time, with the first 

colonies becoming visible around day 24. From the 6 well plate of 

reprogrammed fibroblast growing on mMEFs, 18 potential colonies with human 

ESC-like morphology were selected on day 25 by manual picking under a serial 

microscope. Picked colonies were plated onto new plates of mMEFs prepared 

the day before. The picked colonies were subsequently maintained as separate 

sub-clones (i.e. in different wells of the culture plate with no mixing). Of the 18 

selected colonies, seven initially grew well during subsequent passaging (figure 
3.3.1.A). However, of these seven, line C1 was prone to spontaneous 

differentiation, and four passages after reprogramming all viable colonies had 

differentiated.  

The fibroblasts were reprogrammed on mMEFs in 6 separate wells of a 

tissue culture treated plate. Wells were labelled A-F, and picked colonies were 

named based on the well from which they were originally isolated, for example 

clone A3 was the third colony picked from well A. This means that colonies 

isolated from a separate well should have arisen from isolated reprogramming 

events e.g. A3, C2 and F1. In order to ensure the clonal expansion of the iPSCs 
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all picked colonies were cultured separately. This is important as iPSCs can 

differ between clones, for example in the genomic integration site of the 

reprogramming factors/vectors, karyotype and silencing of reprogramming 

factors. 

 

 

 
Figure 3.3.1 LMNA c.905T>C p.(L302P) patient fibroblasts reprogrammed into iPSCs.  
A. Representative images of reprogrammed LMNA c.905T>C p.(L302P) iPSC clonal lines. Cells 
are shown growing feeder dependent on MEFs between passaged two - four after isolation from 
reprogramming plate. Eighteen independent potential colonies were picked, and labelled based 
upon the well from which they originated (e.g. Clone A3 represents the third colony picked from 
well A, C2 the second colony picked from well C etc). Of the eighteen picked colonies, seven 
were expanded with subsequent passaging as iPSC colonies. Line C1 was prone to 
spontaneous differentiation, with all viable colonies differentiating by passage 4. Lines A3, C2 
and F1 were selected for further expansion and characterisation. Scale bar 500 µM. B. 
Representative images of one of the generated iPSC clonal lines growing in feeder-free 
conditions on a Matrigel coating. Scale bar 500 µM.  
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Three of the generated iPSC clones were moved from culture on mMEFs 

with knock-out serum replacement medium to feeder-free culture conditions 

with chemically defined TESRE8 medium (Chen et al., 2011) (figure 3.3.1B), 

and further analysed to confirm successful reprogramming. The three clones 

selected were the ones least prone to spontaneous differentiation. In addition 

three clones were chosen that had been isolated from separate wells of the 6 

well reprogramming plate (A3, C2 and F1). 

 

3.3.3.2 LMNA c.905T>C p.L302P iPSC lines express pluripotency markers 
I first characterised the clones by assaying alkaline phosphatase, a marker 

associated with pluripotency. All three clones were positive for alkaline 

phosphatase, indicating pluripotency (figure 3.3.2). I next assayed for the 

presence of the pluripotency factors SOX2, OCT 3/4 and NANOG using 

immunolabelling. Immunofluoresence demonstrated that all three clones were 

positive for the pluripotency factors SOX2, OCT 3/4 and NANOG (figure 3.3.3). 

Notably, NANOG is a known master regulator of pluripotency and not 

expressed as an exogenous transgene in the reprogramming cocktail, 

indicating bona-fide acquisition of pluripotency. Immunolabelling showed that 

NANOG expression was strongest in small colonies, and at the peripheries of 

larger colonies. This pattern of immunolabelling was also observed in a 

previously generated wild type iPSC line that was used as a positive control for 

the staining. All cells within the LMNA p.L302P colonies expressed OCT3/4 and 

SOX2. Unreprogrammed LMNA p.L302P fibroblasts, from which the iPSC were 

derived, were also immunolabelled as a negative control for SOX2 and NANOG 

antibodies. 
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Figure 3.3.2 Alkaline phosphatase assay in LMNA c.905T>C p.(L302P) iPSCs.  
Blue staining shows cells are positive for alkaline phosphatase, a marker associated with 

pluripotency. HeLa cells were used as a positive control for alkaline phosphatase staining. 

Scale bar 500 µM 

 

 

To investigate if the presence of OCT3/4 and SOX2 proteins represented 

expression from endogenous genes or residual viral reprogramming genes, 

quantitative PCR (Q-PCR) was performed to measure gene expression of 

OCT3/4, SOX2, KLF4 and MYC from both viral and endogenous sources. The 

gene sequences of the reprogramming factors contained only the coding 

sequences (CDS) of their respective genes, and not the 5’ untranslated regions. 

Furthermore, a viral sequence that is located between the transcription start site 

and the beginning of the CDS is co-inserted with each of the exogenous genes. 

This means that exogenous OCT3/4, SOX2, KLF4 and MYC will have a viral 

specific sequence at the 5’ untranslated region of their mRNA. Furthermore, the 

5’ UTR of endogenous OCT3/4, SOX2, KLF4 and MYC does not feature in the 

mRNA of the exogenous genes. This enabled me to design primers that could 

distinguish viral and endogenous gene expression. Primers were designed with 

NCBI primer blasts to ensure they were specific for the target gene, and 

checked to not be in the region of frequent SNPs using SNP checker. RNA was 

extracted from cell pellets and cDNA synthesised. Genomic DNA was removed 

with a DNAse step performed during RNA extraction. All endogenous PCR 

primers spanned an intron, so would produce a much larger sized product if 

amplifying genomic DNA. However it was not possible to design the exogenous 

primers in this way, as the viral reprograming genes were intron less. During 

cDNA synthesis, for all samples an extra cDNA synthesis reaction was run in 

which RNA was added but no reverse transcriptase enzyme (RT negative) in 

order to test for genomic contamination. Furthermore, a sample with no RNA 

was included to test for DNA/PCR product contamination in the reagents.  
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Figure 3.3.3 Expression of pluripotency markers in LMNA p.L302P iPSCs 
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Figure 3.3.3 (Continued) Expression of pluripotency markers in LMNA p.L302P iPSCs 
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Figure 3.3.3 (Continued) Expression of pluripotency markers in LMNA p.L302P iPSCs. 
Representative immunofluorescence for pluripotency markers SOX2, OCT3/4 and NANOG in 
reprogrammed LMNA p.L302P iPSCs clones A3, C2 and F1, with an iPSC line as a positive 
control. NANOG expression was strongest in smaller colonies and at the peripheries of larger 
colonies, a staining pattern also seen in the positive control iPSC line. All cells within the LMNA 
L302P iPSC colonies appeared to express SOX2 and OCT3/4. Un-reprogrammed LMNA 
p.L302P human dermal fibroblasts (HDF) were immunolabelled as a negative control for SOX2 
and NANOG. All immunofluorescence stainings were run with a secondary only control. Scale 
bar 100 µM 
 

 

An intron spanning GAPDH reaction was run on the RT negative and 

positive samples to check for successful cDNA synthesis, and for DNA 

contamination. I had designed the GAPDH primers previously for use in 

assessing successful cDNA synthesis and genomic DNA contamination (Steele-

Stallard et al., 2013). These GAPDH primers are intron spanning, and will 

produce PCR products of different size for cDNA and genomic DNA. The RT 

negative sample should only amplify and produce a band if there is 

contaminating genomic DNA present. The no RNA sample should produce no 

PCR product, unless the cDNA reagents have been contaminated with 

DNA/PCR product. An RT enzyme-negative sample is required, as the cDNA 

present in the RT-enzyme positive can outcompete any genomic DNA in the 

PCR reaction. In my experience I have seen that low level genomic 

contamination is not detected by just analysing the RT-positive sample with this 

GAPDH assay. Only after passing these quality control checks showing there 

was no genomic DNA present, or contamination in the reagents for cDNA 
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synthesis and PCR, the synthesised cDNA was deemed suitable for use in Q-

PCR assays.  

 

The Q-PCR results showed there was endogenous gene expression for 

OCT3/4, SOX2, KLF4 and MYC at levels comparable to control iPSC (figure 
3.3.4 and figure 3.3.5), further demonstrating successful fibroblast 

reprogramming to pluripotency. Some residual expression of viral genes was 

observed, indicating incomplete silencing of the viral reprogramming factors. 

For SOX2 and OCT3/4, viral gene expression was much lower than 

endogenous gene expression. Clone A3 has high residual expression of viral 

KLF4, much higher than endogenous expression. This clone was therefore 

deemed unsuitable for further use in disease modelling experiments, as it is 

unclear what effect this exogenous KLF4 expression could have on cellular 

phenotypes in vitro.  
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Figure 3.3.4 Gene expression of viral and endogenous OCT3/4 and SOX2.  
Real time quantitative PCR (Q-PCR) analysis of gene expression in the generated LMNA 
L302P iPSC lines shows endogenous expression of the pluripotency genes SOX2 and OCT3/4 
at levels comparable to control iPSC. Primers specific for the lentiviral delivered SOX2 and 
OCT3/4 show there is some residual expression of OCT3/4. However endogenous gene 
expression is much higher than exogenous, showing that the reprogrammed iPSC lines are not 
solely relying on viral gene expression to maintain pluripotency. Expression (2^-dCT) is 
normalised against GAPDH expression only, relative expression (2^-ddCT) is further normalised 
against control iPSC target gene expression. n = 2 independent repeats, error bars SEM. A no 
template control was run for all genes analysed. 	
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Figure 3.3.5 Gene expression of viral and endogenous MYC and KLF4.  
Quantitative PCR (Q-PCR) analysis of gene expression in the generated LMNA L302P iPSC 
lines shows expression of endogenous KLF4 and MYC at levels comparable to control iPSC. 
Primers specific for the lentiviral delivered KLF4 and MYC show there some residual expression 
of viral genes. However expression of endogenous genes is higher than exogenous, except for 
clone A3, which has very high expression of viral KLF4. This line is therefore unsuitable for 
future disease modelling experiments, as it is unclear how this KLF4 will affect this cell lines. 
Expression (2^-dCT) normalised against GAPDH expression, relative expression (2^-ddCT) is 
further normalised against control iPSC target gene expression. n = 1 experimental replicate. A 
no template control was run for all genes analysed. 	
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3.3.3.3 LMNA c.905T>C p.L302P iPSC lines contain the disease causing 
mutation and have a normal karyotype 

I next sought to confirm the three generated clones contained the disease 

causing mutation. I designed primers to amplify LMNA exon 5 with NCBI primer 

blast (NCBI primer blast, 2018), and checked for the presence of frequent single 

nucleotide polymorphisms underneath the annealing sites of the primers using 

SNP Check (“SNPCheck,” 2018). SNPs underneath primers can produce 

erroneous results in sequencing reactions, as they can cause the allele they are 

on to not amplify. Therefore, if a patient is heterozygous for a mutation, and 

also heterozygous for a SNP in cis with the disease causing mutation, this allele 

may not amplify and the patient will appear to be homozygous wild type. The 

PCR was run with a no template control to assess for genomic/PCR product 

contamination, purified and sent for Sanger sequencing at Source Bioscience 

(Cambridge). Bidirectional sequencing confirmed the three clones A3, C2 and 

F1 contained the disease causing mutation LMNA c.905T>C in a heterozygous 

state (figure 3.3.6).  

 

I then decided to undertake karyotype analysis of lines C2 and F1, as cells 

can pick up chromosomal abnormalities in culture, such as insertions, deletions, 

duplications and translocations. As well as potentially affecting the growth rate 

and stability of the iPSCs, such events could render the results of in vitro 

disease modelling assays unreliable. Growing cultures of cells were sent to The 

Doctors Laboratory (TDL; London), a company that conducts clinical genetic 

diagnostics, and has extensive experience in karyotype analysis. The results of 

this analysis showed a normal male chromosome complement and banding 

pattern in both cell lines. In C2 this was seen in 17/22 cells analysed and in F1 

this was in 5/7 cells analysed (figure 3.3.7). 3/17 cells in C2 and 2/7 cells in F1 

had a whole chromosome loss, which TDL analysed to be a preparation 

artefact, and not to represent a karyotype abnormality. Line A3 was not 

assessed for karyotype due to the high residual expression of KLF4.  
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Figure 3.3.6 Genotyping for LMNA L302P iPSC lines A3, C2 and F1.  
Sequencing of three of the generated clones shows they are heterozygous for the disease 
causing mutation LMNA c.905T>C, with both a C and a T present at position 905.  
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Figure 3.3.7 Karyotype assay in LMNA p.L302P iPSCs.  
Karyotype analysis of lines C2 and F1 showed a normal male chromosome complement and 
banding pattern in both cell lines. Twenty cells were analysed in LMNA L302P:C2 iPSCs, 17 
cells had a modal karyotype, and three cells had a whole chromosome loss due to a preparation 
artefact. In LMNA L302P:F1 iPSCs seven cells were analysed, of which five showed a modal 
karyotype, two cells had a whole chromosome loss which was analysed by The Doctor 
Laboratory to be a common preparation artefact. 
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3.3.3.4 LMNA c.905T>C p.L302P iPSC lines can differentiate into cells of 
all three germ lineages 

Cells that are truly pluripotent are by definition able to give rise to 

derivatives of all three-germ lineages: endoderm, mesoderm and ectoderm. To 

assess if the generated iPSCs were indeed capable of this, the three iPS cell 

lines were allowed to spontaneously differentiate into the above-mentioned 

lineages using an embryoid body (EB) formation assay. EBs are three 

dimensional aggregates grown in suspension that are comprised of a mixture of 

cells of all three germ lineages (Desbaillets et al., 2000). EBs were allowed to 

form for five days in suspension in TESRE6 medium (TESRE6 medium 

contains all the components of TESE8 except the pluripotency maintaining 

growth factors βFGF and TGFβ). After this EBs were switched to adherent 

culture in DMEM with 20 % FBS to induce random spontaneous differentiation.  

 

Phase contrast images showed that all three LMNA iPSC clones underwent 

morphological changes upon attachment of EBs. The cells that grew out from 

the attached EB aggregates resembled differentiated non-pluripotent cells, and 

importantly did not grow as dense colonies with distinct borders as iPSCs do 

(figure 3.3.8.A). A wild type iPS cell line was also included as a positive control.  

 

To test for expression of lineage specific genes, RNA was extracted from 

the spontaneously differentiated cells and cDNA synthesised. All primers were 

designed to be intron spanning, and produce a different size PCR product on 

genomic DNA. They were also designed to be specific to the intended template 

with NCBI primer blast, and to not have any frequent SNPs underneath them. 

Wild type RNA concentration was too low to use for cDNA synthesis (15.8 

ng/ul). Reverse transcription PCR on the synthesised cDNA for LMNA p.L302P 

clones A3, C2 and F1 identified the expression of markers for all three lineages 

in all clones (figure 3.3.8.B). FOXA2, AFP and GATA4 (endoderm), MSX1 

(mesoderm), MAP2 and PAX6 (ectoderm) specific primers produced PCR 

products of expected sizes for cDNA in all three clones. These results 

demonstrate the three-lineage pluripotency of the newly-generated iPSC lines.  
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Figure 3.3.8 Spontaneous differentiation assay in the generated LMNA p.L302P iPSC 
lines to assess three lineage pluripotency.  
A. Representative phase contrast images of three of the generated LMNA p.L302P iPSC lines 
after spontaneous differentiation in 20% DMEM. Control iPSC line has been previously 
generated from a healthy donor and characterized. B. Reverse transcription PCR for the 
markers of the three germ lineages endoderm, mesoderm and ectoderm. Three endoderm 
(FOXA2, AFP, GATA4), one mesoderm (MSX1) and two endoderm markers (MAP2 and PAX6) 
amplify and produce PCR products of the expected size in all three of the differentiated LMNA 
p.L302P iPSC lines, demonstrating their three lineage pluripotency. FOXA2 = 216 bp cDNA and 
1253 bp genomic DNA, AFP = 281 bp cDNA and 1939 bp genomic DNA, GATA4 = 219 bp 
cDNA and 1428 bp genomic DNA, MSX1 = 307 bp cDNA and 2639 bp genomic DNA, MAP2 = 
212 bp cDNA and 431 bp genomic DNA, PAX6 = 317 bp cDNA and 644 bp genomic DNA. 
Assay was run once per iPSC clone. A no template control was run with the reaction to control 
for genomic/PCR product contamination, which produced no PCR product.  
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3.3.3.5 Undifferentiated LMNA c.905T>C p.L302P iPSC colonies express 
lamin B1, but not lamin A/C  

Having confirmed the successful generation of LMNA c.905T>C p.L302P 

iPSC cell lines in this section, the next step is to investigate disease related 

phenotypes in these cells. However, there is expression of lamin B1 but not 

lamin AC in ESC and iPSCs (Constantinescu et al., 2006; Ho et al., 2011; 

Zhang et al., 2011). It is therefore not possible to assess laminopathy disease 

related phenotypes in iPSCs. Lamin A/C expression in the generated iPSCs 

was investigated by immunolabelling using mouse anti-lamin A/C (Nova Castra) 

and rabbit anti-lamin B1 (Abcam) (figure 3.3.9). Lamin A/C and lamin B1 were 

expressed in the unreprogrammed LMNA p.L302P fibroblasts. As expected, 

when these fibroblasts were reprogrammed to iPSC, they no longer expressed 

lamin A/C, however lamin B1 was still present. Wild type iPSCs were 

immunolabelled as a control, and were also negative for lamin A/C and positive 

for lamin B1.  
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Figure 3.3.9 Expression of Lamin A/C and Lamin B1 in LMNA p.L302P fibroblasts and iPS 
cells.   
Representative immunofluorescence mouse anti lamin A/C (Nova-Castra) and rabbit anti-lamin 
B1 (Abcam) of LMNA L302P fibroblasts and iPS cells for lamin A/C and lamin B1. Fibroblasts 
are positive for both lamin A/C and lamin B1, once reprogrammed into iPS cells lamin A/C is no 
longer expressed. All immunofluorescence stainings were run with a secondary only control. 
Scale bar 100 µM. 
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3.3.4 Conclusions 
Results presented in this section demonstrate the successful generation of 

three iPSC clones with heterozygous LMNA c.905T>C p.L302P, named A3, C2 

and F1. The generated iPSC morphologically resemble human pluripotent cell 

colonies. iPSCs were successfully adapted to grow in feeder-free conditions. 

Generated clones were positive for pluripotency markers alkaline phosphatase, 

and produce NANOG, SOX2 and OCT3/4 protein. There was endogenous 

expression of SOX2, OCT3/4, MYC and KLF4 at the mRNA level, and 

silencing/low expression of viral genes, apart from in clone A3 which had high 

levels of viral KLF4. Sequencing in all three clones confirmed they contained 

the disease causing mutation. Pluripotency was assessed by spontaneous 

differentiation. The three clones gave rise to cells of all three germ lineages, as 

assessed by RT-PCR for markers of each lineage, demonstrating their 

pluripotency. Due to the high expression of KLF4 in A3, clones C2 and F1 were 

selected for further use in disease modelling experiments; notably, karyotyping 

of both C2 and F1 clones showed they did not contain any chromosomal 

abnormalities. Given that it is not possible to assess laminopathy disease 

phenotypes in iPSCs, as they do not express Lamin A/C assessment of disease 

phenotypes will thus require further differentiation of the generated LMNA 

L302P iPSCs (detailed in the next section, 3.4).  
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3.4 Myogenic differentiation and disease phenotypes in iPSC 
with a missense mutation in LMNA exon 5 (c.905T>C, p.L302P) 
 
3.4.1 Introduction 
 

Results in section 3.1, showed that disease associated phenotypes can be 

seen in HIDEMs derived from patients with skeletal muscle laminopathies. This 

established the use of iPSCs from patients with these disorders for in vitro 

disease modelling and investigation of potential therapies. Indeed, disease 

associated phenotypes in cells derived from iPSCs from patients with other 

laminopathy disorders have already been used to test potential therapies (Lee 

et al., 2017; Liu et al., 2011b; Siu et al., 2012).  

