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SUMMARY 

Muscular dystrophies (MDs) are a group of inherited degenerative disorders characterized 

by progressive muscle wasting and, in some cases, short life expectancy. More than 40 genes 

have been identified as causative for MDs and there is still no cure for these disorders. Cell 

replacement therapy holds the promise to regenerate and restore the dystrophic muscle after 

allogeneic or autologous transplantation. The ability of skeletal muscle to regenerate relies on a 

population of quiescent muscle stem cells called satellite cells (SCs). Upon injury, they proliferate 

and generate a committed progeny (a.k.a. myoblasts) that is responsible for muscle repair. SCs 

can be isolated from muscle biopsies and, when transplanted into regenerating muscles, show a 

robust engraftment potential. Therefore, SCs represent an optimal candidate for cell-therapies, 

although there are limitations as the loss of their stemness during in vitro amplification. Cell-based 

strategies can be combined with gene editing technologies for autologous transplantation of 

corrected cells. The CRISPR/Cas9 system relies on single guide RNAs (sgRNAs) and a Cas9 

nuclease to induce site-specific double strand breaks (DSBs). The genome editing is then achieved 

via intrinsic repair mechanisms such as non-homologous end joining (NHEJ) or the homology-

directed (HDR) DNA repair pathway. CRISPR/Cas9-based gene editing has been reported for 

correction of several MD-causing mutations in vivo and ex vivo systems. However, no results have 

been published yet for the correction of disease-causing mutations in human myoblasts. Therefore, 

the establishment of optimal gene correction strategies, as well as new culture conditions that 

preserve the regenerative potential of myoblasts have been extensively investigated to improving 

cell-based treatments. 

In this study, I first developed a CRISPR/Cas9-based ex vivo gene editing method in human 

primary myoblasts (hPMs) to repair a mutation in the dysferlin gene (DYSF) that is known to cause 

limb girdle muscular dystrophy type 2B (LGMD2B) which is an autosomal recessive disease 

characterized by severe weakness and atrophy of the pelvic and girdle muscles. The mutation in 

the exon 44 of the DYSF gene (c.4872_4876delinsCCCC) causes a shift of the open-reading frame 

resulting in the absence of the encoded protein. Here, I showed that the DYSF coding sequence 

can be re-framed via a single nucleotide insertion combining the Cas9 nuclease with a mutation-

specific sgRNA. As consequence, the missing protein was re-expressed in edited myoblasts and 

correctly localized at the membrane of terminally differentiated myotubes. These results proved the 

feasibility of CRISPR/Cas9-based editing to correct a specific mutation in LGMD2B patient-derived 

PMs. 

As a second aim of this study, to preserve the regenerative potential of in vitro cultured 

myoblasts by avoiding extensive cell proliferation, I characterized bacterial nanocellulose (BNC) as 

an alternative substrate for hPMs. BNC is a water-insoluble polysaccharide consisting of cellulose 

nano-fibers produced by bacteria (e.g Gluconacetobacter xylinus). BNC is biocompatible, 

extensively used in regenerative medicine and tissue engineering and displays similarities with 

extracellular matrix (ECM) proteins like collagen. I showed that hPMs on the BNC substrate were 

able to be cultured for weeks without reaching confluence, suggesting a substantial reduction of 
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their proliferation rate compared to standard culture on plastic dishes (Standard). I investigated 

hPMs cellular morphology, proliferation capability and total gene expression profiles comparing 

BNC to Standard. The results confirmed that BNC substrate induces a slow-dividing state of hPMs, 

avoiding extensive propagation and preserving cells for weeks without undergoing terminal 

differentiation or senescence. Remarkably, hPMs were able to recover proliferation and myogenic 

potential (e.g. differentiation in multinucleated myotubes) when placed back in Standard after 2 

weeks of BNC culture. Lastly, I proved that CRISPR/Cas9-based gene editing is also functional in 

hPMs on BNC using NCAM1 (neural cell adhesion molecule 1) knockout as readout strategy. 

Therefore, BNC is a suitable in vitro method for testing genetic manipulation in slowly-dividing 

primary cells. 
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ZUSAMMENFASSUNG 

Muskeldystrophien (MD) sind eine heterogene Gruppe von vererbbaren, degenerativen 

Muskelerkrankungen, die durch einen progressiven Verlust der Muskulatur und, in einigen Fällen, 

einer verminderten Lebenserwartung charakterisiert sind. Es wurden bereits mehr als 40 Gene, die 

MDs auslösen, identifiziert, aber bis jetzt konnte keine Therapie gefunden werden. Die 

Zellersatztherapie ist eine vielversprechende Methode, um dystrophe Muskeln nach einer 

allogenen oder autologen Zelltransplantation zu regenerieren und wiederherzustellen. Die 

Fähigkeit des Skelettmuskels sich selbst zu regenerieren, beruht auf einer bestimmten Anzahl von 

quieszenten Muskelstammzellen, den sogenannten Satellitenzellen (SCs). Nach einer Verletzung, 

beginnen sie zu proliferieren und generieren die sogenannten Myoblasten, eine Zellpopulation, die 

verantwortlich für die Muskelreparatur ist. SCs können aus Muskelbiopsien isoliert werden und 

zeigen nach Transplantation in einen regenerierenden Muskel ein robustes Einwachsen in diesen. 

Daher sind SCs ein optimaler Kandidat für Zelltherapien, obwohl sie während der in vitro 

Vermehrung ihre Stammzelleigenschaften verlieren können.  

Zell-basierte Therapien können zusammen mit Geneditierungstechnologien für eine autologe 

Transplantation von korrigierten Muskelzellen genutzt werden. Das CRISPR/Cas9 System benötigt 

hierbei eine single guide RNAs (sgRNAs) und die Nuklease Cas9, um an spezifischen Stellen im 

Genom Doppelstrangbrüche hervorzurufen. Die Editierung des Genoms erfolgt dann mittels 

intrinsischer Reparaturmechnismen zum einen über Non-homologous end-joining (NHEJ) oder 

zum anderen über Homology-directed repair (HDR). Die CRISPR/Cas9-basierte Geneditierung 

wurde bereits für die Korrektur verschiedener MD-auslösender Mutationen in vivo und ex vivo 

genutzt. Allerdings wurde bis jetzt noch keine Geneditierung von humanen Myoblasten publiziert. 

Daher wurden hier die Etablierung einer optimalen Strategie zur Genkorrektur sowie neue 

Zellkultur-Methoden, die das regenerative Potential von Myoblasten unterstützen, intensiv 

untersucht, um zell-basierte Therapien zu verbessern.  

In dieser Studie, habe ich zuerst eine CRISPR/Cas9-basierte Geneditierungsmethodik 

entwickelt, um eine Mutation im Dysferlin (DYSF) Gen in primären humanen Myoblasten (hPM) zu 

reparieren. Diese Mutation führt zur Ausprägung der Gliedergürteldystrophie vom Typ 2B 

(LGMD2B), bei der es sich um eine autosomal rezessive Krankheit handelt, die durch eine starke 

Muskelschwäche und Atrophie der Becken- und Hüftmuskulatur charakterisiert ist. Die hier 

untersuchte Mutation liegt in Exon 44 des DYSF Gens (c.4872_4876delinsCCCC) und führt zu 

einer Verschiebung des offenen Leserahmens, was wiederum zu einem Verlust des kodierten 

Proteins führt. Ich zeige hier, dass der offene Leserahmen von DYSF durch die Insertion eines 

Nukleotids wiederhergestellt werden kann, wenn Cas9 mit einer mutations-spezifischen sgRNA 

genutzt wird. Daraus resultiert eine Re-Expression des DYSF Proteins in editierten Myoblasten 

sowie eine korrekte Lokalisierung des Proteins in der Membran von terminal differenzierten 

Myotuben. Diese Ergebnisse zeigen, dass die CRISPR/Cas9-basierte Geneditierung genutzt 

werden kann, um spezifische Mutationen in hPMs von LGMD2B Patienten zu korrigieren. 
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Das zweite Ziel dieser Studie war es, das regenerative Potential von in vitro kultivierten 

Myoblasten zu erhalten, ohne dass übermäßiges Zellwachstum stattfindet. Dafür habe ich 

bakterielle Nanocellulose (BNC) als ein alternatives Substrat für die Kultivierung von hPMs 

charakterisiert. BNC ist ein wasserunlösliches Polysaccharid, das Zellulose Nanofibrillen enthält, 

die von Bakterien (z.B. Gluconacetobacter xylinus) produziert werden. BNC ist biokompatibel, 

bereits intensiv genutzt in der regenerativen Medizin sowie dem Tissue Engineering und verhält 

sich ähnlich wie extrazelluläre Matrixproteine (ECM), z.B. Kollagene. Ich zeige hier, dass hPMs auf 

BNC als Substrat über Wochen kultiviert werden können, ohne dass sie volle Konfluenz erreichen. 