Recently, work within our laboratories demonstrated the potential feasibility 

of skipping LMNA exon 5 as a possible therapy for laminopathies caused by 

mutations within this exon (Scharner et al., 2015). However, this work was 

conducted in Lmna null and wild type MEFs. In section 3.2, I further added to 

this work by showing that a version of lamin A lacking exon 5 could be 

expressed at the protein level in human cells, a factor that was not assessed in 

the previous publication. What remains to now be assessed is whether skipping 

LMNA exon 5 in cells from patients with a mutation within this exon, can 

improve disease phenotypes in vitro. Unfortunately, none of the cell lines 

studied in section 3.1 had a mutation within this exon (two had mutations in 

LMNA exon 1, the other in LMNA exon 4), nor were any iPSC available from 

patients with a mutation in LMNA exon 5. Therefore, in order to establish a new 

line of iPSCs for disease modelling and developing this potential therapy, in 

section 3.3, I derived an iPSC line with a mutation in exon 5 (LMNA c.905T>C 

p.L302P). What now remains to be established is if these iPSCs can be 

differentiated into cells that display disease associated phenotypes. Once 

established, these disease-associated phenotypes can be used to test the 

therapeutic potential of using antisense oligonucleotides to skip disease-

causing mutations in LMNA exon 5.  
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In addition to the disease-associated phenotypes already assessed in 

section 3.1, I posited that the abnormally shaped nuclei could represent the 

presence of apoptotic cells and specific experiments have been conducted in 

this Section to test this hypothesis. During apoptosis, there is condensation of 

the nucleus and cytoplasm (Tixeira et al., 2017). This is followed by blebbing of 

the cell surface, nuclear fragmentation and formation of apoptotic membrane 

protrusions before final fragmentation of the cell into apoptotic bodies. Cleavage 

of Lamin A is an important event in apoptosis (Rao et al., 1996, p. 199; Shahzidi 

et al., 2013), and the nuclear envelop progressively disassembles during 

apoptosis (Kihlmark et al., 2001). Additionally, Lamin deficient cells have 

disregulation of ERK1/2 (Muchir et al., 2009) and NFκβ (Lammerding et al., 

2004), signalling pathways involved in the control of apoptosis. ERK1/2 kinase, 

which is down stream of MEK1, is a part of the mitogen-activated protein kinase 

family which is involved in proliferation and apoptosis signalling (Lu and Xu, 

2006). NFκβ is a mechanical stress responsive transcription factor that can 

provide anti-apoptotic signals.  
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3.4.2 Hypothesis, Aims and Objectives 
 
3.4.2.1 Hypothesis 
 In this results section I hypothesised that the iPSCs generated in section 

3.3 with a mutation in LMNA exon 5 (LMNA c.905T>C p.L302P) could be 

committed into myogenic precursors, and further differentiated into myotubes. 

These myogenic precursors would show disease-associated phenotypes 

(abnormal nuclear shape, mislocalisation of nuclear lamina proteins), as 

established in section 3.1. It was also hypothesised that abnormally shaped 

nuclei could represent apoptotic cells. If this were true, LMNA mutant cells lines 

with a higher percentage of abnormally shaped nuclei compared to control, 

would correspondingly have a higher rate of apoptosis than control cells.  

 

3.4.2.2 Aims 
 

Study laminopathy associated disease phenotypes in vitro, in myogenic 

cells and myotubes derived from the LMNA p.L302P iPSCs generated in 

section 3.3. Once robust phenotypes have been established, this will lay the 

ground-work for future testing of therapeutic skipping of the disease causing 

LMNA exon 5 mutations.  

 
3.2.3.3 Objectives 

First, the LMNA L302P iPSCs were committed into myogenic cells and 

characterised. Disease associated phenotypes were studied in these cells. The 

myogenic cells were differentiated into myotubes, and further assessed for 

disease phenotypes.  
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3.4.3 Results 
 
3.4.3.1 Commitment of L302P iPSCs into HIDEMs 

L302P iPSCs and one control cell line (control 1) were committed into 

HIDEMs following our previously established 21-day protocol (Maffioletti et al., 

2015). This initial attempt at HIDEM commitment however was unsuccessful, 

with cells failing to proliferate between days 16-21. HIDEM commitment 

consists of three main steps: early commitment through days 0-7, an 

intermediate commitment step days 8-14, and a late commitment step days 15-

21 (summarised in table 3.4.1). From day 22 (passage 0) onwards, the cells are 

classed as HIDEMs. Each of the three commitment steps is 7 days long. The 

first day of each of these steps, the cells are detached and plated. The 

remaining days consists of medium changes and observations. Thus, the first 

day of each stage (day 0, day 8, day 15) were identified as sensitive points 

where a problem in the protocol could have occurred, resulting in the failure to 

generate HIDEMs in any of the lines.  

 

In all the HIDEM protocol was repeated 4 times, with different conditions 

altered (summarised in table 1). In the first repeat, day 8 was identified as a 

potential stage where problems could have occurred. The cells failed to detach 

after 2 hours of incubation in the recommended dissociation buffer (a non-

enzymatic, EDTA based detachment buffer). After these two hours, cells were 

washed and trypsinised for 5 minutes. It is likely that this 2-hour incubation and 

trypsinisation may have been detrimental to the cells, although the dissociation 

buffer does contain a small amount of FBS (1%), and 2-mercaptoethanol, to 

provide some nutrients and stress reduction. The HIDEM commitment was 

repeated, and at day 8 the cells were incubated for three minutes in trypsin, 

without any dissociation buffer incubation. Again by day 22 no viable 

proliferating cells were observed in any of the lines (figure 3.4.1). The 

commitment was repeated for a third time, this time the commitments were 

conducted with a different control cell line (control 2). It was noted that the cells 

had been at a lower than expected density during days 1-7. As three cell lines 

are being processed in tandem, this means the protocol on day 0 from 

detachment to plating can take 3 hr and 30 minutes, which maybe too long for 
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the cells. To improve on this each cell line was processed separately, speeding 

up the time from detachment to plating for each cell line to 1hr 30 minutes. This 

change in processing did seem to improve the density of the culture between 

days 1-7. Furthermore, during this repeat different conditions were also tried on 

day 8. In case going straight for 5 minutes incubation with trypsin was too harsh 

for the cells, they were first incubated with dissociation medium for 1 hour, 

followed by a shorter 2-minute incubation with trypsin. Again each cell line was 

passage separately at this stage and also at day 15, to speed up the time 

between detachment and plating. In this repeat, at day 22, only control 1 was 

proliferating, and only in patches surrounded by many large non-proliferative 

cells (figure 3.4.1.). Proliferative cells could not be observed in either of the 

L302P cell lines, instead cells appeared senescent (large with fragmented 

looking nuclei). The protocol was repeated for a fourth time, maintaining all the 

modifications made in repeat 3. As a further improvement, two plating densities 

were tried at day 8, one as per normal (x1), and one at a higher density (x2). 

However, in this repeat no cells were proliferative at day 22, even in the plating 

densities that were the same as repeat 3. In all the protocol was repeated 4 

times, each taking approximately one month to expand the iPSCs and then to 

begin the HIDEM commitment. It is unclear why the HIDEM protocol failed on 

this specific LMNA iPSC line, when previous attempts with other LMNA iPSCs 

have been successful (Section 3.1) and overall efficiency across different 

genotypes and operators has been very high (e.g. Tedesco et al 2012, Gerli et 

al 2014, Maffioletti et al 2015). Although it might be interesting speculating 

about a mutation-specific cause, the control cell line also had problems in 

generating HIDEMs, and we do not have sufficient evidence to exclude issues 

with reagents or specific culture conditions affecting this population over that 

timeframe. 
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Table 3.4.1 Summary of attempts at HIDEM generation from exon 5 LMNA iPSCs.  
Four attempts were made to commit iPSC lines control 1, control 2, L302P:C2 and L302P:F1 
into HIDEMs. Each repeat was run with only one control line, and both L302P lines. Repeat 1 
and 2 were run with control 2 only, and no control 1. Repeats 3 and 4 were run with control 1 
only, and no control 2. Highlighted text denotes protocol stages that were adjusted in order to 
improve efficacy. Out of the four repeats, only repeat 3 was successful in control 1, however, 
only a small proportion of cells grew. 
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Figure 3.4.1 Phase contrast images of two failed HIDEM commitments.  
Phase contrast images of failed HIDEM commitments at day 22, show the presence of many 
large cells with the appearance of ruptured nuclei. Daily observations showed these cells were 
not proliferating. Control 1 in repeat 3 was the only cell line to be proliferative at day 22. 
However, there were still many large non-proliferative cells in this culture (white closed arrow), 
around which smaller proliferative cells were growing (white open arrow). Each repeat was only 
run with one control line. Repeat 2 was run with control 2 only, repeat 3 with control 1 only. 
Scale bar 250 µM. 
 
 
3.4.3.2 Commitment of L302P iPSCs into mesenchymal progenitor cells 

To overcome the aforementioned lack of expandable L302P iPSC-derived 

mesodermal cells using the HIDEM protocol, an analogous protocol was 

searched for. The HIDEM protocol derives mesoangioblast-like mesodermal 

cells. Mesoangioblasts are the in vitro counterpart of vessel-associated cells 

(Dellavalle et al., 2007; Minasi et al., 2002; Sampaolesi et al., 2006, 2003). 

Notably, perivascular cells are thought to be the in vivo counterpart of 

mesenchymal progenitor cells (MSCs), acting as tissue-specific progenitors 

(Sacchetti et al., 2016).  

In the search for an analogous protocol, I thought that a procedure to derive 

cells similar to MPCs would produce an analogous cell type to HIDEMs in which 

to study phenotypes. A protocol was found which derives early mesoderm cells 

in five days, and immature MPCs in seven days (“STEMdiffTM Mesenchymal 

Progenitor Kit,” 2017). This method uses a chemically defined medium, which 

should produce more reproducible results than undefined serum based media. 

In this protocol cells are grown for four days in Mesenchymal Induction Media 

on a Vitronectin substrate, where they are classed as early mesodermal 
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progenitor cells (express high levels of early mesoderm marker Brachyury/T). 

From day four onwards the medium is switched to Mesencult ACF. At day six, 

cells are passaged onto Mesencult ACF Attachment Substrate and maintained 

in Mesencult ACF medium. Cells are subsequently passaged when they reach 

80% confluency, which occurs approximately every four days.  Data from the 

manufacturer Stem Cell Technology, shows that at day seven, the cells express 

the mesenchymal marker CD90, but not CD73 or CD105, and are thus classed 

as immature MPCs (“STEMdiffTM Mesenchymal Progenitor Kit,” 2017). They are 

also negative for a pluripotency marker (Tra-160). From day 21, the cells are 

classed as mature MPCs. They express high levels of mesenchymal markers 

CD90, CD73 and CD105, and the perivascular marker CD146, which is similarly 

highly expressed also in HIDEMs (“STEMdiffTM Mesenchymal Progenitor Kit,” 

2017). They are negative for haematopoietic markers CD45 and CD34, the 

endothelial marker CD144 and pluripotency marker Tra-160.  

 

This alternative protocol successfully generated mesodermal/ mesenchymal 

cells from exon 5 LMNA-iPSCs which were remarkably similar to HIDEMs in 

terms of morphology, growth dynamics and surface markers. Specifically, in this 

section, four iPSC lines were committed to MPCs using this protocol, two 

control lines and the two LMNA L302P lines C2 and F1. Cells were 

characterised by flow cytometry at day 54. As expected, both controls (figure 
3.4.2), and L302P lines (figure 3.4.3) were positive for markers associated with 

the mesenchymal lineage (CD90, CD73) and a perivascular marker (CD146). 

They were negative for haematopoietic markers (CD45, CD34) and the 

pluripotency marker SSEA4. At early stages of the protocol (day 9, figure 3.4.4) 

the cells were small and densely packed. By day 34, the cells were larger and 

morphologically resembled MPCs. No obvious discernable morphological 

difference was seen between the control and LMNA-mutant cells.  
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Figure 3.4.2 Characterisation of mature MPCs derived from control human iPSCs.  
The derived mature mesenchymal progenitor cells were characterised by flow cytometry at day 
54. Control 1 and control 2 were positive for markers associated with the mesenchymal 
phenotype CD90 and CD73, and the perivascular marker CD146. They are negative for the 
hematopoietic markers CD45 and CD34, as well as the pluripotency marker SSEA4. To act as a 
staining control, an unstained sample of cells was included for FACs analysis session.  
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Figure 3.4.3 Characterisation of mature MPCs derived from LMNA-L302P iPSCs.  
The derived mature mesenchymal progenitor cells were characterized by flow cytometry at day 
54. Control 1 and control 2 were positive for markers associated with the mesenchymal 
phenotype CD90 and CD73, and the perivascular marker CD146. They are negative for the 
hematopoietic markers CD45 and CD34, as well as the pluripotency marker SSEA4. To act as a 
staining control, an unstained sample of cells was included for FACs analysis session.  
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Figure 3.4.4 Representative phase contrast images of LMNA L302P cell lines during 
commitment to mesenchymal progenitor cells.  
From day 21 of the differentiation protocol cells express markers associated with a 
mesenchymal phenotype, and are classed as mature mesenchymal progenitors. Prior to this 
cells are classed as early mesoderm/immature mesenchymal progenitors. No distinctive 
morphological differences can be seen between the LMNA-mutant and control lines at any of 
the time points. Scale bar 250 µM. 
 
 
3.4.3.3 Assessment of disease phenotypes in L302P mesenchymal 
progenitor cells 

Cells were fixed at day 4 of differentiation, and immunolabelled for lamin 

A/C (mouse anti-lamin A/C, NovaCastra). At this point in the protocol, cells are 

classed as early mesodermal cells. The Lamin A/C immunosignal was weak, 

with only a few cells with higher expression (figure 3.4.5). Due to the dense 

nature of the culture and the low level of Lamin A/C expression, it was difficult 

to discern the borders of the nuclei at this magnification (x36). The nuclear 

contour ratio was therefore not quantified. Although, observation of HOECHST 

staining showed that cells appeared to be “jelly-bean” and sickle shaped in both 

the control and L302P lines. Cells were fixed and imaged on standard tissue 

culture treated plastic. Attempts were made to plate the cells onto confocal 

compatible glass slides to image them at a higher magnification, however the 

cells failed to adhere.  
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Figure 3.4.5 Immunofluorescence for lamin A/C at day 4 of commitment from iPSCs into 
MPCs.  
At day 4, cells are considered early mesodermal cells. Lamin A/C expression was low and the 
cells densely packed. There were a few nuclei with brighter expression of lamin A/C. 
Morphological differences between L302P LMNA-mutant and control were difficult to distinguish 
due to the dense nature of the culture, small nuclear size and low lamin A/C expression. This 
made it difficult to distinguish the lamin A/C borders of the nuclei. A secondary antibody-only 
immunostaining was included per immunofluorescence, to act as a control for secondary 
antibody background signal.  
 
 

Immature MPCs (day 11 and 20) were immunolabelled for lamin A/C 

(mouse anti-lamin A/C, NovaCastra) (figure 3.4.6). As the cells were less 

densely packed and appeared larger than at day 4, it was possible to clearly 

discern nuclear borders. Interestingly, numerous abnormal shaped nuclei could 

be seen in both control and mutant. I suspected that this could be due to a 

sample mix-up or contamination. However, this would be unlikely as control and 

mutant MPCs were passaged sequentially on the same day, not in tandem in 

order to avoid such errors i.e. control 1 and control 2 were detached and plated 

in tandem, followed by L302P:C2 and F1. A sample mix therefore is unlikely to 

have occurred during passaging. Nevertheless, to rule out a potential 

contamination, DNA was extracted from immature (day 14) and mature MPCs 

(day 40). L302P iPSCs were derived using lentiviral infection of reprogramming 

factors. This results in the co-insertion of a short lentiviral sequence along with 
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each of the four reprogramming factors. A PCR on genomic DNA, or cDNA, 

using a primer that sits in this lentiviral sequence will therefore only amplify a 

product in L302P iPSCs and their derived cells. In mature and immature MPCs, 

a PCR specific for L302P derived cells did not produce a band of expected size 

in control 1 or control 2 (figure 3.4.7A). However, there was a band of expected 

size in immature L302P MPCs, and a positive control (iPSC DNA from 

L302P:C2). This demonstrates absence of contaminations of either control line 

with L302P cell lines. To further confirm the cell line identities, immature MPCs 

were sequenced for the LMNA c.905T>C p.L302P mutation. Sequencing 

confirmed the expected identity of each cell line, both control cell lines were 

homozygous c.905T, and both L302P C2 and F1 were heterozygous for LMNA 

c.905T>C. (figure 3.4.7B). Further sequencing of control 1 and 2 in mature 

MPCs confirmed they were still homozygous wild type for LMNA c.905T. In 

sequencing reactions, for each base pair, the relative peak height is 

proportional to the amount of DNA. This means that a heterozygous mutation 

typically has a peak height half that of a homozygous variant. The lower the 

level of contamination with c.905T>C, L302P, the lower the peak height level. It 

may therefore become difficult to discern low levels of contamination with this 

heterozygous variant by sequencing alone, especially as the mutation is 

heterozygous, and in pure populations the peak height is already half that of a 

homozygous variant. The benefit of the genotyping PCR is that this reaction 

should be more sensitive than sequencing to detect small amounts of 

contamination. Together the sequencing and the genotyping results 

demonstrate that there is no contamination or sample mix up of either control 

line with L302P:C2 or F1. Control 1 and control 2 iPSCs/MPCs have only been 

grown with L302P iPSCs and MPCs. They were therefore only investigated for 

a potential contamination with LMNA L302P cell lines, and not the other LMNA 

variants investigated in this thesis.  
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Figure 3.4.6 Immunofluorescence staining for lamin A/C in immature MPCs.  
From day 7-20 of the commitment protocol cells start expressing some, but not all 
mesenchymal markers, and are therefore classed as immature MPCs. At day 11 and 20, 
immunofluorescence for lamin A/C shows abnormal jelly-bean shaped nuclei (white arrows), in 
both the L302P LMNA-mutant clones. Unexpectedly, both control 1 and 2 have abnormal 
shaped nuclei at these time points. A secondary antibody-only immunostaining was included 
per immunofluorescence, to act as a control for secondary antibody background signal. Scale 
bar 50 µM. 
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Figure 3.4.7 Confirmation of sample identity.  
A. PCR specific for LMNA L302P iPSCs was performed on DNA extracted from immature 
MPCs (day 14). The primers used in this reaction are specific for a lentiviral sequence co-
inserted with SOX2, during the reprogramming of L302P fibroblasts to iPSCs. Only the two 
MPCS lines derived from the L302P iPSC clones amplified in this PCR, and not the controls. 
This demonstrates that control 1 and control 2 were not contaminated with L302P:C2 or F1, and 
that no sample mix had occurred. A no template control was included to act as a control for 
genomic/PCR product contamination in the PCR reagents. B. Control mature MPCs (day 40) 
were assessed for potential contamination with cells derived from L302P iPSC clones. There 
was no amplification of a L302P specific band in either of the controls, again showing there was 
no detectable contamination in these lines. To further confirm the identity of the cell lines, 
sequencing for LMNA c.905T>C, L302P was performed in immature (C), and mature MPCs (D). 
Sequencing confirmed both control cell lines did not contain the disease causing mutation in 
either immature MPCs or mature MPCs. This further confirms the identity of the cell lines, and 
shows no contamination between control and L302P cell lines has occurred.   
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Having ruled out a possible sample contamination, nuclear shape 

abnormalities were further investigated in mature MPCs at day 30 and 40 

(figure 3.4.8). Staining for lamin A/C showed the presence of numerous 

abnormal shaped nuclei (jelly-bean, strings, blebbing, severely deformed), in 

both LMNA L302P C2 and F1, in keeping with their abnormal shapes in 

immature MPCs. In contrast, in control 1 and control 2, the nuclear shapes were 

more circular and normal in appearance in the mature MPCs, compared to the 

immature MPCs. The nuclear contour ratio was quantified in immature (days 11 

– 20) and mature MPCs (days 30 – 40) (figure 3.4.9). In immature MPCs there 

was no significant difference between either of the control average nuclear 

contour ratios and the mutants (control 1 0.72, control 2 0.74, L302P:C2 0.67, 

L302P:F1 0.64; for comparisons with control 1, control 2 p = 0.9065, L302P:C2 

p = 0.6522, L302P:F1 p = 0.2575; for comparisons with control 2, L302P:C2 p = 

0.2904, L302P:F1 p = 0.0825; for comparisons L302P:C2 vs. L302P:F1 p = 

0.8747; two-way ANOVA, with Tukey’s multiple post hoc comparisons), (figure 
3.4.9A). In mature MPCs there was a significant difference between control and 

mutant average nuclear contour ratio, for both controls when compared to both 

LMNA mutant sub clones (figure 3.4.9B) (control 1 0.83, control 2 0.84, 

L302P:C2 0.71, L302P:F1 0.72; for comparisons with control 1, control 2 p = 

0.9907, L302P:C2 p = 0.0167, L302P:F1 p =0.0358; for comparisons with 

control 2, L302P:C2 p = 0.0092, L302P:F1 p = 0.0200; for comparisons 

L302P:C2 versus L302P:F1 p = 0.9800;  two-way ANOVA, with Tukey’s multiple 

post hoc comparisons). In immature MPCs, the average nuclear contour ratio 

was abnormal in control (below 0.79), whereas in mature control MPCs the 

average nuclear contour ratio was normal (above 0.79). In the mutant cell lines 

the average contour ratio was abnormal in both immature and mature MPCs.  
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Figure 3.4.8 Immunofluorescence for lamin A/C in mature iPSC-derived MPCs.  
From 21+ of the commitment protocol, cells express mesenchymal markers, and are classed as 
mature MPCs. Immunofluorescence for lamin A/C shows normal circular shaped nuclei in both 
control 1 and 2, at day 30 and 40. Numerous abnormal nuclei such as jelly-bean, string, blebs, 
elongated shapes (white arrows) can be seen in both the L302P LMNA-mutant clones. A 
secondary antibody-only immunostaining was included per immunofluorescence, to act as a 
control for secondary antibody background signal. Scale bar 50 µM.  
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Figure 3.4.9 Investigation of abnormal nuclear shape in LMNA-mutant iPSC-derived 
MPCs.  
Nuclear deformity in LMNA mutant mesenchymal progenitor cells (MPCs) was quantified using 
the nuclear contour ratio. This is a measure of circularity ranging from 1 to 0, with 1 being a 
perfect circle and increasing lower values representing increasing shape deformities. A. As 
immature MPCs both controls and L302P clones had an abnormal average nuclear contour 
ratio (<0.79). There was no significant difference to p<0.05 between the control and mutant 
lines for all comparisons. In mature MPCs, the average nuclear contour ratio in both controls 
was normal (>0.79), and significantly higher than the mutant lines for all comparisons. In both 
mutant lines the average nuclear contour ratio was abnormal (<0.79) in mature MPCs. B. 
Comparisons between immature and mature MPCs, showed that the average nuclear contour 
ratios were higher in mature MPCs, compared to immature MPCs. This difference was only 
significant in control 1, however there was also a trend to significance at p<0.05 in control 2 
(p=0.0513). Immature and mature MPCs analysed together using a two-way ANOVA, with 
Tukey’s multiple post-hoc comparisons. Immature MPCs n = 3 (days 11, 17 and 21), mature 
MPCs n = 3 (days 30, 36 and 40). Between 155-248 nuclei were analysed per replicate for each 
cell line.  *multiplicity adjusted p<0.05, **multiplicity adjusted p<0.01, ns = not significant.  
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Comparisons within each line of the nuclear contour ratio in immature 

versus mature MPCs, showed there was an increase in nuclear contour ratios 

as they became mature MPCs. This difference was only significant in control 1, 

although in control 2 the increase was also very close to significance with 

p=0.0513. Interestingly, LMNA mutant cells did not improve their nuclear 

contour ratio during maturation (Mean differences: control 1 0.12 p = 0.237, 

control 2 0.10 p = 0.0513, L302P:C2 0.03 p = 0.8429, L302P:F1 0.08 p = 

0.2068; analysed with two-way ANOVA, with Tukey’s multiple post hoc 

comparisons). 

 

Nuclear shapes were heterogeneous within each time point assessed, with 

the presence of both ‘normal’ circular nuclei, and nuclei with varying levels of 

deformity. To further investigate the number of abnormally shaped nuclei within 

each time point rather than just assessing the average, the proportion of cells 

with nuclear contour ratio below 0.79 was calculated for each time point. The 

results seen in immature and mature MPCs for the proportion of abnormal cells, 

reflected those seen with the average nuclear contour ratio.  In immature MPCs, 

the majority of control and mutant cells had an abnormal nuclear shape. The 

L302P lines had slightly more abnormal cells than control, however this 

difference was not significant for either control compared to either mutant 

(figure 3.4.10A) (control 1 63%, control 2 56%, L302P:C2 71%, L302P:F1 78%; 

for comparisons with control 1, control 2 p = 0.9838, L302P:C2 p = 0.5593, 

L302P:F1 p = 0.1877; for comparisons with control 2, L302P:C2 p = 0.3626, 

L302P:F1 p = 0.1014; for comparisons L302P:C2 vs. L302P:F1 p = 0.8555. 

Analysed with two-way ANOVA, with Tukey’s multiple post hoc comparisons).  

In the mature MPCs, LMNA-mutant cells had significantly more abnormal 

shaped nuclei compared to both control cell lines (figure 3.4.10A) (control 1 

28%, control 2 23%, L302P:C2 67%, L302P:F1 65%; for comparisons with 

control 1, control 2 p = 0.9535, L302P:C2 p = 0.0031, L302P:F1 p = 0.0044; for 

comparisons with control 2, L302P:C2 p = 0.0011, L302P:F1 p =0.0015; for 

comparisons L302P:C2 vs. L302P:F1 p = 0.9979. Analysed with two-way 

ANOVA, with Tukey’s multiple post hoc comparisons).  

Comparisons between immature and mature MPCs, showed as they 

developed into mature MPCs, there was a significant decrease in the proportion 
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of abnormally shaped nuclei in both control cell lines (figure 3.4.10B). In L302P 

cell lines, there was a slight decrease in the number of abnormal mutant cells, 

however this difference was not significant (Mean differences: control 1 32% p = 

0.0129, control 2 33% p = 0.0092, L302P:C2 5% p = 0.9748, L302P:F1 14% p = 

0.4812; analysed with two-way ANOVA, with Tukey’s multiple post hoc 

comparisons). In conclusion, in immature MPCs there were numerous 

‘abnormal’, non-circular nuclei in both control and mutant cell lines. In control 

cell lines the nuclear shape regains a more ‘normal’ circular appearance as the 

cells grow into mature MPCs. However, this improvement does not occur in the 

mutant cell lines, which retain their abnormal non-circular shape as mature 

MPCs.  
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Figure 3.4.10 Proportion of abnormally shaped nuclei in LMNA-mutant iPSC-derived 
MPCs. 
Nuclear deformity in LMNA mutant mesenchymal progenitor cells (MPCs) was quantified using 
the nuclear contour ratio. A value of <0.79 is considered to be abnormal. A. In immature MPCs 
the majority of cells had abnormally shaped nuclei. Although slightly higher in L302P lines 
compared to control, this difference was not statistically significant to p<0.05. In mature MPCs, 
the majority of L302P cells had an abnormal nuclear contour ratio. Both control lines had 
significantly fewer abnormally shaped nuclei compared to L302P lines. B. Within each line, 
comparisons between immature versus mature MPCs, showed the number of abnormally 
shaped nuclei significantly decreased in both controls as they became mature MPCs. There 
was no significant decrease in the proportion of abnormally shaped nuclei in L302P lines as 
they became mature MPCs. Immature and mature MPCs analysed together using a two-way 
ANOVA, with Tukey’s multiple post-hoc comparisons. Immature MPCs n = 3 independent 
repeats (days 11, 17 and 21), mature MPCs n = 3 independent repeats (days 30, 36 and 40). 
Between 155-248 nuclei were analysed per replicate for each cell line. * multiplicity adjusted 
p<0.05, ** multiplicity adjusted p<0.01, ns = not significant. 
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3.4.3.4 LMNA L302P mesenchymal progenitors do not have an increased 
rate of apoptosis 

Apoptosis was analysed by flow cytometry using the Annexin V Apoptosis 

Detection Kit (Affymetrix), which immunolabels for Annexin V and stains with 

Propidium Iodide (PI). Annexin V binds to phosphatidylserine, which is usually 

located on the inner leaflet of the plasma membrane, but is translocated to the 

extracellular membrane in early stage apoptosis. PI is a viability dye that stains 

cells that are apoptotic and necrotic. However, the cell membrane is not 

permeable to PI in early apoptosis. These early apoptotic cells will be positive 

for Annexin V, but negative for PI. This apoptosis kit was chosen, due to the 

ability to stain early apoptotic cells. The apoptosis assay was run three times 

independently, each with two experimental replicates per repeat. Cells were 

gated on the FACs based on an unstained control. Unstained cells appeared in 

the bottom left of the FACs plot close to the origin (figure 3.4.11). Any cells with 

higher values than the unstained control on the X or Y axis will represent cells 

positive for Annexin V or PI fluorescence. Quadrant gating was applied to 

define four regions, negative for Annexin V and PI (all unstained control cells 

fell within this quadrant), positive for Annexin V and negative for PI, positive for 

both Annexin V and PI, and negative for Annexin V and positive for PI. Once 

cells were gated against control, the same gating was then applied across the 

three repeats. A control unstained sample was run with each of the three 

experimental repeats, and checked to see if all cells fell within the quadrant 

negative for Annexin V and negative for PI. An example of the results from one 

repeat is shown (figure 3.4.11). Cells negative for both Annexin V and PI 

represent viable cells. All other cells (Annexin V + PI -, Annexin V + PI +, 

Annexin V - PI +) are in stages of apoptosis.  
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Figure 3.4.11 Assessment of apoptosis by flow cytometry in L302P iPSC-derived mature 
MPCs.  
The apoptosis flow cytometry was repeated three times, with two experimental replicates 
conducted per repeat. An example of the results from one of the repeats is shown. Cells were 
co-stained for Annexin V and propidium iodide (PI). PI is a viability dye that stains apoptotic and 
necrotic cells. Annexin V stains cells in early apoptosis, when the plasma membrane still 
excludes PI. Annexin V binds to phosphatidylserine, which is usually located on the inner leaflet 
of the plasma membrane, but it translocated to the extracellular membrane in early stage 
apoptosis, marking the cells for phagocytosis. In the graphs shown, cells in the bottom left 
quadrant represent live cells (Annexin V -, PI -), all other quadrants show cells in varying stages 
of apoptosis. Ten thousand cells were gated per replicate for each cell line. A control of 
unstained cells was run for each of the three experimental repeats (black), and checked that all 
cells fell in the Annexin V and PI negative quadrant. The same gating was applied to analyse all 
three of the experimental repeats.  
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The numbers of live and apoptotic cells were compared between the control 

and L302P lines (figure 3.4.12). There was no significant difference in the 

percentage of live or apoptotic cells between the control and L302P lines (Live 

cell comparisons: control 1 73%, control 2 64%, L302P:C2 70%, L302P:F1 

69%; for comparisons with control 1, control 2 p = 0.2108, L302P:C2 p = 

0.8858, L302P:F1 p = 0.7525; for comparisons with control 2, L302P:C2 p = 

0.5598, L302P:F1 p = 0.7213; for comparisons L302P:C2 vs. L302P:F1 p = 

0.9926. Apoptotic cell comparisons:  control 1 27%, control 2 36%, L302P:C2 

30%, L302P:F1 31%; for comparisons with control 1, control 2 p = 0.2108, 

L302P:C2 p = 0.8858, L302P:F1 p = 0.7525; for comparisons with control 2, 

L302P:C2 p = 0.5598, L302P:F1 p =0.7213; for comparisons L302P:C2 vs. 

L302P:F1 p = 0.9926. Analysed with two-way repeat measures ANOVA, with 

Tukey’s multiple post hoc comparisons).  

 

Next, the proportion of cells in different stages of apoptosis based on 

Annexin V and PI staining was assessed. Again, no significant difference was 

seen in the subpopulations of apoptotic cells between the control and L302P 

cell lines (Annexin V + PI - comparisons: control 1 10%, control 2 13%, 

L302P:C2 7%, L302P:F1 7%; for comparisons with control 1, control 2 p = 

0.7355, L302P:C2 p = 0.5295, L302P:F1 p = 0.6226; for comparisons with 

control 2, L302P:C2 p =0.1047, L302P:F1 p = 0.1402; for comparisons 

L302P:C2 vs. L302P:F1 p = 0.9987. Annexin V + PI + comparisons: control 1 

10%, control 2 16%, L302P:C2 15%, L302P:F1 14%; for comparisons with 

control 1, control 2 p = 0.1960, L302P:C2 p = 0.2264, L302P:F1 p = 0.4574; for 

comparisons with control 2, L302P:C2 p =0.9998, L302P:F1 p = 0.9417; for 

comparisons L302P:C2 vs. L302P:F1 p = 0.9630. Annexin V - PI + 

comparisons: control 1 6%, control 2 7%, L302P:C2 8%, L302P:F1 10%; for 

comparisons with control 1, control 2 p = 0.9798, L302P:C2 p = 0.9233, 

L302P:F1 p = 0.5030; for comparisons with control 2, L302P:C2 p = 0.9952, 

L302P:F1 p = 0.7355; L302P:C2 vs. L302P:F1 p = 0.8582. Analysed with two-

way repeat measures ANOVA, with Tukey’s multiple post hoc comparisons).  
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Figure 3.4.12 Quantification of the proportion of apoptotic cells in L302P mature MPCs.  
A. Total number of live and apoptotic cells (early and late apoptosis combined). The proportion 
of live and apoptotic cells was not significantly different between control and L302P clones. B. 
Apoptotic cells were further divided into three sub categories, according to their staining for the 
early apoptosis marker Annexin V, and the late apoptosis marker propidium iodide (PI). 
Between control and L302P lines, there was no significant difference for any of the sub 
categories of apoptotic cells. Two-way repeat measures ANOVA, n = 3 independent repeats. 
Two experimental replicates were run in parallel and averaged per repeat for each cell line. N.s. 
= not significant.  
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3.4.3.5 Differentiation of LMNA L302P iPSC-derived MPCs into 
multinucleated myotubes and analysis of nuclear shape.  

Next, the possibility to differentiate MPCs into myotubes was pursued, in 

order to look at phenotypes in myotubes. Although some myogenic capacity 

has been observed in MPCs from various sources (Beier et al., 2011; Crisan et 

al., 2008; De Bari et al., 2003; Dezawa et al., 2005), this can be relatively 

inefficient. Therefore to ensure robust myogenic differentiation and to compare 

findings with HIDEM-derived myotubes in other LMNA iPSC genotypes, mature 

LMNA p.L302P MPCs were transduced with a lentivirus encoding a tamoxifen 

inducible MyoD-ER. This enabled a population of mature MyoD-ER-MPC to be 

expanded and banked. Mature MPCs, rather than immature MPCs were 

transduced with MyoD, as the nuclear contour ratio is changing in immature 

MPCs as they grow to become mature MPCs. Cells were induced to 

differentiate as per our HIDEM protocol (Maffioletti et al., 2015), with a first 

pulse of 1 µM tamoxifen on day 0 in the standard MPC proliferation medium 

(Mesencult ACF). Cells were then switched to a low nutrient differentiation 

medium (DMEM with 2% horse serum and 2 mM glutamine). Multinucleated 

myotubes were discernable from day 4 since the first pulse of tamoxifen. Some 

clumps of detached cells were also apparent at day 4, these maybe mature 

myotubes that have contracted and detached from the plate. Cells were fixed at 

day 6 from the first pulse of tamoxifen. Representative phase contrast images 

are shown in figure 3.4.13. To identify myotubes and search for nuclear 

abnormalities, cells were immunolabelled for lamin A/C (goat anti-lamin A/C, 

Santa Cruz) and Myosin Heavy Chain (mouse anti-MF20 antibody that 

recognises all myosin heavy chain variants, DSHB), (figure 3.4.14). 

Multinucleated Myosin Heavy Chain positive myotubes were present in control 

1, L302P:C2 and L302P:F1. Although there were myosin heavy chain positive 

cells present in control 2, these were mostly single-nucleated cells, thus likely 

myocytes. The presence of some abnormally shaped nuclei was noted. Nuclear 

contour ratio was measured for myotube and non-myotube nuclei (figure 
3.4.15). Control 1 myotube nuclei did not have a significantly different nuclear 

contour ratio from either L302P:C2 and L302P:F1 (control 1 0.78, L302P:C2 

0.81, L302P:F1 0.73; for comparisons with control 1, L302P:C2 p =0.5287, 
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L302P:F1 p = 0.4290; for comparisons L302P:C2 vs. L302P:F1 p = 0.0542; 

two-way repeat measures ANOVA, with Tukey’s multiple post hoc 

comparisons). In contrast, the non-myotube nuclei had a significantly lower 

nuclear contour ratio in L302P:C2 and F1 when compared to control 1 (control 1 

0.84, L302P:C2 0.72, L302P:F1 0.66; for comparisons with control 1 L302P:C2 

p = 0.0158, L302P:F1 p = 0.0011; for comparisons L302P:C2 vs. L302P:F1 p = 

0.1775; two-way repeat measures ANOVA, with Tukey’s multiple post hoc 

comparisons). Comparisons within each cell line, showed that in L302P C2 and 

F1 nuclear contour ratios inside myotubes were significantly lower in non-

myotube nuclei compared to myotube nuclei. In control 1 there was no 

significant difference between myotube and non-myotube nuclei (mean 

difference, control 1 0.07 p = 0.0813, L302P:C2 0.10 p = 0.0064, L302P:F1 

0.08 p = 0.0211; two-way repeat measures ANOVA, with Tukey’s multiple post 

hoc comparisons).   
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Figure 3.4.13 Phase contrast of human iPSC-derived mature MPCs during differentiation 
into skeletal myotubes.  
MPCs were transduced with an inducible MyoD-ER. MyoD was induced with tamoxifen at day 0 

and day 1. Cells switched to low nutrient medium at day 1 (2% horse serum). Scale bar 250 µM.  
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Figure 3.4.14 L302P mature MPCs differentiated into myotubes by inducible MyoD 
expression.  
Representative immunofluorescence for lamin A/C (goat anti-lamin A/C Santa Cruz), and 
myosin heavy chain (mouse MF20 antibody). Mature MPC cell lines were transduced with 
lentivirus containing a tamoxifen inducible MyoD-ER. Upon MyoD induction control 1, L302P:C2 
and L302P:F1 differentiated to form numerous myosin heavy chain positive multinucleated 
myotubes. Control 2 failed to form multinucleated myosin heavy chain positive structures, 
instead only single nucleated myosin heavy chain positive myocytes were visible. A secondary 
antibody-only immunostaining was included per immunofluorescence, to act as a control for 
secondary antibody background signal.  
Scale bar 100 µM.  
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Figure 3.4.15 Investigation of nuclear shape in myotubes differentiated from L302P 
mature MPCs.  
Nuclear deformity was quantified using the nuclear contour ratio. In non-myotube nuclei, both 
L302P lines had a significantly lower nuclear contour ratio than control. Comparisons within 
each line show there is no significant difference between the nuclear contour ratio in myotube 
and non-myotube nuclei in control 1. However, for L302P C2 and F1 the non-myotube nuclei 
are significantly more deformed than the myotube nuclei. A nuclei was considered to be within a 
myotube based on three criteria: 1) if it was within a Myosin Heavy Chain positive structure; 2) if 
that structure was multinucleated with 2 or more nuclei; 3) if there was nuclear exclusion of 
Myosin Heavy Chain. Non-myotube nuclei were unfused cells with no myosin heavy chain 
positive staining. Two-way repeat measures ANOVA, n = 3 independent experimental replicates 
for L302P:C2 and F1, control 1 n = 2 due to experimental failure. Between 63-279 nuclei were 
analysed per repeat. n.s. = not significant, *multiplicity adjusted p<0.05, **multiplicity adjusted 
p<0.01. 
 
 
 

3.4.4 Conclusions 
 In this results section, LMNA c.905T>C p.L302P iPSCs have been 

differentiated into skeletal myotubes and the presence of nuclear abnormalities 

analysed along the key steps of this complex process. After initial attempts to 

commit LMNA p.L302P iPSCs into HIDEMs proved ineffective, they were 

successfully differentiated into an analogous cell type (i.e. MPCs) using an 

alternative protocol. The disease-associated phenotype of abnormal nuclear 

shape was assessed in immature and mature MPCs. In immature MPCs 

abnormal nuclear shape was not a reliable outcome measure, as both the 

control and the LMNA p.L302P mutant cells had deformed nuclei. Sample 

contamination was ruled out as a possible cause of this result. As cells develop 

into mature MPCs, the abnormal nuclear shape in the control cells normalises 

(more circular). However the L302P clones retain their abnormal nuclear shape. 