Das weist darauf hin, dass eine erhebliche Reduktion der Proliferationsrate verglichen mit Standard 

Zellkulturmethoden auftritt. Neben der zellulären Morphologie habe ich das Proliferationspotential 

und die Veränderung der Genexpression in hPMs auf BNC mit Standard Zellkulturmethoden 

verglichen. Die Ergebnisse bestätigen, dass das BNC Substrat bei hPMs einen langsam-teilenden 

Zustand hervorruft, wobei übermäßiges Wachstum über Wochen verhindert wird ohne dass die 

Zellen terminal differenzieren oder seneszent werden. Bemerkenswert ist, dass hPMs sowohl 

Proliferation als auch ihr myogenes Potential wieder aufnehmen, sobald sie in Standard Zellkultur 

überführt werden, nachdem sie 2 Wochen auf BNC kultiviert wurden. Zuletzt konnte ich zeigen, 

dass CRISPR/Ca9 basierte Geneditierung auch funktioniert, wenn hPMs auf BNC kultiviert werden. 

Dies konnte ich mittels Knock-out von NCAM1 (neural cell adhesion molecule 1) als Readout 

zeigen. Daher eignet sich BNC als in vitro Methode zur Untersuchung genetischer Manipulationen 

in langsam teilenden Zellen.  
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1. INTRODUCTION 

1.1. Skeletal muscle and adult muscle stem cells 

Skeletal muscle is one of the most dynamic and plastic post-mitotic tissues in the human 

body. It covers more than 40% of the whole mass and contributes to multiple mechanical (e.g. 

locomotion, postural support, and breathing) and metabolic functions (Hoppeler and Fluck 2002; 

Frontera and Ochala 2015; Schnyder and Handschin 2015). The functional unit of the skeletal 

muscle is the muscle fiber or myofiber. Myofibers are grouped in longitudinal-organized fascicles 

and generate force by sarcomeres’ contraction (Frontera and Ochala 2015). Each single myofiber 

is a giant multinucleated cell derived from the fusion of committed muscle progenitors or myoblasts 

during embryonic and fetal development (Mintz and Baker 1967; Relaix and Zammit 2012). Adult 

skeletal muscle tissue has a high regenerative potential. Since myonuclei are post-mitotic, muscle 

maintenance and regeneration potency rely on a population of adult stem cells, called satellite cells 

(SCs) (Almeida et al. 2016). SCs were first identified in 1961 by Alexander Mauro as rare 

mononucleated cells at the periphery of myofibers with a high nucleus to cytoplasm ratio. For many 

years, these cells were described only by their anatomical localization as “wedged” between the 

plasma membrane (also known as sarcolemma) and the basal lamina of each myofiber (Mauro 

1961; Scharner and Zammit 2011; Yin, Price, and Rudnicki 2013) (Figure 1.1). Their involvement in 

muscle regeneration was just a hypothesis (Mauro 1961). 

 

 
 
Figure 1.1: Localization of SCs in skeletal muscle. 
SCs are quiescent muscle stem cells “wedged” between the basal lamina (green) and the sarcolemma (grey) 
of each myofiber surrounded by extracellular matrix or ECM (yellow). 
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Later on, [3H] thymidine tracing experiments demonstrated that SCs are mitotically quiescent 

cells resting in G0 cell cycle phase, but able to enter the cell cycle quickly after muscle injury, i.e. 

due to exercise or to disease (Reznik 1969; Moss and Leblond 1970). Moreover, SCs dissected 

from myofibers and cultured in vitro, undergo outgrowth, clonal expansion, and fusion to form 

functional myotubes (i.e. immature myofibers) (Bischoff 1975; Konigsberg, Lipton, and Konigsberg 

1975).  

Adult stem cells, by definition, should be able to both give rise to further committed progeny 

and to replicate themselves to maintain the tissue stem cells pool (a.k.a. self-renew). The ability of 

SCs to self-renew was proven by a myofiber transplantation assay. This experiment showed that, 

the engraftment of freshly isolated myofibers into irradiated muscles of dystrophic-nude mice gives 

rise to hundreds of SCs and a much higher number of myonuclei. Moreover, new generated SCs 

were able to support muscle regeneration despite subsequent rounds of experimental-induced 

injuries (Collins et al. 2005). It was then concluded that SCs are bona fide adult stem cells. 

In 2000, Seale et al. demonstrated that mouse quiescent SCs and proliferating early 

myoblasts express the transcription factor paired box protein Pax7 (Seale et al. 2000). This was 

proven to be true across many other species, including humans (Morrison et al. 2006; Lindstrom 

and Thornell 2009; Lindstrom, Pedrosa-Domellof, and Thornell 2010; Yablonka-Reuveni 2011).  

Pax7 is not only a canonical marker for SCs detection and various functions of this gene in 

SCs were proposed and controversially discussed. SCs become quiescent after birth from a pool of 

highly proliferative muscle progenitors (Relaix et al. 2005). It has been proven that Pax7 germline 

mutant mice, which survive after birth, show severe depletion of skeletal muscle stem cells and 

compromised post-natal muscle growth and regeneration after acute injury (Seale et al. 2000; 

Kuang et al. 2006; Relaix et al. 2006). As published in 2009, muscle regeneration fails after genetic 

ablation of Pax7 positive (Pax7+) cells in juvenile mice only. These results show that the transition 

from muscle progenitor cells to an adult stem cell state (a.k.a. SCs specification), is depended on 

Pax7 abundance. Other studies suggested that muscle regeneration and self-renewal after 

cardiotoxin injury is not impaired when Pax7 is ablated in mutant mice, showing that Pax7 is not 

required for injury-induced myogenesis in adulthood (Lepper, Conway, and Fan 2009; McCarthy et 

al. 2011). In contrast with these results, Pax7 has been described as a crucial gene for self-renewal 

and maintenance, as in its absence SCs are progressively lost postnatally because of apoptosis 

and cell cycle defects (Relaix et al. 2006) or precocious differentiation (von Maltzahn et al. 2013). 

The role of Pax7 was then considered important for SCs expansion and differentiation during both 

neonatal and adult myogenesis (Olguin and Olwin 2004; von Maltzahn et al. 2013; Lilja et al. 2017). 

1.1.1. Myogenic regulatory factors in skeletal muscle regeneration 

In the process of regeneration, SCs activate, re-enter cell cycle, expand in myoblasts and 

differentiate (Collins et al. 2005). This process is controlled by sub-sequential expression of 

transcription factors, partially resembling the differentiation program of embryonic myogenesis (von 

Maltzahn, Bentzinger, and Rudnicki 2014; Hernandez-Hernandez et al. 2017). Some of the 
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important “players” of myogenesis and regeneration are the myogenic regulatory factors (MRFs), 

basic helix-loop-helix transcription factors: myoblast determination protein 1 (MyoD1), myogenic 

factor 5 (Myf5), myogenin (MYOG), and MRF4 (Zanou and Gailly 2013; Hernandez-Hernandez et 

al. 2017) (Figure 1.2: Myogenic lineage progression and protein expression profile of the main 

MRFs.). 

As previously discussed, Pax7 is expressed in SCs when localized in their anatomical niche 

between the basal lamina and the sarcolemma of skeletal muscle fibers (Cheung and Rando 

2013). Upon activation (e.g. muscle injury), SCs express Myf5 and MyoD1 as early markers for 

myogenic commitment (Tajbakhsh et al. 1996). A subset of these dividing SCs commits to 

differentiation, through the expression of MYOG and downregulation of Pax7. After few rounds of 

proliferation, the majority of SCs-derived myoblasts ultimately exit the cell cycle, terminally 

differentiate and fuse to repair existing damaged muscle fibers or fuse among themselves to 

generate new myosin heavy chain (MYHC) positive muscle myofibers (Zammit et al. 2004) (Figure 

1.2).  

 

 
 
Figure 1.2: Myogenic lineage progression and protein expression profile of the main MRFs. 
In the presence of tissue injury, SCs are able to activate (i.e., enter the cell cycle) and to generate a new 
tissue-specific committed progeny (a.k.a. myoblasts) that differentiate and fuse into myotubes and mature to 
become myofibers, the contractile unit of skeletal muscle. This process is characterized by sub-sequential 
expression of key modulators of myogenic lineage progression (modified from Schmidt et al. (2019)). 
 