Control 1 L302P: C2 L302P: F1
0.5

0.6

0.7

0.8

0.9

1.0

N
uc

le
ar

 c
on

to
ur

 r
at

io

Average circularity of myotubes and undifferentiated cells

Myotube nuclei

Non-myotube nuclei

Ref.1 Ref.2 n.s. n.s.* **

n.s. ** *

0.78 0.82 0.730.84 0.72 0.66



	 203	

This results in the mutant cells having a significantly more abnormal nuclear 

shape than control, both as a proportion of abnormally shaped nuclei, and as an 

average nuclear contour ratio of all cells. A further assessment was made as to 

whether LMNA L302P mature MPCs had a higher rate of apoptosis and this 

was not found to be significantly different from control cells.  

 In order to assess disease phenotypes in myotubes, MPCs were terminally 

differentiated using an inducible MyoD lentiviral vector, similar to HIDEM 

transduction with MyoD in Section 3.1 conducted for the other three LMNA 

genotypes. Upon MyoD induction, LMNA L302P MPCs differentiated to form 

multinucleated myosin heavy chain positive myotubes. Although reminiscent of 

the HIDEM methodology, this represents a new protocol to derive skeletal 

myotubes from iPSCs via MPCs, with its initial stages being conducted with 

chemically defined medium and substrate (which is an improvement compared 

to the HIDEM protocol). Assessment of disease phenotypes in terminally 

differentiated cells showed no difference in the nuclear shape between control 

and L302P myonuclei, but significantly different figures for the nuclei outside 

myosin heavy chain positive nuclei within the same cultures. The results 

presented in this section establish that cells derived from LMNA L302P iPSCs 

can be used to model disease-associated phenotypes in vitro, with nuclear 

contour ratio in mature MPCs providing the clearest readout. Future work on 

this project will be able to use these disease-associated phenotypes to assess 

the feasibility of skipping LMNA exon 5 as a possible therapeutic strategy for 

patients with a mutation in this exon.  
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4. Discussion 
 

In section 3.1 of this thesis I differentiated iPSC from patients with skeletal 

muscle laminopathies into myogenic precursor cells and myotubes. I used 

these patient specific cells to investigate disease-associated phenotypes. In 

section 3.2 I conducted work towards development of a therapy for 

laminopathies based on skipping disease-causing mutations in LMNA exon 5. 

In section 3.3 I derived a new iPSC line from fibroblasts from a patient with L-

CMD due to a disease causing mutation in exon 5. In section 3.4 I differentiated 

these exon 5 mutant iPSCs into mesodermal/mesenchymal cells and myotubes, 

and studied disease associated phenotypes.  

 

Both section 3.1 and 3.4 investigate phenotypes in iPSC-derived cells, 

these sections will therefore be discussed together. Consequently, I will 

structure this discussion to first address the derivation of the exon 5 iPSC line 

(section 3.3). I will then move onto discussing the differentiation of cells from 

this iPSC line and the three other skeletal muscle laminopathy iPSCs, and the 

study of in vitro disease-associated phenotypes (section 3.1 and 3.4). I will 

finish by discussing the work towards development of a potential therapy 

(section 3.2), and the prospects for iPSC and therapy development in 

laminopathies.  

 
4.1 Derivation of a novel iPSC line from a patient with a 
missense mutation in LMNA exon 5, LMNA c.905T>C, p.L302P 
  

In section 3.3, LMNA p.L302P patient fibroblasts were reprogrammed into 

iPS cells. This represents the first time that iPS cells have been generated for 

the LMNA c.905T>C p.L302P mutation. Additionally, to our knowledge, this is 

the first time that iPSCs have been generated for a laminopathy disorder with a 

mutation in exon 5. This cell line will be deposited in the European Bank for 

induced pluripotent stem cells (EBiSC) (“EBiSC – European Bank for induced 

pluripotent Stem Cells,” 2017), where it will be available to other researchers. 
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Three clones were generated that grow as iPSC colonies (figure 3.3.1), and are 

positive for the pluripotency markers OCT3/4, SOX2, NANOG and alkaline 

phosphatase (figure 3.3.2 and 3.3.3). This protein production represents 

endogenous gene expression, however Q-PCR shows there is still some 

residual viral gene expression, particularly for KLF4 in clone A3 (figure 3.3.4-
3.3.5). It is uncertain what effects this high KLF4 expression could have, for 

example it could impact on gene expression and differentiation. This could pose 

a problem during disease phenotype assays making this line in particular not 

ideal for disease modelling. It would be uncertain if differences between control 

and clones A3 were due to the overexpression of KLF4 or represented a true 

disease phenotype. Such incomplete silencing of reprogramming factors can 

occur in iPSCs generated using lentiviruses and retroviruses (Sommer et al., 

2009; Toivonen et al., 2013). To retain the high reprogramming efficiency seen 

with lentiviral delivery, yet help to eliminate the problem of incomplete 

transgene silencing, polycistronic lentiviral vectors have been developed with 

inducible gene expression (Sommer et al., 2009) or excisable cassettes 

(Somers et al., 2010; Sommer et al., 2010). Additionally these methods have 

the advantage of using a polycistronic cassette, rather than the four OSKM 

reprogramming factors being contained in four separate lentiviruses. This will 

result in fewer integration sites in the genome, helping to reduce the insertional 

mutagenesis risk. 

Incomplete silencing of reprogramming factors can affect the differentiation 

potential of iPSCs (Ramos-Mejía et al., 2012; Toivonen et al., 2013), and it has 

been suggested may potentially cause increased genomic instability (Ramos-

Mejia et al., 2010). Karyotype analysis of the generated clones C2 and F1 

showed a normal male chromosome complement and banding pattern (figure 
3.3.7). Additionally when spontaneously differentiated, all clones are positive for 

markers of all three-germ lineages endoderm (FOXA2, AFP, GATA4), 

mesoderm (MSX1) and ectoderm (MAP2 and PAX6) (figure 3.3.8), indicating 

the pluripotency and ability to differentiate of the generated iPSCs (Sheridan et 

al., 2012).  

Several new methods of iPSC reprogramming have been developed that do 

not require genomic integration, such as mRNA and Sendai (Brouwer et al., 

2015; Schlaeger et al., 2014). Such non-integrating methods are particularly 
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important when iPSC are to be used for human transplantation in cell 

replacement therapies, as they avoid the risk of insertional mutagenesis and 

residual expression of potentially oncogenic exogenous reprogramming factors. 

However, the intended use of this iPSC cell line is for disease modelling rather 

than cell replacement therapy. Additionally protein, adenovirus and mRNA 

methods of non-integrative reprogramming can be inefficient (Brouwer et al., 

2015). A direct comparison the non-integrative methods has shown both Sendai 

virus and episomal vectors have a high reprogramming success rate, one that 

is comparable to lentiviruses (Sendai 94%, episomal 93%, lenti 100%, mRNA 

27%) (Schlaeger et al., 2014). However episomal vectors produce a relatively 

low percentage of colonies per number of cells infected, and a higher rate of 

aneuploidy compared to other methods. A previous attempt in our laboratory to 

generate an iPSC line from LMNA p.L302P fibroblasts used retroviral transgene 

delivery of OCT3/4, KLF4, SOX2 and cMYC. However this was unsuccessful 

(Maffioletti SM and Tedesco FS, unpublished data). Due to this previous failure, 

lentiviral gene delivery was used, as it is one of the most efficient methods of 

reprogramming.  

 

During reprogramming and early culture iPSCs can acquire genetic 

abnormalities (reviewed in (Assou et al., 2018; Martins-Taylor and Xu, 2012). 

These mutations can confer a selective advantage to the iPSCs, which cause 

them to outcompete the non-mutated iPSCs in the culture, for example 

increased proliferation and reduced spontaneous differentiation. Common 

variants include trisomy 17 or 17q amplification, trisomy 12 or 12q amplification, 

20q11.21 amplification, chromosome 1 amplification, trisomy X in female cell 

lines and mutations in the tumour suppressor gene TP53. In addition, genetic 

abnormalities can also originate from somatic mosaicism existing in the donor 

cells used to generated the iPSCs (Abyzov et al., 2012; Gore et al., 2011). 

Clone C2 and F1 were found to have a normal karyotype, indicating they did not 

have chromosomal abnormalities originating from the donor cells or from 

reprogramming. However, it is worth noting that G-band karyotyping is only 

sensitive to large chromosomal aberrations, it does not have the sensitivity to 

detect smaller rearrangements of less than ~ 5 mb. These smaller abnormalities 

include sub-chromosomal copy number variants (CNVs) that are larger than 
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1kb, smaller insertions/deletions (indels) of < 1 kb and single nucleotide variants 

(SNVs) (reviewed in (Assou et al., 2018; Martin, 2017). Although many of the 

common variants found in iPSCs can be detected with karyotyping, others such 

as 20q11.21 and TP53 mutations cannot (Lefort et al., 2008; Merkle et al., 

2017). CNVs can be detected with array comparative genomic hybridisation 

(array CGH) and SNP arrays (reviewed in (Assou et al., 2018; Martin, 2017; 

Martins-Taylor and Xu, 2012). However, these methods cannot detect novel 

SNVs or smaller CNVs/indels <50 kb, although SNP arrays could potentially be 

specifically designed to include common SNVs acquired by pluripotent cells. 

CNVs, indels and SNVs in target genes of interest can be detected by digital 

droplet PCR (ddPCR), where as next generation sequencing (NGS) allows 

genome wide analysis for SNVs and small indels. However, NGS produces a 

large dataset of genetic changes whose significance can be difficult to interpret. 

DdPCR has the added advantage of detecting variants that may be present in a 

subset of cells in the iPSC population, however it only assess target genes of 

interest e.g those frequently mutated in pluripotent cells.  

In addition to changes acquired during reprogramming or from the donor 

cells, iPSCs can also pick up genomic abnormalities after prolonged in vitro 

culture (reviewed in (Assou et al., 2018; Martin, 2017). It may well be worth 

routinely re-checking iPSCs after several passages, however this has to be 

balanced against cost to decide the optimal frequency for this to be done, and 

their intended use eg cells used for cellular therapies will require more thorough 

assessment. In summary, although the iPSCs derived in this thesis were 

karyotypically normal, they would benefit from a more sensitive SNP array for 

CNVs, sequencing of the TP53 gene, as well as reassessment after prolonged 

in vitro culture.  

 

 Typically iPSC characterisation has involved assessment of morphology, 

positive staining for pluripotency markers, genetic analysis (as discussed 

above), and assessment of three lineage differentiation (Asprer and 

Lakshmipathy, 2015). Initially during reprogramming iPSCs are chosen based 

on morphology and expanded. iPSC grow as densely packed colonies with 

distinct borders, with each cell showing a high nucleoplasm to cytoplasm ratio 

and a prominent nucleolus (Takahashi et al., 2007; Wakao et al., 2012). 
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Subsequently assessment for pluripotency can include detection of enzyme 

activity (alkaline phosphatase staining), surface marker staining by flow 

cytometry (TRA-1-60, TRA-1-81, SSEA4, SSEA3), and intracellular marker 

staining (OCT4, SOX2, NANOG) (Asprer and Lakshmipathy, 2015). As some 

markers can be expressed in partial reprogrammed cells it is best to assess 

more than one pluripotency marker. In addition to this, other studies have also 

combined this with assessment for negative pluripotency markers (Kahler et al., 

2013; Quintanilla et al., 2014).  

 The gold standard for pluripotency assessment has long been considered to 

be the teratoma assay, as it assesses pluripotency under physiological 

conditions (reviewed in (Buta et al., 2013; Müller et al., 2010). This method 

involves injecting iPSCs into immuno-compromised mice. After several weeks 

to a few months, teratomas form, which can then be harvested and assessed 

for the presence of tissues of all three-germ lineages. However, histological 

assessment of tissues cannot distinguish between host and iPSC derived cells, 

and it can be difficult to choose the correct tissue specific marker. The major 

downside to using this assay however is the use of animals, the high cost 

compared to in vitro methods, and lengthy incubation time. This has called into 

question the use of this test as the gold standard for pluripotency assessment. 

Subsequently, the field is moving away from using this method in favour of 

faster, cheaper in vitro tests that do not require animal use, for example 

spontaneous differentiation through embryoid body formation (Buta et al., 

2013). Accordingly, in vitro methods to assess three-lineage pluripotency were 

conducted in this thesis rather than in vivo teratoma formation.  

A new avenue for iPSC characterisation is gene expression profiling 

(reviewed in (Asprer and Lakshmipathy, 2015). These methods allow the 

analysis of numerous different genes, and may therefore be more robust than 

currently used analyses. However, interpretation of results can be difficult in 

such large datasets, and as such there has been an effort to develop in silico 

tools to facilitate the analysis of iPSC gene expression data sets (Bock et al., 

2011; Fergus et al., 2014; Müller et al., 2012, 2011). These methods use 

algorithms and machine learning methods to identify and refine lists of 

important genes and expression patterns found in iPSCs. Of these the 

TaqMan® hPSC ScorecardTM Panel is commercially available set of primers 
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targeting genes important in pluripotency and three-lineage differentiation 

(Fergus et al., 2014; Thermofisher, 2018). Importantly, researchers are able to 

analyse results using software that compares their dataset with reference iPSCs 

to generate an easy to interpret pluripotency score. Such methods will allow 

more thorough characterisation of iPSCs in the future. 

Alongside gene expression profiling, epigenetic profiling may also allow 

more in depth robust iPSC characterisation. iPSCs lines can vary in their 

epigenetics profiles (reviewed in (Liang and Zhang, 2013). Although 

reprogramming to iPSCs should reset cellular age and involves epigenetic 

remodelling, iPSCs can sometimes retain an epigenetic memory from the donor 

cell source (Bar-Nur et al., 2011; K. Kim et al., 2011; Marchetto et al., 2009; Ohi 

et al., 2011). This could hamper the results of future experiments, and is 

therefore important to identify which lines have differences in their epigenetics. 

However, as with gene expression profiling, such analyses generate large 

datasets that can be difficult to interpret. Subsequently bioinformatics methods 

are being developed to help analyse this data, for example by creating an 

epigenetic score card (Bock et al., 2011). This identifies iPSC lines that have 

DNA methylation patterns that are outside the range of reference pluripotent 

stem cell lines. In the future, gene expression profiling and epigenetic analysis 

will enable more thorough and standardised iPSC characterisation, and will be 

facilitated by different laboratories contributing data on numerous diverse iPSC 

lines to gene expression/epigenetic databases.  

 

In section 3.3, three iPSC clones were successfully moved from feeder to 

feeder-free conditions in defined TESRE8 media. Chemically-defined media are 

preferred for long-term culture as it reduces batch-to-batch variability in 

undefined media and MEFs. It is particularly important to have animal 

component free chemically defined media when iPSC derivatives are to be 

used for transplantation into humans to avoid host immune rejection or 

pathogens. Use of a defined media on cells intended for disease modelling and 

therapy development is also desirable, as it could help facilitate the 

reproducibility of differentiation protocols and outcome measures. When the 

generated LMNA p.L302P iPSCs lines were initially grown on feeders, 

numerous spontaneously differentiated regions could be observed that had to 
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be manually removed every two days. Once the lines were moved to feeder 

free conditions, they exhibited minimal to no spontaneous differentiation, and 

rarely required manual removal of differentiated regions. Furthermore, the cells 

could be expanded with a passaging ratio of 1:12 wells during feeder free 

culture, rather than 1:3 wells with feeder based culture. This facilitated larger 

scale expansion of the cells and reduced the workload involved with culturing 

the lines.  

 

Two LMNA L302P iPSC clones have been generated that are suitable for 

use in modelling disease-associated phenotypes in vitro, and can be used to 

test the therapeutic potential of skipping disease causing dominant mutations in 

LMNA exon 5 using AONs (Scharner et al., 2015). The generated clones are 

positive for pluripotency markers, contain the disease causing mutation, and 

can differentiate to form cells of all three germ-lineages. Lamin B1 is expressed 

in ESC/iPSC, but not lamin A/C (Constantinescu et al., 2006; Ho et al., 2011; 

Zhang et al., 2011), and as such disease phenotypes cannot be studied directly 

in the undifferentiated iPSCs. Immunofluorescence assays demonstrate that the 

generated LMNA p.L302P iPSCs likewise do not express lamin A/C (figure 
3.3.9), but retain their lamin B1 expression. In order to model disease 

phenotypes, therefore the iPSCs needed to be further differentiated into 

disease affected cell types (section 3.4). Disease modelling in cell types derived 

from LMNA-mutant iPSCs from patients with skeletal muscle laminopathies was 

achieved in results section 3.1 and 3.4.  
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4.2 Skeletal muscle laminopathy iPSCs can be differentiated 
into mesodermal cells that display disease-associated 
phenotypes 
 

4.2.1 Mesodermal iPSC-derivatives generated from patient-
derived LMNA-mutant iPSCs 

In results section 3.1, three LMNA-mutant iPSC lines from patients with 

skeletal muscle laminopathies were successfully committed into HIDEMs, and 

differentiated into skeletal myotubes in vitro. The generated HIDEMs contained 

the disease-causing mutations, and were positive/negative for a characteristic 

panel of markers, in line with previous HIDEM generation (Maffioletti et al., 

2015; Tedesco et al., 2012). Furthermore, upon inducible induction of MyoD, all 

LMNA-HIDEM lines successfully differentiate into myosin heavy chain positive 

multinucleated myotubes.  

 

 In results section 3.4, it was attempted to commit L302P iPSCs into 

HIDEMs, as for the commercial LMNA iPSC lines in section 3.1. However 

despite four repeated attempts with changes to the protocol only moderate 

progress was made (table 3.4.1). It is unclear why the HIDEM protocol failed, 

when previous attempts in our laboratory have been successful. On reflection, 

past commitments have mostly been conducted with iPSCs grown on feeder 

layer of mouse embryonic fibroblasts (MEFs). Indeed the only discernable 

difference between the HIDEM commitments successfully conducted in section 

3.1 and section 3.4 is that they were derived from iPSCs grown on a layer of 

feeder MEFs. Although HIDEMs have been generated from iPSCs grown 

feeder free in our lab (TESR-E8 media) (Maffioletti et al., 2015), this has been 

done less extensively than from feeder based iPSC culture. It could be that the 

protocol is thus more optimised for generation of HIDEMs from feeder-based 

iPSC culture. This would require further investigation. Feeder-free culture is 

generally preferred to feeder based culture, due to the increased stability of the 

iPSC, higher expandability, and reduced work load in passaging and 

maintaining the cells. After successful generation of the MPCs, and the 



	 212	

observation of disease-associated phenotypes, further attempts at HIDEM 

generation were not conducted. Furthermore, LMNA-mutant MPCs were 

successfully differentiated into multinucleated myotubes by inducible expression 

of an endogenous MyoD. This represents a new protocol to derive myotubes 

from iPSC derived MPCs, with the initial stages of this protocol also being 

conducted with chemically defined media and substrate. 

 

 Recent work has challenged the traditional view of MPCs representing a 

common in vivo population (Sacchetti et al., 2016). Instead it seems that they 

exist as a heterogeneous population and have different properties depending 

on the tissue of origin, with pericytes representing an in vivo population of tissue 

specific perivascular MPCs with myogenic potential. The MPC protocol 

therefore produces a cell type similar to pericytes/HIDEMs, and both share 

expression of the perivascular marker CD146. This protocol represents an 

improvement on the HIDEM protocol, as the first stages are conducted in 

chemically defined media, which can help to produce more standardised 

results. HIDEMs have the potential for use in a cell replacement therapy. MyoD-

ER HIDEMs induced to differentiate engraft into skeletal muscle in vivo upon 

intra-arterial delivery, and MIDEMs (the mouse equivalent of HIDEMs) can lead 

to functional improvement in muscular dystrophy mice when delivered 

systemically (Gerli et al., 2014; Maffioletti et al., 2015). The in vivo potential of 

the MyoD-ER MPC derived myotubes I produced in this thesis to engraft into 

skeletal muscle remains to be assessed.  

  

 The mesenchymal induction protocol was chosen, over others (i.e. 

myoblasts derivation from small molecules), due to its promised speed of 7 

days to produce immature MPCs. The initial plan was to assess phenotypes in 

early and immature MPCs up to approximately day seven, transduce immature 

MPCs with MyoD and differentiate into myotubes. However, nuclear shapes 

were not clearly discernable before the first passage due to the density of the 

culture (up to day 6). After this point, unexpectedly both control and L302P lines 

had abnormal nuclear shapes as immature MPCs. It was then decided to 

investigate how this phenotype would change as the cells developed into 

mature MPCs. In all it would have been of comparable speed to derived 
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myoblasts with one of the newly developed small molecule protocols (Kodaka et 

al., 2017). For example, a recent protocol by Caron et al. allows myoblast to be 

derived in 18 days, and myotubes in 26 days (Caron et al., 2016).  

 

 The protocol chosen in this thesis did however allow a population of 

immature MPCs to be studied between days 7-20. When the unsuccessful 

HIDEM commitment attempts were observed between these days, the cell 

populations looked heterogeneous in terms of morphology when viewed under 

a phase microscope, and often the cells were at a high density. This indicates 

different cell types maybe present in these early stages, which are lost during 

the commitment process. With HIDEM protocol may therefore be difficult to 

study the nuclear shape during commitment if different cell types exist in the 

culture during these early stages, and a high cell density could distort nuclear 

shapes. However since these HIDEM commitments ultimately failed, and the 

identity of all the cell types in culture during the 21 day HIDEM commitment has 

not been characterised it is not possible to definitively say whether different cell 

types/cells of non-mesodermal lineage were present in the culture and how this 

would affect the nuclear circularity remains to be investigated.  

 

Previous studies with LMNA-mutant iPSCs derived from patients with 

HGPS have generated MPCs (Nissan et al., 2012; Xiong et al., 2013; Zhang et 

al., 2011), fibroblasts (Ho et al., 2011; Liu et al., 2011b; Zhang et al., 2011), 

vascular smooth muscle cells (Liu et al., 2011a, 2011b; Zhang et al., 2011), 

adipocytes (Xiong et al., 2013), endothelial cells (Zhang et al., 2011), neural 

progenitors (Nissan et al., 2012; Zhang et al., 2011) and neurons (Nissan et al., 

2012). Additionally, DCM-iPSCs have been used to generate fibroblasts (Ho et 

al., 2011), and cardiomyocytes (Lee et al., 2017; Siu et al., 2012); and atypical 

Werners syndrome (AWS) iPSCs have also been used to generate fibroblasts 

(Ho et al., 2011). To our knowledge this is the first time that patient derived 

LMNA-mutant iPSCs have been differentiated into cells of skeletal muscle, 

myogenic precursor cells or MPCs. Further more, it is the first time that iPSCs 

from patients with skeletal muscle laminopathies have been differentiated into 

any cell type.  
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iPSC-derived myogenic cells generated in this thesis represent a preferable 

source of cells for in vitro disease modelling than currently used systems. 

Typically, the in vitro study of the effects of LMNA mutations in myogenic cells 

has been achieved using overexpression of mutations in C2C12 murine 

myoblasts by transfection (Barateau et al., 2017; Favreau et al., 2008, 2004, 

2003a; Ostlund et al., 2001) or retroviral infection (Scharner et al., 2011). 

However, such overexpression may result in levels of protein production that 

differ from those seen with endogenous lamin A/C proteins in patient cells 

where there is only one wild type and one mutant allele. In addition, 

overexpression systems lack the genetic background found in patient cells. 

Indeed, different nuclear shape results have been seen between primary patient 

fibroblasts and over-expression in C2C12 myoblasts (Barateau et al., 2017). It 

is unclear if this is due to differences between cell types, i.e. disease affected 

and unaffected, or protein overexpression.  

 

4.2.2 Wild-type and L302P immature MPCs have non-circular 
nuclear shapes 

Phenotype data from cells derived from L302P iPSCs is summarised in 

figure 4.1. Interestingly, as immature MPCs (days 7-20), both control and 

L302P cell lines had ‘abnormal’ non-circular nuclear shapes. The nuclear 

contour ratio of these cells was not significantly different between control and 

mutant cells. In mature MPCs, this non-circular nuclear shape normalises in 

control and becomes more circular, but remains deformed in L302P mutant cell 

lines. Whether this also occurred in immature HIDEMs during commitment is 

uncertain, though some preliminary stains of the unsuccessful L302P HIDEMs 

between days 1-21 suggest presence of abnormally shaped nuclei also in the 

control population (nuclear contour ratio was not quantified in these cells). 

 

Different cell types can have distinctive nuclear shapes, and undergo 

morphological changes during development (reviewed in Dahl et al., 2004). The 

‘abnormal’ nuclear shape observed in this thesis in wt cells during commitment 

has some support from previous work (Butler et al., 2009; Smith et al., 2017). 

During early differentiation (0-2 days), non-circular wt nuclei have been seen 
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differentiating out of the edges of ESC colonies, although nuclear contour ratio 

was not quantified (Butler et al., 2009). In addition, undifferentiated wt ES cells 

can themselves have elliptically shaped nuclei with a low nuclear contour ratio 

of 0.34 (Smith et al., 2017). As primitive endoderm the nuclei become more 

spherical with a nuclear contour ratio double that of ESC, but one that is still low 

in absolute terms (<0.7). The increase in nuclear contour ratio corresponds to 

an increase in Lmna expression. Lmna and emerin knockout ES cells do not 

have this increase in nuclear contour ratio during differentiation. The results 

presented in this thesis differ from these, in that the LMNA-mutant nuclei 

studied during mesoderm commitment do not have a significantly different 

nuclear contour ratio from wt. However, the cells studied in this thesis were 

LMNA-mutant rather than knockout. In addition, Smith et al conducted their 

study on nuclear shape in primitive endoderm not mesoderm. Based on these 

previous studies, and the results presented in this thesis, it is hypothesised that 

during the differentiation process wt cells may present with non-circular nuclei. 

However, as nuclear shape can differ greatly between different cell types, this 

effect maybe lineage specific and not seen in all nuclei at all time points during 

differentiation. Furthermore, results in 3D tissues during embryonic and foetal 

development may differ greatly from differentiation from ES/iPSC in 2D culture, 

due to the presence of different external forces acting on the cell. 

 

4.2.3 LMNA-mutant HIDEMs and LMNA-mutant mature MPCs 
have defects in nuclear shape 
 

In section 3.1, when committed into HIDEMs all three LMNA-mutant iPSCs 

lines (K32del, R249W and L35P) had defects in nuclear shape, resulting in 

significantly reduced nuclear contour ratio, and a higher percentage of 

abnormally shaped nuclei. The two LMNA-L302P iPSC clones with a mutation 

in exon 5 generated in section 3.3 also had significantly reduced nuclear 

contour ratio and a higher percentage of abnormally shaped nuclei when 

committed into mature MPCs in section 3.4. Phenotype data from cells derived 

from LMNA-mutant iPSCs is summarised in figure 4.1. 



 
Figure 4. 1 Summary of in vitro disease phenotypes in LMNA-mutant iPSC derived cells.  
A/C = Lamin A/C, B1 = Lamin B1, Em = Emerin, HIDEM = human mesoangioblast like cell, 
MPC = mesenchymal progenitor cell, mut = mutant, WT = wild type.



 

The abnormally shaped nuclei in mature MPCs and HIDEMs are in keeping 

with previous studies that have shown LMNA mutations causing skeletal muscle 

laminopathies can lead to defects in nuclear shape in primary patient fibroblasts 

(Favreau et al., 2003; Muchir et al., 2004, 2003; Tan et al., 2015) and C2C12 

myoblasts (Barateau et al., 2017; Favreau et al., 2003; Scharner et al., 2011). 

Furthermore, cardiomyocytes derived from DCM-iPSCs have been shown to 

have increased rates of nuclear blebbing compared to control, however this is 

only significantly in response to electrical stimulation (Lee et al., 2017; Siu et al., 

2012), and not significant in all lines assessed (Lee et al., 2017). Previous 

studies have seen abnormal nuclear shapes and blebbing in MPCs derived 

from HGPS-iPSCs (Nissan et al., 2012; Zhang et al., 2011). However, no shape 

abnormality was seen when MPCs were infected with mutations causing FPLD, 

EDMD and MAD (Malashicheva et al., 2015).  

 

With regard to the mutations looked at in this study, R249W has previously 

been shown to cause abnormal nuclear shape in retrovirally infected C2C12 

myoblasts (Scharner et al., 2011). Muchir et al did not see shape abnormalities 

(blebs) in K32del primary fibroblasts (Muchir et al., 2004). However, this 

previous study did not assess the average nuclear contour ratio, it only 

assessed the percentage of cells with nuclear blebs. There can be variability 

between studies in what constitutes nuclear blebbing, with some studies 

counting any type of membrane lobules as blebs. Furthermore, quantifying only 

blebs and/or lobules does not account for other types of shape abnormalities 

such as elongated nuclei or mildly abnormal jellybean like shapes. Although the 

average nuclear contour ratio used in this thesis and in previous publications 

(Scharner et al., 2015; Scharner et al., 2011), is not sensitive to small blebs, it 

does on a whole provide a more standardised non-subjective measure that 

encompasses a range of nuclear shapes.  

In this thesis LMNA L35P was found to cause abnormal shape in HIDEMs. 

To our knowledge this is the first time that the effects of this mutation on nuclear 

shape have been studied in any cell type. Both L302P clones had shape 

abnormalities as mature MPCs. To our knowledge, this is also the first time that 

nuclear shape abnormality has been seen for this mutation in any cell type.  
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4.2.4 LMNA p.R249W produces abnormal nuclear shape in 
myotubes  
 

In this thesis only R249W myotubes produced a significantly abnormal 

nuclear shape. This abnormal nuclear shape seemed to be mainly caused by 

the presence of nuclear elongation (as opposed to the other types of nuclear 

shape deformity such as jelly bean, string and severely deformed). K32del and 

L35P myotubes differentiated from HIDEMS did not have a significantly 

deformed nuclear contour ratio compared to control, nor did L302P myotubes 

differentiated from MPCs.   

To our knowledge the effect of these mutations on nuclear shape in 

multinucleated skeletal myotubes in vitro has not previously been studied. In 

primary skeletal muscle biopsies of four patients aged 4-52 years with AD-

EDMD or LGMD1B, all had abnormally shaped myonuclei (average 17.3% 

±11.1% SD), no satellite cells had an abnormal nuclear shape although only 20 

were assessed per patient (Y. E. Park et al., 2009). Elongated cardiomyocyte 

nuclei have been reported in heart biopsies of Lmna+/-, Lmna-/- (Nikolova et al., 

2004) as well as LmnaK32del/+ mutant mice (Cattin et al., 2016, 2013). These in 

vivo elongated/deformed nuclei are in keeping with the results of R249W, but 

not of L35P, K32del or L302P. Why only one of the four mutations looked at in 

this thesis produces abnormally elongated nuclei is unclear. This could be 

because muscle from patients is subject to the mechanical stress of contraction, 

causing the nuclei to become distorted into an abnormal nuclear shape. 

Electrical stressing of cardiomyocytes derived from DCM-iPSCs, to mimic in 

vivo conditions in the heart, caused an increase in the percentage of cells with 

nuclear shape abnormalities (Siu et al., 2012). Additionally, mechanical strain 

can produce a higher rate of apoptosis and deformability in Lmna-/- MEFs 

(Lammerding et al., 2004). It could be therefore, that the generated myotubes 

will only show a shape defect when subjected to some form of external stress 

that mimics in vivo conditions. Future in vitro disease modelling platforms could 

investigate if mechanical or electrical stress exacerbates abnormal nuclear 

shapes. 
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Results presented in this thesis show defects in cell circularity were more 

prevalent in HIDEMs and mature MPCs, where all of the mutations lead to a 

significantly deformed nuclear contour ratio, and a significantly higher 

proportion of cells with abnormal nuclear shape. In addition the types of shape 

abnormality differed between myotubes, and HIDEMs/mature MPCS. HIDEMs 

and mature MPCs displayed jellybean shaped nuclei, blebs, strings of lamin 

A/C and elongation. In contrast the LMNA-mutant myotube nuclei displayed 

only elongation and blebs. Small blebs are not well quantified by nuclear 

circularity, so the percentage of cells with this deformity was calculated for 

LMNA-mutant HIDEMs and the HIDEM derived myotubes (K32del, R249W, and 

L35P myotubes), however this was found not to be significantly different from 

control.  

 

It is possible that the density of the culture and the thickness of the myotube 

affect nuclear elongation. R249W myotubes appeared longer and thinner than 

in the other lines, with the elongated nuclei in R249W being squashed into the 

shape of these thinner myotubes. Additionally, the myotubes appeared to have 

only a few myonuclei per myotube. The lack of elongated nuclei in K32del, 

L35P and L302P could be therefore due to the formation of wider, unaligned 

myotubes that are more mature with a greater number of nuclei. Such 

unaligned myotubes are a typical consequence of myotube differentiations in 

unconstrained monolayer cultures. We have recently developed a system for 

the generation of 3D muscle constructs which are generated under passive 

tension (Maffioletti SM et al, under revision). This passive tension results in 

myotube alignment, and preliminary data seems to show the presence of 

numerous elongated nuclei for K32del, R249W and L35P LMNA mutations. It 

could therefore be that the phenotype in LMNA mutant myotubes is better 

modelled in a 3D system where a degree of passive tension can be applied to 

allow fibre alignment and nuclear stretching.  

The question still remains why nuclei in K32del, L35P and L302P myotubes 

that are not squashed into thin myotubes, do not have other shape deformities 

e.g. jellybean shapes or lobules. This could be due to the density of the culture, 

as myotubes differentiation was induced when cells were at 90-100% 
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confluency to allow for fusion into myotubes. To circumvent any density related 

problems, and also the effect of very mature wide myotubes versus less mature 

thin myotubes, differentiation could be conducted at a low density. However, 

this is likely to result in myocytes forming instead of multinucleated myotubes. 

 

In summary the presence of shape abnormality in only one of the four 

LMNA-mutant iPSC derived myotubes lines assessed calls into question the 

validity of using this phenotype in vitro in 2D cultured myotubes as a read-out of 

drug efficacy. This is especially true if this phenotype turns out to be influenced 

by myotube thickness, a variable that could differ depending on the 

differentiation dynamics of each cell line and with increasing cell passage. 

Further work is therefore required to investigate and improve on the modelling 

of this phenotype in myotubes, either by using 3D culture systems, or electrical 

stimulation both of which may induce shape abnormalities. Alternatively, as 

nuclear shape was the only phenotype assessed in this thesis in myotubes, 

other phenotypes could be investigated. For example, it remains to be seen if 

there are defects in lamina protein mislocalisation or expression in the 

myotubes themselves. Additional phenotypes that could be assessed are 

suggested throughout this discussion, and summarised in the future 

experiments section 4.2.14   

 

4.2.5 Potential causes and pathological implications of 
abnormal nuclear shape 
  

There could be several potential causes for the abnormal nuclear shape 

seen in the differentiated LMNA mutant iPSCs. In this thesis it was 

hypothesised this could be due to a lack of lamin A/C assembled into the 

nuclear lamina (peripheral lamin A/C). In the nucleus, lamin A/C is present in 

both the nucleoplasm (reviewed in Dechat et al., 2010), and also at the nuclear 

periphery, where it is assembled into the nuclear lamina (reviewed in Azibani et 

al., 2014; Davidson and Lammerding, 2014; Gruenbaum and Foisner, 2015). 

The role of lamin A/C in providing structural support to the nucleus could come 

more from lamin A/C at the nuclear lamina, as opposed to nucleoplasmic lamin 
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A/C. However, as most studies are conducted in cells lacking both peripheral 

and nucleoplasmic lamin A/C, the distinct contribution of the peripheral lamina 

versus nucleoplasmic lamins to this role is not fully understood. Nevertheless, 

mutations that cause increased nuclear deformability have been found to have 

nucleoplasmic lamin A/C, implying the peripheral lamina is most important in 

nuclear mechanics (Zwerger et al., 2013). In this thesis, within K32del and 

R249W HIDEM lines, there were cells with and without peripheral lamin A/C. 

Analysis of correlation between nuclear circularity and peripheral lamin A/C was 

conducted for each cell line (figure 3.1.14). In control, K32del and R249W there 

was a significant correlation between nuclear circularity and peripheral Lamin 

A/C. The lack of significant correlation in L35P could be because this cell line 

had very few cells with peripheral Lamin A/C (ratios >1.05), and it is likely there 

needs to be some Lamin A/C assembled into the nuclear lamina for it to have a 

positive effect on nuclear contour ratios. These data indicate that the lack of 

peripheral lamin A/C could be causing the observed defect in the nuclear 

shape. This hypothesis fits with work of Zwerger et al. who performed work to 

help define the different cellular roles of nucleoplasmic versus peripheral lamin 

A/C (Zwerger et al., 2015). This study used ankyrin repeat proteins that were 

designed to specifically bind to lamin A/C, to prevent its assembly and 

incorporation into the nuclear lamina. They found that despite normal levels of 

lamin A/C expression, cells without peripheral lamin A/C had abnormal nuclear 

shapes, and a significantly lower nuclear contour ratio than cells with peripheral 

lamin A/C. Nuclear contour ratio in these cells without peripheral lamin A/C was 

also not significantly different from LMNA knock down. Based on this study, and 

the results presented in this thesis, it seems that peripheral lamin A/C is more 

important than nucleoplasmic lamin A/C in defining nuclear shape. Furthermore, 

a lack of peripheral lamin A/C maybe causing the abnormal nuclear shapes 

frequently seen in cells from laminopathy patients. The peripheral lamin A/C 

results, and their implications are further discussed in section 4.2.8-10). 

 

Interestingly the cells analysed by confocal microscopy had a higher nuclear 

contour ratio than those analysed by standard fluorescence microscopy 

(standard fluorescence microscopy: K32del 0.76 ± 0.02 s.d. p=0.0087, R249W 

0.75 ± 0.01 s.d. p=0.0033, L35P 0.79 ± 0.03 s.d. p=0.0386, control HIDEMs 
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0.85 ± 0.03 One-way ANOVA, Tukey’s multiple comparisons, n=3. Confocal: 

K32del 0.86 ± 0.03 s.d. p=0.0253, R249W 0.80 ± 0.1 s.d. p=0.0004, L35P 0.78 

± 0.03 s.d. p=0.0002, control 0.92 ± 0.02 s.d., one–way ANOVA with Tukey’s 

multiple comparisons, n = 3). Control cells also had a higher nuclear contour 

ratio in the confocal microscopy experiments, so differences between control 

and LMNA-mutant were still significant within both experiments. This could be 

due to the different tissue culture substrates used to grow the cells for each 

experiment. The cultureware that cells are grown on and its stiffness has been 

noted to affect circularity in LMNA-mutant cells (Tamiello et al., 2013). For the 

circularity analysis by standard fluorescence microscopy, the cells were grown 

and fixed on tissue culture treated plastics. These plates are however 

unsuitable for use in confocal microscopy. For confocal microscopy cells were 

grown on tissue culture treated glass slides with chambers attached. The 

relationship between circularity and peripheral localisation ratio may therefore 

be more profound if cells were grown on different substrates, which produced a 

greater range of abnormally shaped nuclear contour ratios.  

 

In results section 3.4, surprisingly both control and L302P immature MPCs 

were found to have a non-circular ‘abnormal’ nuclear contour ratio that was not 

significantly different from each other. As cells grew into mature MPCs, the 

nuclear contour ratio increased in control, but not in L302P. Based on the link 

between nuclear shape and presence/absence of peripheral lamin A/C, a 

potential explanation for this result could be a change in the localisation of lamin 

A/C from the nucleoplasm to the lamina during commitment and differentiation. 

In support of this, results from embryo sections of the Lmnak32del/32del mouse 

show that at embryonic day 12.5 (E12.5) lamin A/C is nucleoplasmic in both 

Lmnawt/wt and Lmnak32del/32del mice (Bertrand et al., 2012). However at day 

E17.5, and in postnatal muscles, lamin A/C is progressively relocalised to the 

nuclear periphery in Lmnawt/wt but not Lmnak32del/32del mice. In contrast to this 

however, in C. Elegans there is initial peripheral localisation of K46del Cre-

lamin (equivalent to human K32del) in embryonic stage tissue, which then 

forms large peripheral aggregates in larval and adult tissue (Bank et al., 2011). 