A subset of activated SCs downregulates Myf5 and MyoD1, resists the differentiation 

process and re-acquires a mitotically inactive quiescent state. These cells re-establish the pool of 

SCs in the niche and ensure that the response to future injuries is maintained (Kuang et al. 2007; 

Sacco et al. 2008; Olguin and Pisconti 2012; Almada and Wagers 2016) 

Muscle regeneration could be partially reproduced in vitro. Mouse or human SCs can be 

isolated and placed in culture on plastic dishes (Montarras et al. 2005; Charville et al. 2015; Garcia 
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et al. 2018). After isolation, they are considered activated. In culture, they proliferate as myoblasts 

and can spontaneously fuse in functional myotubes when confluent or after differentiation induction 

(by starvation) (Bischoff 1975; Montarras et al. 2005; Kuang and Rudnicki 2008). If myoblasts are 

not differentiating, they undergo senescence after a certain number of divisions, depending on cell 

origin and donor age (Decary, Mouly, and Butler-Browne 1996; Montarras et al. 2005; Soriano-

Arroquia et al. 2017). In vitro cultured myoblasts can be intramuscularly transplanted and are 

capable to engraft, regenerate muscle fibers and repopulate the pool of self-renewed muscle stem 

cells (Collins et al. 2005; Sacco et al. 2008). 

1.1.2. Muscle stem cells heterogeneity and engraftment potency.  

The identification of Pax7 and other canonical biomarkers for SCs (e.g. CD34, C-X-C 

chemokine receptor type 4 (CXCR4), syndecan-4, vascular cell adhesion protein 1 (VCAM-1) and 

β1-integrin etc., as well as the generation of transgenic reporter mouse lines, has been useful to 

investigate their phenotypic and functional heterogeneity (Kuang and Rudnicki 2008). 

First studies suggested the coexistence of at least two distinct cell populations: on one hand, 

the committed muscle progenitors that are ready for myogenic differentiation, and on the other the 

self-renewing population that is capable of replenishing the SCs pool in the niche (Chakkalakal et 

al. 2012; Rocheteau et al. 2012; Chakkalakal et al. 2014). Lineage tracing experiments showed 

that about 10% of the total pool of muscle stem cells had never expressed Myf5 during 

development. This cell population was found to be more efficient in repopulating the SCs 

compartment (compared to Myf5-expressing SCs) when transplanted into Pax7-null mice (Kuang et 

al. 2007). Two populations of SCs have been identified according to the Pax7 RNA level: cell 

expressing high (Pax7hi) or low (Pax7low) level of Pax7. Pax7hi cells have a lower metabolic 

activity, are more dormant in their cell cycle activity and, in contrast to Pax7low cells, are able to 

replenish both Pax7hi and Pax7low SCs upon transplantation in cryodamaged muscles of 

immunocompromised mice (Rocheteau et al. 2012). Moreover, it has been discovered that low-

cycling SCs have a higher engraftment potency than high-cycling cells after transplantation in 

injured mice (Ono et al. 2012; Chakkalakal et al. 2014).  

Recently, single cell sequencing techniques allowed the identification of transcriptionally 

distinct populations of human SCs with a heterogeneous gene expression pattern (Charville et al. 

2015; Cho and Doles 2017; Marg et al. 2019; Barruet et al. 2020). The engraftment potential of 

each different population is currently investigated. Interestingly, Marg A et al. identified a new 

Pax7-negative myogenic population which is positive for the marker CLEC14 (C-type lectin domain 

containing 14A). This population of cells is able to engraft and form new myofibers after 

transplantation into immunodeficient NOG mice (Marg et al. 2019), thus demonstrating that the 

regeneration potential of myogenic cells does not depend on Pax7 abundance. In a different study, 

a subpopulation of human SCs, Pax7+ cells marked by caveolin 1, showed to be more efficient in 

engraftment, differentiation and self-renewal after transplantation in immunodeficient NOD/SCID-
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gamma null (NSG) mice, compared to caveolin 1 negative SCs (Barruet et al. 2020), suggesting 

again that not only Pax7 expression is a marker for defining SCs engraftment capacity.  

1.1.3. Muscle stem cells and the niche 

As general knowledge, a specialized microenvironment or niche is critical to sustain the SCs 

pool maintenance and to regulate stem cell-specific properties (e.g. self-renewal, multi-potentiality 

and quiescence) (Schofield 1978; Scadden 2006; Arai and Suda 2008).  

SCs regulation and maintenance relies on intrinsic mechanisms as well as extrinsic factors 

that are strongly depending on their specific anatomic microenvironment (Mashinchian et al. 2018; 

Gonzalez et al. 2020). 

The SCs niche (Figure 1.3) is composed of stromal cells (e.g. fibroadipogenic progenitors or 

FAPs, Pw1+ interstitial cells and resident macrophages), ECM structural elements (e.g. collagens 

VI and V, laminins, fibronectin, syndecan 3/4) and a complex set of signaling molecules (Evano 

and Tajbakhsh 2018). Specific receptors that are expressed on the SCs surface allow cell-cell 

interaction and the communication between the ECM of the basal lamina and the surrounding 

microenvironment. SCs-niche interplay is necessary in several muscle stem cells states: 

developmental, perinatal, quiescent and regenerative (Dumont, Wang, and Rudnicki 2015).  

 

 
 

Figure 1.3: The SC in the niche. 
SCs are localized in a specialized microenvironment or niche. Cell-matrix and cell-cell interaction are crucial 
for SCs polarization and asymmetric division. Communication with several other types of cells (e.g. immune 
cells, fibroblasts, vessel-associated cells) also influence SCs behavior during homeostasis and regeneration 
(modified from Bentzinger, Wang, von Maltzahn, and Rudnicki (2013)). 
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Many studies have focused on investigating the contribution of the SCs niche in supporting 

cell quiescence. Quiescent SCs are characterized by a low cytoplasmic/nuclear volume ratio, a low 

metabolic activity and mitotic inactivity (Cheung and Rando 2013). SCs in the niche show intimate 

interaction with basal lamina ECM, polymerized collagens and laminins. The importance of this 

interaction has been reported in several studies. For instance, Integrin β1 loss induces SCs to quit 

quiescence and to undergo cell cycle entry (Rozo, Li, and Fan 2016). Laminin α2 deficiency in 

mouse leads to a dramatic reduction of Pax7+ SCs, to a low number of differentiated myoblasts 

and therefore failure of fetal myofibers growth (Nunes et al. 2017). 

In other studies, the p53 protein was found to regulate SCs balance between differentiation 

and self-renewal when they are in the niche. When SCs are associated to myofibers, sustained p53 

expression during SCs activation inhibits differentiation while promoting quiescence (Flamini et al. 

2018). It has also been reported that adult SCs release the ECM component collagen V (COLV) in 

the niche to maintain quiescence through the interaction with the calcitonin receptor (CALCR) 

(Baghdadi et al. 2018), demonstrating that SCs themselves have a crucial role in the regulation of 

the cell-niche interplay. 

1.2. Inherited muscular dystrophies (MDs) 

The terminology “muscular dystrophy” was introduced in the early 20th century and defined 

as an inherited “childhood progressive muscle disease” (Tyler and Stephens 1951). Afterward, 

muscular dystrophies (MDs) were recognized as a group of heterogeneous genetic disorders and 

distinguished in the following sub-categories: Duchenne muscular dystrophy (DMD) and Becker 

muscular dystrophy (BMD), limb-girdle muscular dystrophy (LGMD), distal myopathies, congenital 

muscular dystrophy, facioscapulohumeral muscular dystrophy (FSHD), myotonic dystrophy, 

Emery-Dreifuss and oculopharyngeal muscular dystrophy (OPMD) (Kang and Griggs 2015; Mercuri 

and Muntoni 2013). More precisely, MDs are inherited myogenic disorders characterized by 

progressive muscle wasting and weakness associated with muscle atrophy of variable distribution 

and severity. The affected muscles can be limb, axial, and facial muscles to a variable degree. The 

distribution of the skeletal muscle weaknesses helps to distinguish between the different forms of 

MDs (Figure 1.4) (Emery 2002). 
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Figure 1.4: Patterns of muscle weakness distribution in different types of MDs. 
I) DMD and BMD. II) Emery-Dreifuss muscular dystrophy. III) LGMD. IV) FSHD. V) Distal muscular dystrophy. 
VI) OPMD. Blue shading represents affected areas (modified from Mercuri and Muntoni (2013)). 

 

Age of onset, severity and rate of progression, and consequent prognosis, are variable. 

Childhood-onset dystrophies are associated often to a reduced life-expectancy since the 

associated cardiac or respiratory muscle weakness (Mercuri and Muntoni 2013). 

Whole-exome/genome sequencing and sophisticated bioinformatics strategies permitted to 

identify numerous genes whose gain-of-function or loss-of-function leads to a dystrophic 

phenotype, thus enhancing the heterogeneity of these disorders (Kang and Griggs 2015) .  

DMD is the most common inherited muscle dystrophy of childhood with an incidence of 

1:3500 live born male boys. With disease progression, the patients are forced to wheelchair 

dependency around 13 years of age and eventually die for respiratory failure in early adulthood. 

BMD is the milder allelic variant of DMD and has a slightly lower prevalence (Domingos et al. 

2017). Both DMD and BMD are caused by mutations of the dystrophin gene (DMD) (Hoffman et al. 

1987). The majority of mutations affect the reading frame of dystrophin gene leading to the DMD 

phenotype, while the in-frame mutations cause the milder BMD phenotype. As consequence, 

dystrophin protein is absent in DMD and partially functional in BMD patients (Monaco et al. 1988; 

Domingos et al. 2017). The high incidence and severity of DMD have stimulated in the last two 

decades an enormous research effort to identify new pharmacological and/or gene therapies that 

has paved the way of new approaches for other genetic muscle disorders. 

LGMDs are rare and heterogeneous pathologies, characterized by severe muscle weakness 

and atrophy of the pelvic and girdle muscles, loss of ambulation and eventually premature death. 

Classified into dominant and recessive, more than 30 genetic forms are currently recognized. 

LGMDs are divided into autosomal dominant disorders (type 1) (e.g. LGMD1A, LGMD1B), which 

are rare and less severe, and autosomal recessive (type 2) disorders (e.g. LGMD2A, and 

LGMD2B) (Domingos et al. 2017; Emery 2002). Disease onset and progression appear to be 

variable within each group.  

Advances in the definition of the pathophysiology mechanisms, together with the evolution of 

medical care and new treatment options, have improved the understanding of these disorders and 
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increased number of clinical trials (Kang and Griggs 2015; Shieh 2015). However, despite all 

efforts, a cure for muscular dystrophies is not available yet (Shieh 2015). 

1.2.1. LGMD type 2B (LGMD2B)  

LGMD-causing mutations can be found in a variety of genes encoding proteins associated to 

different cellular compartments (e.g. membrane-associated, cytosolic, sarcomeric or nuclear 

envelope) (Table 1.1) (Wicklund and Hilton-Jones 2003; Nigro and Savarese 2014; Domingos et al. 

2017). 

 

Name Gene Locus Protein 

LGMD 2A CAPN3 15q15.1 Calpain-3 

LGMD 2B DYSF 2p13.2 Dysferlin 

LGMD 2C SGCG 13q12.12 γ-sarcoglycan 

LGMD 2D SGCA 17q21.33 α-sarcoglycan 

LGMD 2E SGCB 4q12 β-sarcoglycan 

LGMD 2F SGCD 5q33.3 δ-sarcoglycan 

LGMD 2G TCAP 17q12 Telethonin 

LGMD 2H TRIM32 9q33.1 Tripartite Motif containing protein-32 

LGMD 2I FKRP 19q13.32 Fukutin-Related-Protein 

LGMD 2K POMT1 9q34.13 Protein O-Mannosyl Transferase-1 

LGMD 2L ANO5 11p14.3 Anoctamin-5 

LGMD 2M FKTN 9q31.2 Fukutin 

LGMD 2N POMT2 14q24.3 Protein O-Mannosyl Transferase-2 

LGMD 2O POMGnT1 1p34.1 Protein O-Mannose N-acetyl- 
Glucosaminyl Transferase-1 

LGMD 2P DAG1 3p21 Dystroglycan 

LGMD 2Q PLEC1 8q24.3 Plectin-1 

LGMD 2R DES 2q35 Desmin 

LGMD 2S TRAPPC11 4q35.1 Trafficking-protein-particle-complex-11 

LGMD 2T GMPPB 3p21.31 GDP-mannose-pyrophosphorylase B 

LGMD 2U ISPD 7p21 Isoprenoid synthase 

LGMD 2V GAA 17q25.3 Acid alpha-glucosidase 

LGMD 2W LIMS2 2q14.3 LIM Zinc Finger Domain Containing 2 

LGMD 2X BVES 6q21 Blood vessel epicardial substance 

LGMD 2Y TOR1AIP1 1q25.2 Torsin a-interacting protein 1 

LGMD 2Z POGLUT1 3q13.33 Protein O-glucosyltransferase 1 
 
Table 1.1: Autosomal recessive LGMD type 2 classification.  
Modified from Angelini, Giaretta, and Marozzo (2018). 
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Mutations in the dysferlin (DYSF) gene cause a family of LGMD disorders also defined as 

dysferlinopathies: Miyoshi myopathy with primarily distal weakness (MMD1) (Miyoshi et al. 1986) 

and LGMD2B with primarily proximal weakness (Liu et al. 1998; Bashir et al. 1998). LGMD2B is an 

autosomal recessive myopathy reported to be more prevalent in southern than in northern Europe, 

with a frequency of 15–25% circa within the group of the LGMDs (Argov et al. 2000; Cagliani et al. 

2003; Vilchez et al. 2005). Symptoms generally appear in early adulthood and the progression is 

typically slow but by late stages all limb girdle muscles are affected. In later stages patients are 

wheelchair bound and need often respiratory assisted ventilation because of diaphragm and 

thoracic muscle weakness (Nigro and Savarese 2014; Domingos et al. 2017). 

In both LGMD2B and MMD1, loss of dysferlin functionality results in impaired myofiber 

plasma membrane integrity, due to a defective resealing mechanism, and progressive myonecrosis 

(Han and Campbell 2007). Indeed, defects in membrane repair have been observed in the 

sarcolemma of dysferlin-deficient muscle fibers (Bansal et al. 2003) and in myotubes of patients 

affected by dysferlinopathy (Philippi et al. 2015). Myofiber necrosis is the primary cause of 

inflammatory response in dystrophic muscles. Once triggered, chronic inflammation maintains itself 

by autocrine/paracrine mechanisms and it is involved in the progressive muscle degeneration and 

atrophy (Han 2011; Wenzel et al. 2005). 

Histologically affected skeletal muscle is characterized by myofiber necrosis, central 

nucleation, reactive inflammatory infiltrates and progressive connective and adipose tissue 

replacement (Rosales et al. 2010; Gayathri et al. 2011; Patel, Van Dyke, and Espinoza 2017).  

 The dysferlin gene and protein function in LGMD2B 

The DYSF gene is localized in chromosome 2p13 and encodes for different transcripts and 

several splice isoforms (Salani et al. 2004; Pramono et al. 2009). The major transcript found in 

skeletal muscle (Pramono et al. 2009) corresponds to isoform 8 (RefSeq accession: 

NM_003494.2). DYSF isoform 8 is a 6.3 kb transcript divided into 55 exons, spans 150 kb of 

genomic DNA and encodes a 2080 amino acid protein (Anderson et al. 1999; Barthelemy et al. 

2011; Mercuri and Muntoni 2013). The 230-kDa dysferlin protein, is a large type II transmembrane 

polypeptide belonging to the ferlin family. In skeletal muscle, dysferlin is localized predominantly at 

the myofiber plasma membrane, also called sarcolemma (Anderson et al. 1999; Bansal et al. 

2003), or in the T-tubules (Ampong et al. 2005; Klinge et al. 2010), which are deep membrane 

invaginations into the muscle cell. Dysferlin is also expressed in cultured human myoblasts and 

SCs (De Luna, Gallardo, and Illa 2004; Salani et al. 2004), even if more robustly expressed in in 

vitro differentiated myotubes where it is localized at the sarcolemma and to intracellular membrane 

compartments (Doherty et al. 2005; Klinge et al. 2010).  

Dysferlin contains up to seven C2 domains (C2A to C2G) (Therrien et al. 2006) and it 

anchors to the membrane by its C-terminal transmembrane domain while the N-terminus of the 
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protein resides in the cytoplasm (Figure 1.5). The C2 domains are reported to be necessary for 

Ca2+ and/or phospholipids binding (Bansal and Campbell 2004; Klinge et al. 2007). 
 

 
 
 
 
Figure 1.5: Protein structure and 
topology of dysferlin. 
Dysferlin protein includes seven tandem C2 
domain (C2A to C2G), anchors to the 
plasma membrane by its C-terminal 
transmembrane domain and the N-terminus 
of the protein is localized in the cytoplasm 
(modified from Bansal and Campbell 
(2004)). 

 

 

 

 
 

Among all C2 domains, only the C2A shows high Ca2+ affinity and strongly binds lipids. The 

rest of the C2 domains shows weaker or rather Ca2+-independent phospholipids binding (Therrien 

et al. 2009; Abdullah et al. 2014) and not all of them are necessary for the membrane repair 

process (Therrien et al. 2009; Krahn et al. 2010; Cárdenas et al. 2016). 