This could be due to differences in vertebrate and invertebrate lamins; 

especially considering C. elegans has only one lamin gene, for a farnesylated 
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B-type lamin. In humans B type lamins are expressed in ESCs, and located 

primarily at the nuclear periphery (Constantinescu et al., 2006), so B-type 

lamins may not undergo this progressive peripheral re-localisation. Further 

evidence for a progressive peripheral relocalisation of lamin A/C comes from 

myoblast differentiation. During this process, lamin A/C relocates from the 

nucleoplasm, so that it is almost exclusively located at the nuclear periphery in 

differentiated myotubes (Markiewicz et al., 2005).  

It could be hypothesised that, in iPSC/ESCs lamin A/C protein is absent, and 

as cells undergo early commitment lamin A/C is expressed but predominantly 

located in the nucleoplasm. This results in a non-circular nucleus in both wt and 

LMNA-mutant cells. As cells further mature wt lamin A/C progressively relocates 

from the nucleoplasm to the nuclear periphery, until in terminally differentiated 

cells it is located almost exclusively at the nuclear lamina. This expression of 

lamin A/C, and progressive relocation from the nucleoplasm to the nuclear 

periphery could cause an increase in nuclear contour ratios and a less 

deformable nucleus in wt cells during commitment and differentiation, which 

corresponds to the amount of lamin A/C located at the nuclear lamina. 

However, for LMNA-mutations that cause an assembly defect, they are unable 

to incorporate into the nuclear lamina, remain predominantly in the nucleoplasm 

resulting in a more deformable abnormally shaped nucleus throughout this 

process. This model may differ based on the cell type studied, especially as 

lamin A/C expression levels are found to relate to tissue stiffness, (Swift et al., 

2013). Softer substrates result in a more phosphorylated lamin A/C, implying it 

is more soluble and therefore nucleoplasmic. This may mean that a higher level 

of peripheral lamin A/C is required earlier in tissues with a higher mechanical 

stiffness to provide mechanical support. Furthermore different cell types can 

have very different nuclear shapes (Dahl et al., 2008). The localisation of lamin 

A/C in immature and mature MPCs, and peripheral localisation for L302P-

mutant cells was not studied in this thesis owing to a failure of MPCs to attach 

to cultureware compatible for confocal microscopy. How lamin A/C localisation 

between the nucleoplasm and the lamina changes during the commitment 

process from iPSC/ESC to progenitor cells found in adult tissue (e.g. MPCs, 

HIDEMs, myoblasts), and how this relates to nuclear contour ratios requires 

further investigation.  
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 A contributing cause of the abnormal nuclear shapes could be due to 

decreased overall protein expression of lamin A/C. Nuclear shape is related to 

the level of lamin A/C expression (Lammerding et al., 2006; Muchir et al., 2003). 

This could mean that cells suffer from a joint problem of having insufficient 

peripheral lamin A/C, and a lower absolute amount of lamin A/C compared to wt 

at the peripheral lamina. In section 3.1, lamin A/C peripheral localisation was 

calculated using a relative ratio of fluorescence intensity. This means that it did 

not measure absolute levels of lamin A/C. Immunostaining images appeared to 

show lamin A/C expression in LMNA-mutant HIDEMs was dramatically less 

than in wt HDIEMs (section 3.1, figure 3.1.4 and 3.1.9). This difference was 

not so apparent in L302P MPCs (section 3.4, figure 3.4.6 and 3.4.8) 

nevertheless this was not quantified by western blot, so a difference could still 

be present. This difference in protein production was not quantified in this thesis 

and would require validation by western blot. In support of this theory, 

LmnaK32del/K32del mice have reduced lamin A/C expression at the protein but not 

mRNA level in muscle and fibroblasts (Bertrand et al., 2012; Pilat et al., 2013). 

In contrast to this, when analysed in primary patient fibroblasts, typically LMNA 

missense or in frame deletions of one amino acid have a normal level of lamin 

A/C protein expression (Muchir et al., 2004; Vigouroux et al., 2001). L35P and 

R249W are missense mutations, and K32del an in-frame deletion; they are not 

necessarily expected to result in less lamin A/C. If there is indeed lower 

expression in LMNA-mutant HIDEMs, this would be an interesting finding as it 

denotes that disease pathology could be due in part to haploinsufficiency, 

something which would typically be expected from frame-shifting and nonsense 

mutations. This reduction in the amount of lamin A/C protein could be due to 

protein instability caused by an assembly defect, or clearance of misassembled 

aggregates. This difference in lamin A/C expression was not investigated in this 

thesis and requires further analysis by western blot.  

 

Abnormal nuclear shape implies an altered nuclear structure. The 

consequences of this could potentially affect the different cellular roles of lamin 

A/C in providing nuclear stability, signalling, regulating gene expression, 

chromatin organisation, mechanotransduction and response to mechanical 
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stress. In particular, altered nuclear shape indicates a lamina structure that is 

more susceptible to mechanical stress. Expression levels of lamin A/C are large 

determinants of nuclear deformability (Broers et al., 2004; Dahl et al., 2004; 

Lammerding et al., 2004), with decreased levels resulting in softer nuclei 

(Lammerding et al., 2006; Swift et al., 2013). Lamin A/C mutations have been 

shown to cause increased deformability in vitro, both in primary fibroblasts and 

when overexpressed in Lmna+/- MEFs (Zwerger et al., 2013). It is likely that the 

altered nuclear shape seen in LMNA-mutant HIDEMs, LMNA-mutant mature 

MPCs and R249W myotubes, represents nuclei that are more deformable. 

Indeed, K32del primary fibroblasts from a patient with AD-EDMD have 

previously been shown to have more deformable nuclei than control (Zwerger et 

al., 2013).  

 

The abnormally shaped nuclei we found in our study could also be more 

susceptible to nuclear rupture. In primary fibroblasts from laminopathy patients, 

abnormal shaped nuclei are associated with increased nuclear rupture (De Vos 

et al., 2011). Lamin A/C deficient nuclei also exhibit nuclear rupture 

(Lammerding et al., 2004; Robijns et al., 2016), abnormal nuclear shape 

(Robijns et al., 2016), and under mechanical strain have reduced viability 

(Lammerding et al., 2004). Although, abnormal nuclear shape is linked to this 

increased rupture, it typically occurs at sites lacking lamin B1 (De Vos et al., 

2011; Denais et al., 2016; Vargas et al., 2012). In this thesis LMNA-mutant 

HIDEMs (K32del, R249W and L35P) were also found to have significant 

capping of lamin B1, which could contribute to an increased rate of nuclear 

rupture (section 4.2.7 and 4.2.11).  

Nuclear weakness is likely to be exacerbated in mechanically active tissues 

such as muscle. Indeed, mice heterozygous for K32del and humans with DCM 

due to LMNA mutations have cardiac tissue that shows signs of nuclear rupture 

(Cattin et al., 2013; Gupta et al., 2010). The consequences of nuclear rupture 

include altered gene expression (De Vos et al., 2011), increased DNA damage 

(Denais et al., 2016; Raab et al., 2016), and chromothripsis (mass clustered 

chromosomal rearrangement in a single event) (Maciejowski et al., 2015). 

Interestingly, apoptosis is not necessarily affected in laminopathy cells that 

have undergone nuclear rupture in the absence of mechanical strain (De Vos et 
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al., 2011). Apoptosis is increased in lamin A/C deficient cells that have 

undergone mechanical strain, however this looks to be mostly caused by 

defects in NFκβ mediated mechanical stress response signalling and due only 

in small part to nuclear rupture (Lammerding et al., 2004).  

 

The effects of K32del, R249W, L35P and L302P mutations on susceptibility 

to mechanical strain induced deformation and nuclear rupture in HIDEMs and 

myotubes requires further investigation. Nuclear envelope rupture can be 

assessed by measuring the escape from the nucleus into the cytoplasm of a 

fluorescent protein (e.g. GFP) tagged with a nuclear localisation signal (De Vos 

et al., 2011; Hatch and Hetzer, 2016). Rate of nuclear rupture to stimuli such as 

culture on hard substrates (Tamiello et al., 2013), migration through a narrow 

pore (Denais et al., 2016), or application of mechanical strain (Lammerding et 

al., 2004) could also be assessed.  

 

 

4.2.6 Automated circularity and high-throughput screening 
 
In this thesis nuclear contour ratio was analysed using Fiji software by manual 

drawing (using the polygon tool). Attempts at automatically drawing around 

nuclei were made, however several problems were encountered. The software 

could not draw around lamin A/C mislocalisations and could not draw accurately 

around extremely deformed cells. Furthermore, automated segmentation to 

separate touching nuclei resulted in dysmorphic nuclei wrongly being assessed 

as adjacent cells and automatically segmented. Manual drawing was tried with 

the polygon tool and the freehand tool, with the polygon tool giving the most 

accurate results. A comparison of automated circularity attempts showed that 

the automated drawing gave artificially low nuclear circularity values in wt lines. 

Although all circularity values were lower so there was still a difference between 

control and LMNA-mutant, this difference was not as large as with the manual 

methods. For this reason manual drawing was used in this thesis to analyse 

nuclear contour ratios. Despite the improved accuracy, manual methods of 

assessing nuclear contour ratio are time-consuming and unsuitable for high-
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throughput applications, such as screening of potential therapies. Recently, 

software has been developed to quantify nuclear shape abnormalities in 

laminopathy lines (Verschuuren et al., 2017). This software has been 

specifically developed for LMNA-mutant cells, can accurately draw around 

blebbed nuclei, and can segment touching cells without also segmenting highly 

dysmorphic nuclei. Over all, this software had an accuracy of above 95% in 

recognising dysmorphic nuclei. Future work on this project could validate this 

automated software for high-throughput analysis of nuclear abnormalities on 

our LMNA-mutant iPSC derivatives. 

 

 

4.2.7 LMNA-mutant HIDEMs have aggregates of lamin A/C, 
lamin B1 capping and emerin foci 
 

In LMNA-HIDEMs all three mutations assessed (K32del, R249W and L35P) 

caused significant honeycomb/foci aggregates of lamin A/C. There was also 

significant capping of lamin B1 in all three lines, which occurred in regions that 

also had aggregates of lamin A/C. This implies that the aggregates of lamin A/C 

interfered with the localisation of lamin B1. In addition, there were significant 

foci of emerin in K32del and R249W HIDEMs. In L35P HIDEMs there were 

aggregates of emerin, although this difference was not significantly different 

from control the p value was close to 0.05 (p = 0.0631).  

The presence of aggregates was not assessed in L302P MPCs. Initial 

attempts to get the cells to adhere to tissue culture ware suitable for 

mislocalisation analysis failed. The MPCs are grown on tissue culture treated 

plastic coated with an MPC attachment substrate (available from Stem Cell 

Technology). This is diluted 1 in 300 for routine MPC passaging. More 

concentrated dilutions were tried on standard tissue culture plastic and cover 

slips (1 in 200, 1 in 100 and 1 in 50). However this did not improve cell 

adherence. Analysis of localisation defects by confocal microscopy would 

require further testing of different substrates, and/or tissue culture surfaces e.g. 

Fluorodish (World Precision Instruments), which is made of standard tissue 

culture plastic in a thickness suitable for confocal.  
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 Mislocalisation of lamin A/C and capping of lamin B1 has previously been 

seen in primary fibroblasts from patients with skeletal muscle laminopathies 

(Favreau et al., 2003; Muchir et al., 2004, 2003), and when mutations causing 

these disorders are overexpressed in C2C12 myoblasts (Favreau et al., 2003; 

Ostlund et al., 2001; Scharner et al., 2011).  Lamin B1 has also previously been 

found to be reduced in areas with lamin A/C honeycomb (Favreau et al., 2003; 

Vigouroux et al., 2001). When emerin mislocalisation is seen, this is typically 

mislocalisation from the nucleus into the cytoplasm (Muchir et al., 2003; Ostlund 

et al., 2001). Some foci of emerin within the nucleus have occasionally been 

seen in LMNA mutant cells (Muchir et al., 2003), however lamin A/C foci do not 

always cause emerin foci (Muchir et al., 2004; Ostlund et al., 2001; Scharner et 

al., 2011). Honeycomb emerin mislocalisation has been observed in regions 

where there is lamin A/C honeycombing in fibroblasts from patients with EDMD 

due to K32del, and FPLD (Muchir et al., 2004; Vigouroux et al., 2001). The 

emerin foci that were observed in section 3.1 typically occurred where there 

were large foci of lamin A/C. In this thesis emerin honeycombing was not 

assessed. Although emerin did appear to be more patchy and honeycombed in 

appearance in regions where there was also lamin A/C honeycombing, 

immunostaining in the LMNA-mutant HIDEM lines was too weak to robustly 

discern if this type of mislocalisation was indeed present (figure 3.1.10). The 

weak immunostaining maybe due to low emerin protein expression, which 

would be an interesting finding, that would require further investigation by 

western blotting.  

 

R249W has been shown to cause disorganisation of the nuclear lamina 

lattice resulting in loss of lamin A and lamin B1 from cell poles (capping) when 

overexpressed in C2C12 myoblasts, however no emerin foci were seen 

(Scharner et al., 2011). This is in contrast to the results presented in this thesis 

where there were significant emerin foci caused by this mutation (15% ±1.2% 

s.d.). R249W has also been shown to induce nucleoplasmic foci when 

transfected into HeLa (Tan et al., 2015), however, it is worth noting that HeLa is 

a cancer cell line so is not the best model to study mutation effects, as LMNA 

mutations are found in many cancers (de Las Heras et al., 2013).  
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In keeping with the results presented in this section, primary fibroblasts from 

patients harbouring the K32del mutation causing AD-EDMD have previously 

been shown to cause honeycomb mislocalisations of lamin A/C (K32del 11.3% 

vs. average of four controls 0.65%) (Muchir et al., 2004). In this thesis, a higher 

percentage of cells with mislocalisation of lamin A/C were found (38.4% ± 9.6% 

s.d. K32del vs. 4.6% ± 4.0 s.d. control p<0.0001). This could be due to 

differences between primary fibroblast and HIDEM cells, or the fact that we 

analysed localisation using confocal microscopy, which can have a higher 

resolution. In the LmnaK32del/K32del knock-in mouse model of L-CMD muscle 

sections show multiple nucleoplasmic lamin A/C foci, giving a ‘speckled’ 

appearance (Pilat et al., 2013). The foci observed in K32del HIDEMs in this 

thesis were slightly different in appearance to this past study, with the presence 

of honeycomb distribution as well as foci, which were not exclusively found in 

the nucleoplasm. In K32del fibroblasts emerin honeycombing has been seen in 

regions with lamin A/C honeycombs, but no emerin foci were seen (Muchir et 

al., 2004). In this thesis emerin foci typically occurred where there were foci of 

lamin A/C, in this past study there were no foci of lamin A/C, which could 

explain their observed lack of emerin foci.  

 
In this thesis L35P was found to cause aggregates of lamin A/C and 

mislocalisation of lamin B1. To our knowledge this is the first time that the 

effects of this mutation on nuclear shape and protein mislocalisation have been 

studied in any cell type. 

 

 

4.2.8 LMNA-mutant HIDEMs have reduced lamin A/C and emerin 
at the nuclear lamina 
 

All three LMNA-mutant HIDEM cell lines had a significantly reduced level of 

lamin A/C located at the nuclear lamina (nuclear periphery) compared to 

control. The presence of this peripheral lamin A/C was heterogeneous within 

the LMNA-mutant cell lines, with numerous cells not localising any lamin A/C to 

the nuclear periphery. This is in contrast to control, where 98.5% ±1.7% s.d. 
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had peripheral localisation of lamin A/C, significantly more than all LMNA-

mutant cell lines. These results are in keeping with previous studies that have 

shown mutations in LMNA can lead to a reduction in the amount of peripheral 

lamin A/C when overexpressed in C2C12 myoblasts (Barateau et al., 2017; 

Markiewicz et al., 2005; Ostlund et al., 2001). In addition, K32del has been 

shown to cause a reduction in peripheral nuclear lamin A/C in vivo in the muscle 

of Lmnak32del/k32del and LmnaK32del/+ mice (Bertrand et al., 2012; Pilat et al., 

2013). The effect of R249W and L35P on localisation of lamin A/C to the 

nuclear lamina has not previously been studied.  

 
In section 3.1, significant mislocalisations of emerin away from the nuclear 

periphery were seen. As with lamin A/C, the presence of peripheral emerin was 

heterogeneous, with numerous LMNA-mutant HIDEMs not localising emerin to 

the nuclear periphery. In contrast nearly all control cells (94.1% ± 5.1% s.d.) 

had peripheral emerin, significantly more than all LMNA-mutant HIDEMs. These 

data imply the mutant lamin A/C is unable to correctly localise emerin to the 

nuclear lamina. This result is in keeping with previous studies that have shown 

lamin A/C mutations can cause a loss of emerin localised to the nuclear 

envelope in vitro when overexpressed in C2C12 myoblasts (Ostlund et al., 

2001) and in LGMD1B primary patient fibroblasts expressing no functional 

lamin A/C (Y259X homozygous) (Muchir et al., 2003). Barateau et al saw some 

loss of emerin from the nucleus in C2C12 myoblasts transfected with L-CMD-

lipodystrophy mutation R388P, however the emerin that was still present in the 

nucleus did not have altered localisation between the nucleoplasm and nuclear 

periphery (Barateau et al., 2017). In vivo in C. elegans expressing K46del 

(equivalent to K32del in humans) there is diffuse or absent emerin staining, but 

no change in overall protein expression levels (Bank et al., 2011).  

X-EDMD is caused by mutation in emerin. In fibroblasts from patients with 

X-EDMD, there is low expression of emerin, and lamin C is also redistributed to 

the nucleoplasm (Markiewicz et al., 2002b). This suggests lack of peripheral 

lamin C and/or emerin maybe a common mechanism behind the pathology of 

muscular dystrophy caused by mutations in LMNA and the EMD gene encoding 

emerin.  
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In this thesis no significant mislocalisation of lamin B1 to the nuclear 

periphery was seen. This result is in keeping with previous studies that have 

found lamin B1 was still present at the nuclear periphery in embryonic muscle 

sections from the LmnaK32del/K32del mouse, when lamin A/C was absent (Bertrand 

et al., 2012). It is interesting to note this is different from the effect of lamin A/C 

aggregates on lamin B1 localisation seen in this thesis, and by others (Favreau 

et al., 2003; Vigouroux et al., 2001). Suggesting there is a specific destabilising 

effect of lamin A/C aggregates on lamin B1, which an absence of lamin A/C at 

the nuclear lamina does not produce. Lamin A/C and lamin B1 are thought to 

form separate but overlapping networks, with numerous contacts between them 

(Moir et al., 2000b; Shimi et al., 2008). The lamin A/C aggregates could be 

causing interference between these contacts.  

 

Mislocalisation of lamin A/C, lamin B1 or emerin from the nuclear lamina 

was not studied in L302P MPCs, or any of the mutant myotubes. L302P MPCs 

failed to adhere to confocal-microscopy-compatible slides after multiple 

attempts with different substrate dilutions. MyoD infected HIDEMs initially 

adhered to the confocal slides. However as the cells differentiated into 

myotubes they contracted and detached from the slides. Different concentration 

of Matrigel, a Matrigel sandwich, as well as a poly-L-lysine coating were all tried 

unsuccessfully. Eventually, differentiation was achieved using Fluorodishes 

(World Precision Instruments). Adherence of MPCs to Fluorodishes was not 

assessed. It was not possible to complete the analysis of LMNA localisation of 

myotubes on fluorodishes due to technical problems with antibody 

immunostaining. Localisation analysis was conducted in HIDEMs using a 

mouse anti-lamin A/C. For circularity analysis in myotubes a goat anti-lamin A/C 

antibody was used and a mouse anti-myosin heavy chain. Initial staining to 

comparing the goat and mouse anti-lamin A/C in the myotubes showed results 

were not comparable, with the goat antibody producing a weaker staining for 

lamin A/C particularly in the nucleoplasm for L35P. This means that using this 

antibody for mislocalisation analysis would not have produced results that were 

comparable between HIDEMs and myotubes. Attempts were made to find 

alternative antibodies to identify myotubes, with a rabbit anti-α actinin antibody 
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showing promise. However there was insufficient time remaining on the project 

to complete the necessary immunostaining, analysis and repeats for this 

experiment.  