Dysferlin is responsible for muscle fiber Ca2+-depended plasma membrane repair after 

micro-injuries (Bansal et al. 2003; Han and Campbell 2007; Han 2011). Such membrane repair 

process requires fusion of intracellular vesicles at the damage site to form a “membrane patch” 

through a Ca2+-triggered endocytosis mechanism (McNeil 2002) (Figure 1.6). In infrared laser 

wounding assays, skeletal muscle plasma membrane failed to be repaired in absence of Ca2+ and 

in dysferlin-null muscle fibers (Bansal et al. 2003; Marg et al. 2012), showing that the Ca2+-

dependent membrane repair requires dysferlin. It was then discovered that dysferlin, as Ca2+ 

sensor, regulates vesicle-membrane fusion during this repair process (Han 2011). Indeed, loss of 

plasma membrane integrity and subsarcolemmal vesicles accumulation have been observed in 

muscle fibers from dysferlin-deficient mice (Bansal et al. 2003; Hornsey et al. 2013). 

Several proteins have been identified as dysferlin partners in sarcolemma repair. For 

instance, caveolin-3 (Matsuda et al. 2001) and tri-partite motif (TRIM) family protein mitsugumin 53 

(MG53) (Matsuda et al. 2001; Cai, Weisleder, et al. 2009) interact with dysferlin and are necessary 

for sarcolemma healing (Cai, Masumiya, et al. 2009). MG53 facilitates the recruitment of vesicles 

containing dysferlin to the site of injury in a Ca2+ depended manner (Cai, Weisleder, et al. 2009; 

Matsuda et al. 2001). Dysferlin subsequently promotes vesicles aggregation and fusion, in 

association with annexins, for the resealing of the membrane (Han 2011) (Figure 1.6). The 

complete repair of the wound in normal myotubes gives rise to a rigid endo-membrane structure at 

the injury site, so-called “repair dome”. F-actin, annexin 1, EH-domain containing protein (EHD2) 

and dysferlin are strongly expressed at the “repair dome” before it is physiologically removed (Marg 

et al. 2012).  
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Figure 1.6: Dysferlin participate to the Ca2+-depended plasma membrane repair mechanism. 
A) In absence of injury, the protein is localized at the sarcolemma and cytoplasmic vesicles. B) Membrane 
disruption leads to Ca2+ influx. In response to high Ca2+ level, dysferlin and MG53, supported by annexins, 
mediate the transportation of membrane repair vesicles towards the damage site. Intracellular vesicles fuse 
with each other and to the original plasma membrane. C) A membrane “patch” is consequently formed and the 
membrane injury is resealed (modified from Han (2011)). 

 

Besides its role in sarcolemma repair, dysferlin has also been associated with other 

functions: vesicles trafficking (Azakir et al. 2010), endocytosis, membrane receptor recycling 

(Demonbreun et al. 2011; Cooper and McNeil 2015) and T-tubules biogenesis (Klinge et al. 2010; 

Demonbreun et al. 2011; Kerr et al. 2013). Moreover, the roles of dysferlin in adipogenesis and 

metabolic regulation have been recently considered (Agarwal et al. 2019; Haynes et al. 2019). 

Indeed, lipid droplets accumulation has been observed in dysferlin-deficient aged mice and within 

human myofibers from patients affected by dysferlinopathy (Grounds et al. 2014). Progressive 

replacement of myofibers with adipocytes in dysferlin-deficient tissue was considered as a possible 

reason (Haynes et al. 2019). However, the implication of dysferlin deficiency in lipid metabolism 

needs to be better investigated.  

 DYSF mutations in LGMD2B 

In LGMD2B patients, several DYSF disease-causing mutations have been described 

(Table): missense, nonsense, frameshift deletions/insertions, splicing mutations and large deletions 

(Table 1.2) (Krahn et al. (2009); Leiden Open Variation Database, last update March 31, 2017). 
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Since the broad range of genetic defects associated to the DYSF gene, no mutations hotspots 

were found in the context of LGMD2B. However, some founder mutations have been identified as 

more frequent in specific populations (Weiler et al. 1999; Argov et al. 2000; Cagliani et al. 2003; 

Leshinsky-Silver et al. 2007). 

 

 Natural variant ID AA 
Position(s) Description 

iVAR_057834 52 W → R in LGMD2B.   

iVAR_057835 67 

V → D in MMD1 and LGMD2B; Reduces calcium-sensitive 
phospholipid binding and interaction with AHNAK and 
AHNAK2  

iVAR_057837 155 G → R in LGMD2B.  
iVAR_024853 170 A → E in MMD1 and LGMD2B  
iVAR_057838 234 G → E in LGMD2B.   
iVAR_057839 284 I → T in LGMD2B.   
iVAR_057840 299 G → R in LGMD2B and proximodistal myopathy.  
iVAR_024859 555 R → W in LGMD2B and MMD1 
iVAR_057851 618 G → R in MMD1 and LGMD2B.  
iVAR_057852 621 G → R in LGMD2B.  
iVAR_057853 625 D → Y in LGMD2B.  
iVAR_057854 731 P → R in LGMD2B.  

iVAR_012308 791 P → R in MMD1 and LGMD2  
iVAR_057856 930 W → C in LGMD2B; unknown pathological significance.  
iVAR_024860 959 R → W in MMD1 and LGMD2B.  
iVAR_024861 1022 R → Q in LGMD2B; unknown pathological significance.  
iVAR_024862 1038 R → Q in LGMD2B.  
iVAR_024865 1208 I → M in LGMD2B.  
iVAR_057860 1228 L → P in LGMD2B.   
iVAR_012309 1298 I → V in MMD1 and LGMD2B.  
iVAR_024868 1335 E → K in MMD1 and LGMD2B.  
iVAR_057862 1341 L → P in LGMD2B. 
iVAR_057864 1505 Y → C in LGMD2B. 
iVAR_057865 1526 K → T in LGMD2B.  
iVAR_057866 1543 G → D in LGMD2B.  

iVAR_057872 1734 E → G in LGMD2B.  

iVAR_057873 1768 

R → W in LGMD2B and proximodistal myopathy; unknown 
pathological significance. 

iVAR_057880 1970 P → S in LGMD2B. 
 
Table 1.2: Different types of LGMD2B-causing mutations identified. 
Modified from https://www.uniprot.org/uniprot/O75923. 

 

https://www.uniprot.org/blast/?about=O75923%5b52%5d&key=Natural%20variant&id=VAR_057834
https://www.uniprot.org/blast/?about=O75923%5b67%5d&key=Natural%20variant&id=VAR_057835
https://www.uniprot.org/blast/?about=O75923%5b155%5d&key=Natural%20variant&id=VAR_057837
https://www.uniprot.org/blast/?about=O75923%5b170%5d&key=Natural%20variant&id=VAR_024853
https://www.uniprot.org/blast/?about=O75923%5b234%5d&key=Natural%20variant&id=VAR_057838
https://www.uniprot.org/blast/?about=O75923%5b284%5d&key=Natural%20variant&id=VAR_057839
https://www.uniprot.org/blast/?about=O75923%5b299%5d&key=Natural%20variant&id=VAR_057840
https://www.uniprot.org/blast/?about=O75923%5b555%5d&key=Natural%20variant&id=VAR_024859
https://www.uniprot.org/blast/?about=O75923%5b618%5d&key=Natural%20variant&id=VAR_057851
https://www.uniprot.org/blast/?about=O75923%5b621%5d&key=Natural%20variant&id=VAR_057852
https://www.uniprot.org/blast/?about=O75923%5b625%5d&key=Natural%20variant&id=VAR_057853
https://www.uniprot.org/blast/?about=O75923%5b731%5d&key=Natural%20variant&id=VAR_057854
https://web.expasy.org/variant_pages/VAR_057854.html
https://www.uniprot.org/blast/?about=O75923%5b791%5d&key=Natural%20variant&id=VAR_012308
https://www.uniprot.org/blast/?about=O75923%5b930%5d&key=Natural%20variant&id=VAR_057856
https://www.uniprot.org/blast/?about=O75923%5b959%5d&key=Natural%20variant&id=VAR_024860
https://www.uniprot.org/blast/?about=O75923%5b1022%5d&key=Natural%20variant&id=VAR_024861
https://www.uniprot.org/blast/?about=O75923%5b1038%5d&key=Natural%20variant&id=VAR_024862
https://www.uniprot.org/blast/?about=O75923%5b1208%5d&key=Natural%20variant&id=VAR_024865
https://www.uniprot.org/blast/?about=O75923%5b1228%5d&key=Natural%20variant&id=VAR_057860
https://web.expasy.org/variant_pages/VAR_057860.html
https://www.uniprot.org/blast/?about=O75923%5b1298%5d&key=Natural%20variant&id=VAR_012309
https://www.uniprot.org/blast/?about=O75923%5b1335%5d&key=Natural%20variant&id=VAR_024868
https://www.uniprot.org/blast/?about=O75923%5b1341%5d&key=Natural%20variant&id=VAR_057862
https://www.uniprot.org/blast/?about=O75923%5b1505%5d&key=Natural%20variant&id=VAR_057864
https://www.uniprot.org/blast/?about=O75923%5b1526%5d&key=Natural%20variant&id=VAR_057865
https://www.uniprot.org/blast/?about=O75923%5b1543%5d&key=Natural%20variant&id=VAR_057866
https://web.expasy.org/variant_pages/VAR_057866.html
https://www.uniprot.org/blast/?about=O75923%5b1734%5d&key=Natural%20variant&id=VAR_057872
https://www.uniprot.org/blast/?about=O75923%5b1768%5d&key=Natural%20variant&id=VAR_057873
https://www.uniprot.org/blast/?about=O75923%5b1970%5d&key=Natural%20variant&id=VAR_057880
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As a consequence of nonsense or frameshift DYSF mutations, mRNA instability/degradation 