 

 

4.2.9 Potential causes of lamin A/C mislocalisation 
 

The honeycomb/foci aggregates of lamin A/C and the lack of lamin A/C at 

the nuclear lamina imply that K32del, R249W and L35P mutations cause 

defects in lamin A/C protein assembly. Lamin A/C is comprised of a head 

domain, a central rod domain containing mostly alpha helices, and a tail domain 

containing a globular (Ig)-fold (reviewed in Herrmann et al., 2009). Lamins 

assemble into dimers by coiling around each other, these dimers then assemble 

head-to-tail by partially overlapping their rod domains at the intermediate 

filament consensus motif sites found at the beginning and the end of the central 

rod domain (reviewed in Davidson and Lammerding, 2014). These head to tail 

assemblies can further assemble to form mature filaments. Questions still 

remain however about the exact ultra-structural organisation of the nuclear 

lamina, particularly in mammalian cells. LMNA mutations causing DCM and 

EDMD have previously been shown to cause assembly defects in vitro (Bank et 

al., 2012; Bhattacharjee et al., 2013; Wiesel et al., 2008).  

L35P occurs in coil 1A of the rod domain in the intermediate filament 

consensus motif (IFCM). K32del is thought to be in coil 1A also (Bank et al., 

2011), however it is sometimes reported to be in the head domain (UMD-LMNA, 

2018), depending if the start of coil 1A is classed as amino acid 31 (Scharner et 

al., 2010a; Tan et al., 2015; Zwerger et al., 2015) or as amino acid 34 (Capell 

and Collins, 2006; Captur et al., 2017; UMD-LMNA, 2018). Regardless of the 

exact start of coil 1A, it is likely to still be involved in coil 1A assembly 

interactions due to its close proximity to this region, and it still appears to be in 

the IFCM, as the K in this position is semi conserved across other IF proteins. 

R249W occurs in the rod domain in coil 2A. The rod domain is important in 

lamin A/C protein assembly. It is involved in the assembly of dimers and higher 

order structures (Davidson and Lammerding, 2014; Herrmann and Aebi, 2016). 
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IFCM are located either end of the rod domain, and play a vital role in the 

assembly of higher-order structures. It is thought that the IFCM ‘unzip’ from the 

dimer to participate in two types of interaction (Heitlinger et al., 1992; Kapinos 

et al., 2011; Strelkov et al., 2004). First of all during head-to-tail assembly the C- 

terminal IFCM of one dimer associated with the N-terminal IFCM of another 

dimer to form a left-handed parallel coiled-coil. During lateral assembly of 

antiparallel polymers into protofilaments, they may form right-handed coiled-coil 

interactions between adjacent polymers in an antiparallel manner.  

 

The mutations looked at in our study could therefore, have multiple potential 

effects on lamin protein assembly. In support of this, when expressed in vitro in 

C. elegans, K46del (corresponding to K32del in humans) has been found to 

interfere with the lateral assembly of dimeric head-to-tail polymers into 

antiparallel tetrameric filaments (Bank et al., 2011). In vivo this resulted in 

peripheral nuclear aggregates in post-larval tissues. 

 

Lamin A/C nucleoplasmic localisation is dependent on LAP2α association 

(Naetar et al., 2008; Pekovic et al., 2007). Another potential explanation for the 

nucleoplasmic localisation of K32del, R249W and L35P observed in this thesis 

could therefore be due to increased interaction with LAP2α. However, work by 

Pilat et al. suggest this may not be the case, as peripheral lamin A/C 

localisation was not restored in the double mutant LmnaK32del/K32del LAP2α-/- 

mouse (Pilat et al., 2013). Therefore, the aggregates and lack of peripheral 

lamin A/C seen in LMNA-mutant HIDEMs are most likely due to an assembly 

defect that causes a failure to correctly incorporate into the nuclear lamina. This 

in turn could be causing a shape abnormality due to a reduction in the amount 

of correctly assembled nuclear lamina, as discussed in section 4.2.5.  
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4.2.10 Potential pathological implications of lamin A/C 
mislocalisation 
 

The pathological consequences of peripheral mislocalisation of lamin A/C 

could be caused by a negative effect of lamin A/C accumulation in the 

nucleoplasm, insufficient peripheral lamin A/C, or a combination of the two.  

 

Lamin A/C has many important roles within the cell, however the individual 

contribution of nucleoplasmic versus peripheral lamin A/C within these functions 

is not currently well understood. This is because lamin A/C function is typically 

studied in cells completely lacking both lamina associated and nucleoplasmic 

lamins (Azibani et al., 2014). Peripheral lamin A/C, which forms the nuclear 

lamina, is thought to have important roles in chromosome 

anchoring/organisation, gene expression, signalling, nuclear mechanics and 

mechanotransduction (Azibani et al., 2014; Gruenbaum and Foisner, 2015). 

Within the nucleoplasm lamin A/C along with LAP2α is thought to control cell 

cycle progression through regulation of Rb phosphorylation (reviewed in Dechat 

et al., 2010). Rb is important in cell proliferation signalling and in controlling cell 

cycle exit during myogenic differentiation (De Falco et al., 2006; Giacinti and 

Giordano, 2006). During cell proliferation the nucleoplasmic lamin A/C-LAP2α 

complex binds pRb preventing its phosphorylation. This causes pRb to stay 

bound to E2F, repressing cell cycle progression. During transition to S phase 

lamin A/C relocates to the nuclear periphery, allowing pRb phosphorylation and 

cell cycle progression (Naetar and Foisner, 2009). During myogenic 

differentiation, lamin A/C relocates to the nuclear periphery, and Rb is 

dephosphorylated (Markiewicz et al., 2005). This allows Rb/MyoD induction of 

myogenesis genes and permanent exit from the cell cycle (reviewed in De 

Falco et al., 2006).  

In HIDEMs, the defect in localisation of lamin A/C to the nuclear periphery, 

and subsequent accumulation in the nucleoplasm, could interfere with 

regulation of cell proliferation by altering the dynamics of lamin A/C-LAP2α cell 

cycle regulation. Data from the double mutant LmnaK32del/K32del LAP2α-/- mouse 

however, indicates that the mutant lamin A/C-LAP2α complexes are still 
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functional in the regulation of tissue progenitor cell proliferation (Pilat et al., 

2013). Zwerger et al suggested that cells with forced nucleoplasmic localisation 

of wt lamin A/C could be proliferating more slowly, as HDFs with the highest 

level of forced nucleoplasmic lamin A/C become less frequent with successive 

passaging (Zwerger et al., 2015). How the nucleoplasmic localisation of lamin 

A/C affects cell proliferation in LMNA-mutant HIDEMs requires further 

investigation.  

Alternatively, this lack of peripheral lamin A/C could interfere with Rb 

signalling required during differentiation to myotubes. In support of this, lamin 

A/C mutations have been shown to cause defects in muscle differentiation 

(Favreau et al., 2004; Frock et al., 2006; Markiewicz et al., 2005; Pilat et al., 

2013). Favreau et al found that the AD-EDMD mutation R453W when 

expressed in C2C12 myoblasts inhibits differentiation, there is a lack of proper 

cell cycle exit and Rb remains hyper-phosphorylated (Favreau et al., 2004). 

Expression of a FPLD mutation did not cause these differentiation effects. 

Markiewicz et al found that expression the AD-EDMD mutation W502S 

prevented differentiation of C2C12 myoblasts, and lamin A/C did not relocate 

from the nucleoplasm to the nuclear lamina (Markiewicz et al., 2005). In 

addition, this mutation interfered with the LAP2α-Rb interactions during the 

transition from proliferating to post mitotic myoblasts that occurs during early 

myogenic differentiation. There is also aberrant expression Rb/MyoD pathways 

identified in transcriptomic analysis of muscle biopsies of EDMD patients with 

LMNA and EMD mutations (Bakay et al., 2006), and in emerin null mice 

(Melcon et al., 2006). It is worth noting, as an alternative theory, this defect in 

MyoD/Rb signalling has also been proposed to be caused by altered lamin A/C 

control of gene expression occurring at the nuclear envelop through lamina 

associated domains (LADs) (Perovanovic et al., 2016), rather than by 

nucleoplasmic lamin A/C binding directly to Rb. If LADs are indeed important in 

the control of gene expression during myogenesis, then a reduction in the 

amount of lamin A/C at the nuclear periphery could perturb this function, in 

addition to the misregulation of nucleoplasmic lamins.  
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Based on the results presented in this thesis, and the altered myogenic 

differentiation potential seen in LMNA mutant cells in the literature, a potential 

future experiment on this project could be to study myogenic differentiation and 

lamin A/C localisation during this process. In this thesis the effect of the LMNA-

mutations on myogenic differentiation mechanics, such as timing of 

differentiation, myotube fusion index (amount of differentiation) and myogenic 

regulatory gene expression, was not assessed. All of the studied mutations did 

however differentiate into multinucleated myosin heavy chain positive 

myotubes. This included K32del, which has previously been shown to cause 

delayed and insufficient differentiation, with a failure to upregulate Myosin 

Heavy Chain during LmnaK32del/K32del myoblast differentiation (Pilat et al., 2013). 

A MyoD overexpression system was used in this thesis to drive differentiation, 

this maybe masking more subtle changes in differentiation mechanics. In 

support of this, Frock et al found that over expression of MyoD could rescue the 

impaired differentiation seen in Lmna-/- myoblasts (Frock et al., 2006).  

To further investigate lamin A/C mislocalisation and effects of differentiation, 

first of all, the localisation of lamin A/C during and after differentiation could be 

studied. In wt HIDEMs, lamin A/C is present in both the nucleoplasm and at the 

nuclear periphery. It is expected that as the cells differentiate more lamin A/C 

will relocate to the nuclear periphery. However, as the LMNA mutations K32del, 

R249W and L35P had reduced levels of peripheral lamin A/C, whether this 

relocation happens with these mutations is unclear. Secondly, the iPSC could 

be differentiated into myotubes using a protocol that does not rely on 

overexpression of transgenes, such as those recently developed using small 

molecules (Kodaka et al., 2017; Loperfido & Steele-Stallard et al., 2015). Once 

this has been achieve, the mechanics of differentiation could be assessed, such 

as myotube fusion index, timings and expression of myogenic genes and exit 

from the cell cycle Q-PCR and western blot (MyoD, Myogenin, MRF4, Myosin 

Heavy Chain, Rb). Additionally SOX2 expression can be studied, as incomplete 

silencing of this gene has been suggested to contribute to impaired myogenesis 

in laminopathy patient cells (Perovanovic et al., 2016). Finally, designed ankyrin 

repeat proteins that bind to lamin A/C and prevent its peripheral nuclear 

localization could be used during myogenic differentiation in control cells, to see 
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if phenotypes mimic mutant cells. This would help to resolve if any observed 

myogenic defects are due to nucleoplasmic mislocalisation.  

 
A lack of peripheral nuclear lamina could have a number of other potential 

deleterious effects. Mutations that cause increased nuclear deformability have 

been found to have nucleoplasmic lamin A/C (Zwerger et al., 2013). 

Furthermore, cells without peripheral lamin A/C have a more deformed nuclear 

shape (Zwerger et al., 2015). This suggests that the contribution of lamin A/C to 

nuclear mechanical properties depends mostly on lamin A/C located at the 

nuclear lamina. A lack of localisation of lamin A/C to the lamina could cause 

nuclei to be more deformable and sensitive to mechanical strain, as discussed 

in section 4.2.5.  

 

The nuclear lamina, together with emerin, SUN-domain proteins and 

nesprins forms the ‘links the nucleoskeleton and cytoskeleton’ (LINC) complex 

(reviewed in Simon and Wilson, 2011). Therefore, a reduction in peripheral 

lamin A/C could result in impaired LINC complex function. The LINC complex 

transmits mechanical force to the nucleus and maintains the distance between 

the inner and outer nuclear membrane. In addition to lamin A/C and emerin, 

mutations in other LINC complex proteins have been reported to cause EDMD 

(reviewed in Berk et al., 2013). This suggests LINC complex disruption is 

important in the pathology of skeletal muscle laminopathies. Indeed, Lmna-/- 

cells have impaired mechanotransduction, reduced viability in response to 

mechanical strain (Lammerding et al., 2004). Furthermore they have attenuated 

induction of NF-κB mediated transcription, a mechanical stress response 

pathway that provides anti-apoptotic signals. Additionally, EDMD and DCM 

mutations have also been shown to cause defects in cytoskeleton to nucleus 

force transmission (Zwerger et al., 2013). Together this implies a defect in 

mechanotransduction mediated through the LINC complex, these defects could 

be caused by a lack of peripheral lamin A/C.  
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4.2.11 Potential pathological implications of mislocalisation of 
lamin B1 and emerin 
 

We found the lamin A/C aggregates in the LMNA-mutant HIDEMs interfered 

with the localisation of lamin B1. As discussed in section 4.2.5, areas without 

lamin B1 are often the sites of nuclear envelop rupture resulting in a loss of 

compartmentalisation between the nucleus and the cytoplasm (De Vos et al., 

2011). Proposed mechanism is that without lamin B1 these areas are 

weakened and therefore prone to rupture (De Vos et al., 2011; Hatch and 

Hetzer, 2014; Tamiello et al., 2013). Whether areas lacking lamin B1 correlate 

to nuclear envelope rupture in the LMNA-mutant HIDEMs and myotubes 

requires further investigation.  

 
As discussed, emerin interacts with the LINC complex, in addition it has 

been implicated in several further cellular functions: it is involved in the 

regulation of transcription factors, mechanotransduction, signaling pathways, 

nuclear structure, gene expression and chromatin architecture (discussed in 

section 1.4.1) (reviewed in Koch and Holaska, 2014). A lack of emerin 

localisation to the peripheral nuclear lamina may interfere with these functions, 

the potential implications of which are altered gene expression, decoupling of 

the nucleus to the cytoskeleton leading to loss of mechanotransduction, and 

increased nuclear fragility. Indeed emerin null cell have increased apoptosis 

due to impaired activation of mechanotransduction response genes, however 

cells were not more deformable (Lammerding et al., 2005).  

Emerin is involved in the regulation of pathway important in muscle 

differentiation and regeneration. The emerin null mouse, although it has no 

overt pathology, during muscle regeneration there are abnormalities in cell-

cycle parameters and delayed myogenic differentiation (Melcon et al., 2006). 

These defects are associated with altered regulation of Rb and MyoD.  

Emerin regulates Lmo7 binding to Pax3 and MyoD promoters, genes that 

are important in muscle differentiation (Dedeic et al., 2011). Furthermore, 

emerin and histone deacetylase 3 (HDAC3) are involved in the epigenetic 

control of myogenic genes (Demmerle et al., 2013). In proliferating myoblasts 
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Pax7 is found in the nucleoplasm, which is correlated with an more ‘open’ less 

transcriptionally repressed chromatin state; and Myf5, MyoD, Myog at the 

nuclear periphery, which is correlated with a more ‘closed’ transcriptionally 

repressive chromatin state. During myotube differentiation this localization 

switches, a process that is dependent on emerin and HDAC3.  

In addition emerin regulates the JNK, MAPK, TGF-β and β–catenin/Wnt 

signaling, pathways that maybe important in the cardiac pathology of striated 

muscle laminopathies (Worman, 2017). Furthermore, it regulates Wnt, TGF-β, 

IGF-1 and notch signaling, which are important signalling pathways in muscle 

regeneration (reviewed in Koch and Holaska, 2014). These functions of emerin 

in the control of myogenic differentiation could be perturbed in the LMNA-

mutant iPSCs and require further investigation.  

 

 

4.2.12 LMNA-mutant MPCs do not have an increased rate of 
apoptosis 
 

In section 3.4, it was theorised that LMNA-mutant cells may have an 

increased rate of apoptosis. However, no significant difference in apoptosis was 

found between the LMNA L302P MPCs and control.  

Previous studies have shown that iPSC derived cardiomyocytes (CM) from 

patients with DCM due to either R225X, Q354X or T518fs dominant mutations, 

have a higher rate of apoptosis compared to control (Lee et al., 2017). Although 

this effect was not seen in DCM-iPSC derived fibroblasts with R225X mutation 

(Siu et al., 2012). Upon electrical stimulation, fibroblasts and cardiomyocytes 

with R225X have an increased rate of apoptosis, an effect not seen in wt cells 

(Lee et al., 2017; Siu et al., 2012).  

Increased sensitivity to mechanical strain has also been seen in Lmna-/- 

fibroblasts compared to control (Lammerding et al., 2004). At rest, Lmnawt/wt and 

Lmna-/- cells do not have a significantly different rate of apoptosis. However, 

after mechanical strain the rate of apoptosis was significantly higher in cells 

deficient of Lmna than in wt. The wt rates of apoptosis were not significantly 

increased in response to mechanical strain. The NFκβ pathway, that provides 
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anti-apoptotic signals in response to mechanical stress, was found to be 

impaired in Lmna-/- cells, with faulty transcriptional activation of this pathway 

thought to cause the increased apoptosis.  

The results presented in this thesis suggest that having an abnormal 

shaped nucleus on its own is not enough to cause increased apoptosis. Based 

on the literature, it seems that defective regulation of signalling pathways 

involved in apoptosis, such as NFκβ and ERK1/2 are the key drivers of this 

process. In addition, some form of external stimulus that mimics in vivo stresses 

e.g. muscle contraction and electrical stimulation in hearts, can be required to 

induce this apoptosis in LMNA-mutant cells.  

 

Although the L302P-MPCs do not have a higher rate of apoptosis, this does 

not necessarily mean that these cells grow and divide normally. The mutant 

cells could have increased senescence and an abnormal proliferation rate. 

Abnormal nuclear lamina shape can be an indicator of nuclear senescence 

(Righolt et al., 2011). Primary myoblasts from an AD-EDMD patient show an 

increased rate of cellular senescence (Kandert et al., 2009). One of the typical 

hallmarks of HGPS cells is an increased rate of cellular senescence (Cao et al., 

2011; Xiong et al., 2013). Whether the LMNA mutations looked at in this thesis 

are associated with an increased rate of senescence was not studied and 

requires further investigation.  

 

 

4.2.13 Control iPSC lines 
	

	It is worth noting that in this thesis for experiments studying disease 

phenotypes with HIDEMs in section 3.1 only one control cell line was used per 

experiment, where as in section 3.4 two control cell lines were used. Johnson 

and colleagues conducted a review of iPSC literature published up to 2014, and 

found that the median number of controls used in iPSC studies was likewise 1, 

and the average 1.6 (Johnson et al., 2017). Work conducted in this thesis is 

therefore in keeping with other iPSC studies, however the field is moving away 

from using only 1 or 2 control cell lines. This is particularly in light of recent 

research that has highlighted the existence of significant variability between 
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different iPSC lines (Kilpinen et al., 2017). These differences can be at the 

mRNA, epigenetic and genetic level (Carcamo-Orive et al., 2017; Kilpinen et al., 

2017; Liang and Zhang, 2013; Salomonis et al., 2016). The sources of variation 

can be due to the genetic background of the individual, method of iPSC 

generation, genetic abnormalities acquired in culture, as well as donor cell type. 

Donor cell age may also contribute to this variation, however it seems that 

cellular age is ‘reset’ during reprogramming to iPSCs (Miller et al., 2013). A 

recent study showed that between 5-46% of variation in iPSC phenotypes 

(differentiation capacity, gene expression and cell morphology) can be 

attributed to variation between individuals (Kilpinen et al., 2017). This variation 

between iPSCs can cause differences in cell functions, and can confound 

identifying true differences between control and disease cell lines, creating false 

positives or false negatives. An identified difference maybe the result of 

underlying genetic variability between iPSC lines rather than due to the disease 

causing mutations. Alternatively, no difference maybe identified when one does 

exist.   

To reduce variability between iPSC lines, the ideal control cell line would be 

generated from the same donor cell type, using the same method. Additionally 

the control individual should be as closely matched as possible in terms of age, 

gender and ethnicity, however this will not fully account for differences in 

genetic background. The more ideal choice for a control cell line is therefore to 

use an isogenic control (reviewed in (Ben Jehuda et al., 2018; Kim et al., 2014). 