(Wenzel et al. 2006) and loss of protein expression have been observed. Dysferlin dysfunction has 

also been related to protein misfolding, aggregation, amyloid formation and premature degradation 

(Wenzel et al. 2006; Spuler et al. 2008).  

1.3. Therapeutic strategy developed for the treatment of MDs  

In the last decade, treatment and management of MDs have been drastically improved but 

no definitive cure is available. The current approaches are indeed limited to the handling of 

symptoms, to slow-down disease progression and to prevent severe complications (e.g. respiratory 

failure or cardiomyopathy) (Mercuri and Muntoni 2013) . 

Corticosteroid therapies represents the pharmacological standard of care for DMD patients (Griggs 

et al. 2013), however it is not commonly applied to treat other MDs. Indeed, the efficacy of anti-

inflammatory corticosteroids in patients affected by LGMDs is still controversial (Hoffman, Rao, and 

Pachman 2002; Walter et al. 2013; Domingos et al. 2017). Different approaches to counteract the 

initiation of inflammation are considered but they are still far from the clinical application (Han 

2011). Current efforts are going towards the development of alternative therapies aiming to directly 

correct the pathology of the disease (Barthelemy et al. 2011). 

1.3.1. Gene therapy approaches 

Gene replacement is probably the most direct way to treat monogenetic, recessive diseases 

with a known genetic cause. Adeno-associated virus (AAV)-based muscle specific delivery of 

truncated forms of the dystrophin gene, like mini-dystrophin (Wang, Li, and Xiao 2000) or micro-

dystrophin (Harper et al. 2002; Gregorevic et al. 2008) has been successful in ameliorating the 

disease phenotype in both mouse and canine models of DMD (Watchko et al. 2002; Le Guiner et 

al. 2017; Shin et al. 2013; Duan 2018; Ramos et al. 2019). Currently, there are several on-going 

clinical trials using different variants of micro-dystrophin and showing encouraging results (Pfizer, 

NCT03362502; Sarepta Therapeutics, NTC03375164; Solid Biosiences IGNITE DMD, 

NTC03368742) (Crudele and Chamberlain 2019; Mendell et al. 2019). Approaches based on gene 

replacement through AAV delivery have been explored for dysferlinopathy (Grose et al. 2012; 

Lostal et al. 2012; Sondergaard et al. 2015) α/ß-sarcoglycanopaty (Mendell et al. 2019) and other 

types of LGMDs (Crudele and Chamberlain 2019). However, limitations of AAV packaging size 

(Dong, Fan, and Frizzell 1996), unwanted immune responses (against AAV vector or the newly 

expressed transgene) (Shayakhmetov, Di Paolo, and Mossman 2010; Mendell et al. 2010; Martino 

et al. 2011; Mingozzi and High 2013) and questionable improvement of the muscle function are still 

unsolved challenges.  

Exon skipping-based therapy has been applied for the treatment of several  

MDs forms, including DMD, BMD and LGMDs (Aartsma-Rus et al. 2003; Aartsma-Rus et al. 2010; 

Aoki et al. 2013; Wyatt et al. 2018). This approach is based on short antisense oligonucleotides 
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(ASOs) which hybridize to pre-mRNA target sequences altering exons splicing. The skipping of one 

or more exons in a mutated gene can induce re-framing of the coding sequence and the synthesis 

of a truncated but still functional protein (Matsuo et al. 1991; Dunckley et al. 1998; Aartsma-Rus et 

al. 2002). A morpholino ASO (a.k.a. eteplirsen), developed by Sarepta Therapeutics, is currently 

used to skip out exon 51 and restore ~13% of the functional protein when intravenously infused in 

DMD patients (Stein 2016; Lim, Maruyama, and Yokota 2017). Exon 32 skipping efficiency was 

also tested to correct DYSF mutations. Dysferlin function was partially rescued in treated LGMD2B 

patient-derived myoblasts (Barthelemy et al. 2015). Also, U7 small nuclear RNA-encoded 

antisense RNAs have been tested as alternative to the DNA-analogue based ASOs and proved 

successfully in skipping exons 37 and 38 when delivered in a mouse model for dysferlinopathy 

(Malcher et al. 2018). 

Exon-skipping, as well as other currently developing gene editing approaches, can be also 

achieved using the Clustered Regularly Interspersed Short Palindromic Repeats 

(CRISPR)/CRISPR-associated (Cas) systems (Crudele and Chamberlain 2019). The CRISPR/Cas 

systems, first identified as defensive immune response in prokaryotic organisms (Ishino et al. 1987; 

Makarova et al. 2015), induce DNA cleavages at specific target sites defined by guide RNAs and 

have been applied for genome engineering in the context of different monogenic diseases (Jinek et 

al. 2012; Cong et al. 2013; Mali et al. 2013; Pickar-Oliver and Gersbach 2019). For instance, 

CRISPR/Cas9-based editing has been tested in vivo in a canine model bringing an exon 50 

deletion in the DMD gene. A single cut at the exon 51 splice acceptor site of the DMD gene 

induced skipping and splicing from exon 49 to 52 which restored the open reading frame of the 

gene (Amoasii et al. 2018). Other CRISPR/Cas9 approaches for gene correction are currently 

explored and they will be discussed further ahead (see section 1.4.1.).   

1.3.2. Cell replacement therapy approaches 

Damage and degeneration of muscle fibers are physiologically followed by SCs-mediated 

regeneration process (Collins et al. 2005; Tedesco et al. 2010; Wang and Rudnicki 2011). In 

pathological conditions (e.g. MDs), mutated SCs regenerate muscle fibers that will carry the 

genetic defect. Moreover, repeated cycles of muscle degeneration/regeneration lead to stem cells 

pool exhaustion and loss of regenerative capability, exacerbating the disease pathology (Wallace 

and McNally 2009; Goldstein and McNally 2010; Negroni et al. 2015).  

With the aim of restoring the structural integrity of the muscle tissue, correcting and 

replenishing the SCs pool, different cell-based approaches have been investigated as long-term 

treatments for MDs. The general strategy is based on transplantation of healthy or genetically 

corrected myogenic cells that have been isolated from donor or patients. Once engrafted, cells can 

contribute to muscle regeneration and tissue repair (Skuk et al. 2006; Skuk, Goulet, Roy, Piette, 

Cote, et al. 2007; Negroni et al. 2015). For this purpose, different sources of both muscle and non-

muscle-derived myogenic cells have been considered. 
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 SCs-derived muscle progenitors 

Since SCs have a fundamental role in muscle repair, regeneration and commitment to the 

myogenic lineage (Collins et al. 2005; Tedesco et al. 2010; Wang and Rudnicki 2011), they have 

been explored first as promising candidates in heterologous cell transplantation.  

Pioneer experiments demonstrated that intramuscular (i.m.) injection of healthy murine SCs-

derived myoblasts into DMD animal models (i.e. mdx mice that have a spontaneous nonsense 

mutation in DMD exon 23 and a complete absence of the protein) can contribute to muscle repair, 

repopulate the SCs compartment and restore the expression of the dystrophin in newly generated 

fibers (Partridge et al. 1989; Kinoshita et al. 1994; Montarras et al. 2005). The first clinical trials 

using donor-derived healthy myoblasts in DMD patients produced poor results showing only 10% of 

newly generated donor-derived dystrophin fibers and no improvement in muscle functionality 

(Mendell et al. 1995). Despite that, those first studies demonstrated the overall safety of the 

transplantation procedure if an immunosuppression protocol was applied (Tremblay et al. 1993). 

Few years later, a phase IA clinical trial using different cell delivery conditions (e.g. high density 

injections), which were previously tested on non-human primate models (Skuk et al. 2002), started. 