This is where the disease causing mutation has been genetically corrected. 

This means that the isogenic control will have the same genetic background as 

the patient cell line, as well as any genetic abnormalities acquired in culture or 

through derivation. This will help to control for epigenetic and gene expression 

differences. The advent of the CRISPR/CAS9 system has greatly facilitated the 

use of isogenic controls, and is faster and cheaper alternative to previously 

used methods such as zinc finger nucleases and TALENs. Research within the 

disease modelling iPSC field is therefore moving towards the use of 

CRISPR/Cas9 generated isogenic controls as standard.  

 

The CRISPR/cas9 approach enables targeted, precise and efficient editing 

of genomic DNA. It uses a small guiding RNA molecule designed to target the 



	 242	

region of interest, which is combined with a non-sequence specific protein. This 

system has numerous additional uses in iPSC disease modelling research 

(reviewed in (Ben Jehuda et al., 2018). 1. It can be used to generate knockout 

disease models. 2. Disease cell lines can be generated by editing-in disease 

causing mutations in healthy control cell lines. This can be particularly useful in 

the study of rare diseases where primary cells may not be available. 3. It can be 

used to create reporter cell lines, where luminescent tags (e.g. GFP) are 

attached to disease causing genes of interest. These reporter lines can then be 

used to study temporal gene expression in living cells. 4. CRISPR/cas9 can 

itself be used as a potential therapy, where mutations can be corrected ex vivo 

in iPSC-derived cells. These corrected cells can then be transplanted back into 

the patients. However, it is worth noting that off-target mutations have been 

seen with CRISPR/Cas9, which raises safety concerns for their use in cellular 

therapies, as well as in disease modelling studies (Zhang et al., 2015). 

Assessment for off-target genetic abnormalities with a method sensitive enough 

to detect SNV will therefore be advisable, particularly for their use in cellular 

therapy applications. 

 

Isogenic controls were not used in this thesis, furthermore the control iPSC 

lines were not generated using the same cell types or reprogramming methods 

as the LMNA-mutant iPSCs (see section 2.1.1 for details). However, the 

disease phenotypes investigated here (abnormal nuclear shape and nuclear 

lamina protein mislocalisation) are well documented to occur as a result of 

striated muscle laminopathy mutations in vitro (Barateau et al., 2017; Favreau 

et al., 2003; Muchir et al., 2004, 2003; Ostlund et al., 2001; Scharner et al., 

2011), as well as in vivo in patients and in animal models (Bank et al., 2011; 

Cattin et al., 2013; Fidzianska and Hausmanowa-Petrusewicz, 2003; Nikolova 

et al., 2004; Y. E. Park et al., 2009; Pilat et al., 2013). Indeed, as discussed in 

section 4.2.3, 4.2.7 and 4.2.8, two of the four mutations studied in this thesis, 

K32del and R249W have previously been shown to cause abnormal nuclear 

shape (Bertrand et al., 2014; Cattin et al., 2013; Scharner et al., 2011) or lamina 

protein mislocalisation (Bank et al., 2011; Muchir et al., 2004; Pilat et al., 2013; 

Scharner et al., 2011; Tan et al., 2015). It is therefore likely that the results 

presented in chapter 3.1 and 3.4 represent true phenotypes caused by these 
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mutations. However, it would be wise to employ the use of isogenic controls in 

future experiments, particularly when studying phenotypes that can be variable 

between iPSCs (eg. differentiation potential).  

 

  

4.2.14 Future directions for LMNA-mutant iPSCs 
	

The LMNA-mutant iPSCs studied, and derived, in this thesis open up many 

new avenues in potential in vitro modelling of laminopathies. Potential further 

experiments have been suggested throughout this discussion. In summary 

these were: 1. Improve on disease modelling of abnormal nuclear shape in 

myotubes, by subjecting cells to electrical stress, or performing myotube 

differentiation in 3D (see section 4.2.4). 2. Assess mislocalisation of nuclear 

lamina proteins in myotubes. 3. Study the effects of LMNA mutations on 

myotube differentiation, however this would be best approached using a 

protocol that does not rely on transgene over expression, which may mask any 

differentiation defects. Differentiation mechanics such as myotube fusion index, 

timing and expression of genes involved in myogenesis and exit from the cell 

cycle can be assessed by Q-PCR and western blot (eg MyoD, Myogenin, 

MRF4, Myosin Heavy Chain, Rb; see section 4.2.10) 4. Investigate how lamin 

A/C peripheral to nucleoplasmic localisation changes during transitions from 

iPSC to immature mesoderm to myogenic precursor cell (HIDEMs/MPCs) 

(section 4.2.5). 5. Nuclear rupture and deformability could also be assessed 

(section 4.2.5). 6. Apoptosis in response to mechanical strain and senescence 

(section 4.2.12). 7. Finally Lamin A/C, Lamin B1 and Emerin protein expression 

could be assessed, as immunofluorescence staining appears that there is 

reduced expression in some cells (section 4.2.5).  

 

In addition to these potential experiments, it would be particularly interesting 

to study lineage specific effects of LMNA mutations with these iPSCs. As 

discussed in section 1.6.3 it is uncertain why laminopathies have such striking 

tissue specific phenotypes, although there are several theories on this. iPSCs 

offer a unique opportunity to study and investigate these potential mechanisms 

further, as they can be differentiated into all the cell types affected in the 
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different tissue specific laminopathies. This will be of particular interest 

combined with results from other laminopathy iPSCs. For example, if FPLD-

iPSCs are differentiated into myogenic cells will they also display similar 

phenotypes to the skeletal muscle laminopathy iPSCs? FPLD-iPSCs have been 

shown to have defects in adipocyte differentiation and altered lipid metabolism 

(Friesen and Cowan, 2017), will these effects not be seen in iPSCs derived 

from skeletal muscle laminopathy when they are differentiated into adipocytes? 

Indeed some work studying the lineage specific effects with iPSCs has been 

conducted for HGPS (Nissan et al., 2012; Zhang et al., 2011).  

Finally, given the role of the nuclear lamina in control of gene expression 

and epigenetics through lamina associated domains (LADs) (reviewed in 

(Gruenbaum and Foisner, 2015), LMNA-mutant iPSC derived cells could be 

used to study how these domains differ compared to control. This will be 

particularly interesting to assess in cells that undergo differentiation, a process 

that requires changes in LADs, epigenetics and gene expression. Indeed work 

already conducted seems to show that LMNA-mutant fibroblasts differ in their 

LADs (Meaburn et al., 2007; Perovanovic et al., 2016). Furthermore patient 

muscle biopsies and Lmna-null cells show abnormal myogenic gene expression 

(Bakay et al., 2006; Frock et al., 2006).  

 

As discussed in section 4.2.13 these suggested future experiments should 

be conducted with isogenic controls to prevent false positive or false negative 

results. This is particularly true for differentiation and gene expression 

phenotypes, that have been found to vary between different healthy iPSC lines 

(reviewed in (Liang and Zhang, 2013).  
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4.3 Towards an AON exon skipping therapy for laminopathies 
 
 In this thesis, phenotypes have been seen in LMNA-mutant iPSC-derived 

cells from patients with skeletal muscle laminopathies. This establishes the use 

of iPSCs for in vitro disease modelling for these disorders. Moreover, now these 

phenotypes have been seen, they can be used for future in vitro therapy 

screening. Patient-specific iPSCs are of particular use for testing personalised 

therapies that may work on some mutations but not on others. Examples of 

such mutation specific effects have been seen in laminopathy patient cells. Lee 

et al applied a nonsense read-through drug to iPSC-cardiomyocytes derived 

from three patients with LMNA mutations: two with nonsense mutations and one 

with a frame-shifting mutation (Lee et al., 2017). The nonsense read-through 

drug produced a full length LMNA transcript for one of the mutations only 

(R225X). This corresponded to a reduction in nuclear blebbing, amelioration of 

electrical stress induced apoptosis, and an improvement in excitation-

contraction coupling in the R225X-iPSC derived cardiomyocytes.  

 Recent work within the Zammit laboratory has developed a potential 

therapy for patients with a mutation in LMNA exon 5 based on AON exon 

skipping (Scharner et al., 2015). AONs are designed to be complimentary to 

splice enhancer sequences or splice sites of a target exon. They bind to these 

regions in the mRNA transcript preventing their recognition by splicing 

machinery, and thus prevent the inclusion of the target exon in the final 

transcript. This produces a shorter protein that lacks the target exon, but still 

retains functionality, provided the target exon is in frame and does not contain 

critical domains. In Lmna null MEFs, lamins A and C lacking exon 5 (Δ 5) 

restored normal nuclear shape, and localised lamin B1 and emerin correctly, to 

levels comparable to expression of wt. Furthermore, expression of a lamin A Δ 5 

in wt MEFs did not produce any dominant negative effects. Candidate AONs 

were also screened and LMNA exon 5 skipping was detected at the RNA level 

in HeLa cells. Work conducted in this thesis has further contributed to in vitro 

development of this therapy. In section 3.2, the protein expression of lamin A Δ 

5 was assessed in two human cell lines, HeLa and 293T HEK. Lamin A Δ 5 was 

stably expressed at the protein level over the time course of the experiment in 
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both these cell lines. HEK expressed a low level of endogenous lamin A, a 

result which is in keeping with previous observations in this cell line 

(Piekarowicz et al., 2017).  

 The proposed AON treatment to skip LMNA exon 5 would not be allele 

specific, and would skip both mutant and wt. The results presented in this thesis 

show the exon-skipped form of lamin A Δ 5 is expressed in human cells and is 

not subject to a substantial degradation. This means that skipping of exon 5 

should in theory not result in a reduction of the total amount of lamin A/C. 

Reducing the amount of lamin A/C protein expression is not the goal of AON 

treatment in this case, but rather the replacement with a functional lamin A/C 

protein. This is important, as both dominant negative and haploinsufficiency 

have been reported as potential mechanisms for laminopathies (Benedetti et 

al., 2007; Wolf et al., 2008). Therefore if the total amount of lamin A/C is 

reduced, disease pathology due to a dominant negative mutation could simply 

be replaced with pathology due to insufficient lamin A/C.  

 The next step in the development of this therapy is to test AON mediated 

exon 5 skipping in human cells with a mutation in exon 5. In this thesis 

fibroblasts from a patient with a mutation in exon 5 (LMNA c.905T>C p.L302P) 

were reprogrammed into iPSCs. Commitment of these cells to mature MPCs 

showed they possessed an abnormal nuclear shape. The next phase on this 

project would be to apply the candidate AONs identified by Scharner et al. to 

the mature MPCs and assess if there is an improvement in this shape defect 

(Scharner et al., 2015). It is worth noting that exon 5 contains binding sites for 

pRb and ERK1/2 (T. Dechat et al., 2010; Zastrow et al., 2004). Assessments so 

far have not looked to see how lamin A/C Δ5 functions versus wt lamin A/C in 

terms of pRb and ERK1/2 signal regulation and this will require further 

assessment. Further clinical translation would also require testing the AONs in 

vivo and/or in more complex in vitro human models. Only one mouse model has 

been developed with a mutation in exon 5, for AR-CMT2B1, which affects 

peripheral nerves. However, LmnaR298C/R298C mice fail to show a nerve 

phenotype (Poitelon et al., 2012). 
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 The exon skipping of disease causing dominant missense mutations 

represents a new application of this type of therapy. Previous exon skipping 

work has looked at restoring the reading frame in patients with nonsense or 

frame-shifting mutations, for example in patients with large frame-shifting 

deletions in the X-linked disease Duchenne muscular dystrophy (DMD) 

(reviewed in Nakamura, 2017; Sardone et al., 2017). DMD can be caused by a 

deletion of exon 52, which on its own is out of frame. However if exon 51 is 

skipped with an AON, then together a deletion of exon 51-52 is in frame. The 

resulting protein is shorter, but still retains some functionality, as in the mutated 

dystrophin produced in the milder Becker muscular dystrophy. Eteplirsen and 

Disarpsen, two AONs that both skip DMD exon 51, have been tested in phase I 

and II clinical trials for the treatment of DMD. These two drugs differ in their 

AON chemistry, Eteplirsen is a phosphorodiamidate morpholino (PMO) and 

Disarpsen contains a 2′-O-methly modification (2’OMe). Unmodified RNAs or 

DNAs are not suitable for AON use as they are susceptible to intracellular and 

extracellular nucleases, and bind weakly to plasma proteins and are rapidly 

filtered by the kidneys. Eteplirsen has been shown to restore dystrophin 

expression and slow the rate of ambulation decline. Recently Eteplirsen has 

been given approval by the US FDA, and has orphan drug designation in the 

USA and EU (reviewed in Syed, 2016). There are on-going clinical trials further 

evaluating Eterlipsen (reviewed in Sardone et al., 2017). However Disarpsen, 

despite showing improvements in motor function in phase II clinical trails, in a 

phase III clinical trail it did not show a significant improvement in the 6 minute 

walk test versus placebo (the studies primary endpoint) (Goemans et al., 2018). 

It is thought this could be due to heterogeneity in the stage of disease in the 

cohort of patients included in this study, with the drug showing significant 6 

minute walk test improvement in the subgroup of patients with less advanced 

disease. Despite this, it looks unlikely that the FDA or EMA will approve 

Disarpsen at this stage (“BioMarin Announces That FDA Has Advised it Will Not 

Take Action on the KyndrisaTM (drisapersen) New Drug Application by the 

PDUFA Date,” 2015).  

 

 An alternative approach has been to block mutations that cause the 

creation of cryptic splice sites, for example in the dominant disease HGPS 



	 248	

caused by mutations in LMNA (Harhouri et al., 2016; Osorio et al., 2011). In 

addition, using AONs to decrease protein expression is being developed in the 

case of facioscapulohumeral muscular dystrophy (Chen et al., 2016; Marsollier 

et al., 2016). This disease is caused by aberrant Double homeobox 4 (DUX4) 

transcription factor expression, thus AONs targeting the mRNA polyadenylation 

signal or the cleavage site of DUX4 have been developed to down-regulate the 

expression of this gene. Other approaches are exon inclusion, which is being 

developed for spinal muscular atrophy (Hoy, 2017). SMA is caused in the vast 

majority of cases by homozygous deletion of Survival of Motor Neuron 1 

(SMN1) gene. A paralogue of this gene exists SMN2, which is normally not 

expressed as a full-length protein due to skipping of exon 7. Nusinersen 

(SPINRAZA), an AON that leads to the inclusion of exon 7, is currently in Phase 

II and III clinical trials. Based on promising clinical improvements in treated 

patients, it is approved for use in the USA and is under consideration for use in 

the EU. The AON clinical trial results for DMD and SMA, which have led to 

clinically approved AON therapies, gives hope for the wider application of these 

treatments for other diseases.  

 

 The main hurdles in the clinical translation of AON therapies are stability, 

efficiency and tissue targeting. For example, the heart has proved a difficult 

tissue to target during preclinical in vivo testing of AONs for DMD (Nakamura, 

2017). To improve on this, modified AON chemistries have been developed, 

nanoparticle encapsulation, as well as conjugating to targeting peptides, 

(reviewed in Juliano, 2016; Ming and Laing, 2015; Sardone et al., 2017). Since 

DMD affects the same tissues that are affected in skeletal muscle laminopathies 

(skeletal muscle and heart), chemistries developed for tissue targeting in this 

disease can be exploited for treatment of laminopathies affecting skeletal 

muscle and heart. The most frequent mutation in exon 5 causes AR-CMT2B1 

affecting peripheral nerve, which could exploit strategies to target neurons 

developed for SMA. 

 

 What level of exon skipping will be required to overcome the effect of the 

dominant negative mutations in exon 5 remains uncertain, and is likely to be 

mutation specific. If expression of the mutant allele is knocked down from 50% 
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to 30% of total lamin A/C expression will this be sufficient to rescue pathology? 

Or will the dominant mutation still exert its affects? For dominant mutations in 

this exon, complete removal of all the deleterious protein maybe required, which 

maybe a problem if the AONs produce inefficient skipping, especially when 

further combined with the problem of inefficient tissue targeting when moving 

into whole organisms. Promisingly, in the dominant disease HGPS, typically 

caused by a cryptic splice site mutation in LMNA, AONS have been shown to 

ameliorate phenotypes and improve life span in a progeria mouse model 

(Osorio et al., 2011). This demonstrates that reducing the effects of a dominant 

LMNA mutation is theoretically possible, although HGPS causes pathology via 

a different mechanism related to the accumulation of the toxic farnesylated form 

of lamin A, progerin.  

 

 A number of therapies are being developed for skeletal muscle 

laminopathies and DCM (discussed in section 3.2.1, and reviewed in Worman, 

2017). However, these therapies typically target pathways, such as inhibition of 

ERK1/2 (Muchir et al., 2012a, 2009) and induction of mTOR autophagy (Choi et 

al., 2012). Skeletal muscle laminopathy pathology has been proposed to be due 

to mechanical stress, gene expression and stem cell defects (Azibani et al., 

2014; Gruenbaum and Foisner, 2015). This corresponds to the numerous 

functions of LMNA. The individual contribution of each of these mechanisms to 

disease pathology remains uncertain. Indeed pathology could be due to a 

combination of these mechanisms. If this is the case, it may well be that a 

therapy targeting one specific pathway may only be able to ameliorate some of 

the disease phenotype. A therapy that targets the LMNA gene itself, such as 

AONs would have the benefit of acting on all of the mechanisms thought to be 

important in skeletal muscle laminopathies. Nevertheless, mutation specific 

strategies such as AONs can only be applied in a certain number of patients, 

making them more costly to develop. Moreover, only a fraction of patients (6.0% 

of the total 2251 reported cases in the LMNA mutation data base) have 

mutations in LMNA exon 5 (UMD-LMNA, 2018). Out of the 134 reported cases 

of mutations in exon 5, AR-CMT2B1 accounts for 80, skeletal muscle 

laminopathies 40, DCM 6, Werner syndrome 3, Progeroid syndrome 1, and 

FPLD 4. For patients with mutations in non-exon 5 genes, other therapeutic 
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strategies will need to be developed. For such therapies, in vitro testing in 

panels of patient specific iPSCs could enable the identification of novel 

compounds and help identify patient and cell type specific effects.  

 

 

 

4.4 Concluding Remarks 
	

In this thesis fibroblasts from a patient with L-CMD due to a missense 

mutation in LMNA exon 5 (LMNA c.905T>C p.L302P) were successfully 

reprogrammed into iPSCs. This represents the first time that iPSCs have been 

generated for this mutation. This iPSC line along with three already 

reprogrammed iPSC lines from skeletal muscle laminopathy patients were 

differentiated into myogenic precursor cells (HIDEMs), MPCs and myotubes. 

Disease-associated phenotypes were observed in these cells. In HIDEMs 

K32del, R249W and L35P caused an abnormal nuclear shape, aggregates of 

lamin A/C and lamin B1 capping. Furthermore there was a lack of lamin A/C 

and emerin localization to the nuclear lamina, further highlighting this as an 

important disease associated phenotype. In mature MPCs, L302P also caused 

an abnormal nuclear shape. In myotubes, only R249W produced an abnormal 

elongated nuclear shape. It is hypothesized that K32del, R249W and L35P 

cause defects in lamin A/C assembly resulting in the observed protein 

aggregates and failure to incorporate into the nuclear lamina. This failure to 

incorporate into the nuclear lamina is hypothesised to be causing the abnormal 

nuclear shape. Together the abnormal nuclear shape, mislocalisation of lamin 

B1 and reduction in peripheral lamin A/C imply a nucleus that is more 

deformable and prone to rupture under mechanical strain. Furthermore, the 

failure of lamin A/C to assemble at the nuclear lamina could have many 

implications, such as interfering with myogenic differentiation, which require 

further investigation.  

Together, the results presented in this thesis demonstrate that iPSCs from 

skeletal muscle laminopathy patients can be used to model disease-associated 

phenotypes in vitro. This lays the foundation for future therapy testing and 

disease modelling in skeletal muscle laminopathies using patient specific 
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iPSCs. To this end, in this thesis, work towards developing a therapy based on 

skipping disease causing mutations in LMNA exon 5 was conducted. The 

disease phenotypes observed in cells derived from LMNA exon 5 mutant 

iPSCs, can now be used to test the therapeutic potential of skipping of this 

exon.  
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