The aim was to overcome challenges like poor cell survival, low migration from the injection site 

and unexpected immune responses (Guérette et al. 1994; Fan et al. 1996; Guérette et al. 1997). 

The new protocol led to a significant increase in the engraftment efficiency with a 34.5% of 

myofibers expressing donor-derived dystrophin at the injection sites (Skuk, Goulet, Roy, Piette, 

Cote, et al. 2007), but it failed to provide clinical improvement. Additional studies in non-human 

primates have been used to further evaluate the effect of needle size, cell number and injection 

volume in transplantation efficiency (Skuk, Goulet, and Tremblay 2014). To date, an on-going 

clinical trial is evaluating safety and efficiency of high-density myoblasts injection in the muscle of 

DMD patients (ClinicalTrials.gov: NCT02196467).  

Since SCs are not able to transverse the blood vessels, they cannot be delivery in other 

ways than i.m. injection (Briggs and Morgan 2013). Indeed, local delivery in accessible muscles is 

the only current application of myoblasts. A recent clinical trial has reported encouraging results 

when autologous healthy myoblasts were locally administrated in patients affected by OPMD 

(OMIM 164300; Périé et al. (2014)). Autologous setting, local cell delivery and limited size of the 

affected muscle were most likely related to the positive clinical outcome of this study.  

Other experimental strategies involve the ex vivo genetic manipulation of autologous donor 

myoblast prior to transplantation. First attempts to genetically correct SCs-derived myoblasts have 

been made for the treatment of DMD using viral-based methods. Moisset et al. showed that 

expression of a DMD minigene construct by adenovirus infection of myoblasts restored functional 

dystrophin expression after xenograft (Moisset et al. 1998). In other studies, introduction of full 

length-DMD was achieved via adeno/AAVs vectors (Floyd et al. 1998; Gonçalves et al. 2006). To 

avoid the limitation of AAV packaging size, Tedesco et al. proved that SCs transduced with a 

human artificial chromosome (HAC) containing the DMD locus ameliorate the disease phenotype 

when transplanted in a DMD mouse model (Tedesco et al. 2011). In addition, lentiviral-based exon 
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skipping has been tested to rescue the expression of a so-called “quasi-dystrophin” in patient-

derived myoblasts (Quenneville et al. 2007).  

Autologous transplantation can overcome the limitation of immune reactions against the 

donor cells that are used for heterologous transplantation (Guérette et al. 1994). However, the 

impact of unwanted immune responses towards the vectors (e.g. AAVs) and the therapeutic gene 

is still discussed (Shayakhmetov, Di Paolo, and Mossman 2010; Mendell et al. 2010; Martino et al. 

2011; Mingozzi and High 2013). 

In heterologous or autologous transplantation approaches one of the main challenges is to 

obtain a large number of SCs-derived myoblasts that have the potential to both self-renew and 

differentiate after engraftment (Charville et al. 2015). In human muscle SCs are 2-5% of the total 

nuclei (Allbrook, Han, and Hellmuth 1971); Bischoff, et al. 1994). Since the contribution of SCs to 

muscle regeneration correlates also with the number of transplanted cells (Sacco et al. 2008), ex 

vivo expansion of human SCs is necessary for clinical application (Negroni et al. 2015; Xu et al. 

2015). When isolated, SCs are cultured out of their niche in a non-physiological condition and they 

spontaneously activate and proliferate as committed myoblasts, which show a lower regenerative 

potential upon extensive proliferation. Indeed, in vitro expansion of freshly isolated mouse 

(Montarras et al. 2005), canine (Parker et al. 2012) and human SCs (Cooper et al. 2003; Brimah et 

al. 2004) reduces their stemness and contribution to muscle regeneration in vivo. Moreover, 

myoblasts derived from dystrophic patients in most of the case exhibit lower proliferation and 

regenerating capability, making difficult to apply genetic manipulation ex vivo without losing their 

engraftment efficiency (Wallace and McNally 2009; Goldstein and McNally 2010; Negroni et al. 

2015). For this reason, several studies have focused on improving culture condition to preserve 

myoblasts regenerative potential for cell-therapy (Briggs and Morgan 2013).  

SCs isolation procedures significantly influence their biology and have an impact on their 

efficiency in regeneration. Indeed, during the initial step of cell isolation via enzymatic digestion, 

SCs undergo many biochemical changes and their molecular profile quickly changes in comparison 

with the one of quiescent cells in the in vivo niche (Machado et al. 2017). In a different isolation 

method, myogenic cells are overgrown from single human muscle fibers and unwanted non-

myogenic cells (e.g. fibroblasts) are negatively selected using hypodermic treatment). In these 

conditions, the basal lamina of SCs niche is preserved and they are expanded in a more 

physiological condition. Direct transplantation of human muscle fibers into irradiated muscle of 

NOG mice showed robust engraftment and contribution to muscle fibers formation (Marg et al. 

2014).  

Cell replacement efficacy can be also influenced by SCs and myoblasts heterogeneity 

(Kuang and Rudnicki 2008). As already mentioned, single cell sequencing experiments showed 

that the pool of isolated SCs includes genetically and functionally different sub-population of cells 

(Barruet et al. 2020; Charville et al. 2015; Cho and Doles 2017; Marg et al. 2019). Currently, the 

efficiency of SCs distinct populations in regeneration after engraftment is investigated (see section 

1.1.4.). Elucidating which sub-populations exhibit the best regenerative potential and how to isolate 

them is crucial for improving cell-therapy approaches in MDs.   
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 Non-muscle-derived cells 

Multipotent precursor cells like CD133 positive (CD133+) hematopoietic cells (Torrente et al. 

2004) and mesoangioblasts (MABs) or pericytes (Dellavalle et al. 2007) have shown to be 

myogenic when intramuscularly or systematically injected in dystrophic hosts (Tedesco et al. 2010). 

Human CD133+ (hCD133+) cells can be obtained from both peripheral blood and skeletal muscle, 

proliferate and differentiate in vitro. As reported, hCD133+ that are intramuscularly injected in 

immunodeficient mdx mice can efficiently participate in muscle regeneration and generate fibers 

that are positive for human markers (lamin A/C and spectrin). Moreover, they colonize the SCs 

niche and express Pax7 (Meng et al. 2014). The safety of CD133+ cells when autonomously 

transplanted in DMD patients’ muscle has been evaluated and confirmed in a phase I clinical trial 

(Torrente et al. 2007). However, as recently observed, the contribution to muscle regeneration of 

CD133+ derived from DMD patients is inferior compared to the healthy counterpart (Meng, 

Muntoni, and Morgan 2018), thus discouraging their use in autologous treatments. Moreover, their 

myogenic potential is drastically reduced after amplification in culture, as also observed in 

myoblasts, and the in vitro conditions needs to be further defined (Meng et al. 2014).   

MABs are mesodermal progenitors isolated for the first time in 1999 (De Angelis et al. 1999) 

and well characterized in animal models (Sampaolesi et al. 2003; Sampaolesi, Blot, and D’Antona 

2006) and humans (Dellavalle et al. 2007; Minasi et al. 2002). In vitro, human MABs efficiently 

proliferate and can spontaneously differentiate into MYHC positive myotubes. MABs ability to cross 

the vessel wall and to reach muscle tissue via systemic delivery, is an advantage in cell-therapy for 

MDs. Indeed, when systematically injected in immunodepressed mdx mice, they migrate into the 

muscle, regenerate dystrophin expressing fibers and re-colonized the SCs niche (Dellavalle et al. 

2007). In addition, gene corrected patient-derived MABs have been proved to improve muscle 

function of DMD animal models (e.g. mice and dogs) (Sampaolesi, Blot, and D’Antona 2006; 

Dellavalle et al. 2007). Based on these results, a first clinical trial for the treatment of DMD patients 

started in 2015 (https://www.clinicaltrialsregister.eu; EudraCT, 2011-000176-33). This study 

demonstrated the safety of MABs when transplanted in patients, but the clinical outcome was not 

successful as the one obtained in animal models (Cossu et al. 2015). 

 Induced pluripotent stem cells 

Human induced pluripotent stem cells (hiPSCs) have a limitless self-renewal capacity and 

can in theory differentiate into all types of cells in the human body (Thomson et al. 1998). hiPSCs 

can be obtained from different somatic cell types (e.g. fibroblasts of the skin or muscle), genetically 

manipulated, differentiated in vitro into muscle progenitor cells and used for autologous 

transplantation (Kazuki et al. 2010; Goudenege et al. 2012). Currently, several differentiation 

protocols have been applied aiming to obtain the best efficiency in muscle engraftment and 

regeneration (Tedesco et al. 2012; Darabi et al. 2012; Shelton et al. 2014; Chal et al. 2015; Ortiz-

Vitali and Darabi 2019). CRISPR/Cas9-based methods have been successfully used in patient-
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derived hiPSCs to correct several MD-causing mutations, including dysferlinopathies (Turan et al. 

2016). In addition, several studies proved that i.m. transplantation of corrected hiPSCs-derived 

muscle progenitors can generate fibers expressing dystrophin and α-sarcoglycan in 

immunosuppressed mouse models of DMD and LGMD2D respectively (Tedesco et al. 2012; 

Young et al. 2016; Hicks et al. 2018). The improvements in using hiPSCs for cell-therapy are 

encouraging, however their karyotype instability and their teratogenic potential after differentiation 

are still unsolved safety issues (Hicks et al. 2018).  

1.3.3. Therapeutic strategies and current clinical trials for LGMD2B 

Up to date, no cure for LGMD2B exists (Barthelemy et al. 2011). As previously mentioned, 

strong inflammatory responses play a significant role in the pathology of the disease (Han 2011). In 

a clinical trial from 2003 (Table 1.3; ClinicalTrials.gov: NCT00527228), deflazacort, a glucocorticoid 

used as an anti-inflammatory and immunosuppressant, was tested in patients affected by 

dysferlinopathies. The treatment was unfortunately not effective and the authors concluded that 

steroids should be avoided in these pathologies (Walter et al. 2013). An increase of muscle 

strength was observed in dysferlinopathy patients treated with Rituximab™, a monoclonal antibody 

directed against CD20 positive B cells, suggesting that B cells have a role in the pathophysiology of 

the disease (Lerario et al. 2010). Resolaris (or ATYR1940) is an intravenous protein therapy being 

developed by aTyr Pharma Inc. to treat FSHD and LGMD2B (Table 1.3; ClinicalTrials.gov: 

NCT02579239). Resolaris acts to reduce the excessive innate and adaptive immune response 

involved in the disease pathology and first outcomes showed that it is safe and well-tolerated (Lo et 

al. 2014; Zhou et al. 2014). Further results of the clinical trial are not available yet.  

Cell transplantation approaches have been investigated using both myoblasts and MABs. 

Leriche-Guerin et al. showed first that human healthy myoblasts transplanted into SCID mice 

induce formation of dysferlin positive fibers in ~40% of the analyzed muscles. Protein expression 

was rescued by transplantation of healthy mouse myoblasts in a mouse model for both LGMD2B 

and MMD1 (Leriche-Guérin et al. 2002). Few years later, Manera JD at al. demonstrated that, wild-

type (WT) mouse MABs intramuscularly or systemically delivered to dysferlin-deficient mice, fuse 

with the host muscle fibers and restore dysferlin protein level to ~20% of WT. Dysferlin positive 

fibers also rescued their function in membrane resealing. However, no significant improvement in 

muscle function was observed in the treated mice (Díaz-Manera et al. 2010). 

Gene therapy treatments aim to restore dysferlin expression in dystrophic muscles. Full 

length DYSF DNA was successfully delivered into dysferlin-deficient immortalized myoblasts using 

Sleeping Beauty Transposase. The engineered cells were transplanted in immunocompromised 

dysferlin-deficient mice and gave rise to dysferlin expressing myofibers (Escobar et al. 2016). 

Antisense-mediated exon skipping has also been proposed. A modest reconstitution of dysferlin 

expression was reported in a dysferlin-deficient mouse model (Malcher et al. 2018) or patient 

myoblasts (Dominov et al. 2014; Barthelemy et al. 2015; Lee et al. 2018). Some of these studies 
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also demonstrated the rescue of the plasma membrane resealing function in corrected myotubes 

via membrane-wounding assay (Barthelemy et al. 2015; Malcher et al. 2018; Lee et al. 2018). 

In the last years, it has been proved that a dual AAV system can be used to express a full 

length DYSF and restore the protein expression and the muscle function in mouse and primates 

models of dysferlinopathy (Grose et al. 2012; Sondergaard et al. 2015). Based on these findings, in 

2016 a phase I clinical trial started with the aim to test recombinant AAVs 

(arAAVrh74.MHCK7.DYSF.DV) carrying dysferlin transgene under the control of a skeletal and 

cardiac muscle-specific promoter (MHCK7) to treat dysferlinopathies (Table 1.3; ClinicalTrials.gov: 

NCT02710500). The study was completed in July 2019 but the outcome details are still not publicly 

available.  

 

Clinical Trial name Date  Status References 

Deflazacort in Dysferlinopathies 

(NCT00527228) 
2003/2008 Completed (Walter et al. 2013) 

The Safety and Biological Activity of 

ATYR1940 in Patients With Limb 

Girdle or Facioscapulohumeral 

Muscular Dystrophies (NCT02579239) 

2015/2017 Completed 

https://clinicaltrials.gov/ct2/s

how/NCT02579239?recrs=

abdefghim&cond=LGMD2B

&draw=2&rank=3 

Clinical Outcome Study for 

Dysferlinopathy (NCT01676077) 
2012/2018 Unknown 

(Moore et al. 2018) 

(Diaz-Manera et al. 2018) 

(Moore et al. 2019) 

rAAVrh74.MHCK7.DYSF.DV for 

Treatment of Dysferlinopathies 

(NCT02710500) 

2016/2020 Completed 
(Grose et al. 2012) 

(Sondergaard et al. 2015) 

 
Table 1.3: Current clinical trials in Dysferlinopathies. 
Each study is specified by its ClinicalTrials.gov identifier NCT number that is indicated in the table. Modified 
from: www.clinicaltrials.gov. 

 

Together with the development of clinical strategies, a better understanding of the 

pathogenic mechanisms and disease progression of LGMD2B is required to identify novel 

therapeutic approaches and clinical trial possibilities. A natural history study (Clinical Outcome 

Study for Dysferlinopathy) started in 2012 from the collaboration of different institutes in Europe, 

USA, Japan and Australia (Table 1.3; ClinicalTrials.gov: NCT01676077). The aim is to collect 

biological samples for the identification of new disease markers, to study the disease progression 

and determine clinical outcome measures required for future trials. 

https://clinicaltrials.gov/ct2/show/NCT02579239?recrs=abdefghim&cond=LGMD2B&draw=2&rank=3
https://clinicaltrials.gov/ct2/show/NCT02579239?recrs=abdefghim&cond=LGMD2B&draw=2&rank=3
https://clinicaltrials.gov/ct2/show/NCT02579239?recrs=abdefghim&cond=LGMD2B&draw=2&rank=3
https://clinicaltrials.gov/ct2/show/NCT02579239?recrs=abdefghim&cond=LGMD2B&draw=2&rank=3
http://www.clinicaltrials.gov/
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1.4. CRISPR/Cas systems: from bacterial adaptive immunity 
to molecular tools for genome editing  

CRISPR/Cas systems were initially discovered as an RNA-mediated adaptive immune 

response of bacteria and archaea against phage infections (Mojica et al. 2005; Labrie, Samson, 

and Moineau 2010; Makarova et al. 2015) enabling the host to respond to and eliminate foreign 

genetic material. Cas proteins are the main players of the CRISPR-Cas response (Makarova et al. 

2006) and they are encoded by genes flanking the CRISPR array (Jansen et al. 2002). 

CRISPR/Cas-mediated immunity follows three steps. Upon first viral infection, short fragments of 

invasive DNA (a.k.a. protospacer) are integrated in the CRISPR array locus of the host genome as 

complementary sequences (a.k.a spacer). This step is also known as spacer acquisition phase 

(Ishino et al. 1987; Jansen et al. 2002; Kunin, Sorek, and Hugenholtz 2007). The selection of new 

protospacer sequences depends on the presence of a 2-5 nucleotide sequence, so-called 

protospacer adjacent motif (PAM), located next to the protospacer sequence. CRISPR repeat-

spacer elements are then transcribed into a CRISPR RNAs (crRNAs) sequence (a.k.a. biogenesis 

phase), containing a conserved fragment and a variable spacer sequence (guide) complementary 

to the viral nucleic acid. crRNAs combine with Cas effector proteins to form a complex that 

recognizes the phage genome (or plasmid) harboring a target sequence complementarity to the 

crRNA guide and induces sequence-specific cleavage via nuclease activity. This last step prevents 

the propagation of viral genome and it is known as interference phase (van der Oost et al. 2009; 

Makarova et al. 2011). crRNA-dependent detection and destruction of foreign DNA rely on the PAM 

sequence to avoid self-targeting at the complementary endogenous spacer in the CRISPR array 

(Figure 1.7) (Sternberg et al. 2014). 
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Figure 1.7: CRISPR/Cas adaptive immune response. 
CRISPR/Cas9-mediated immune response comprises 3 consecutive phases. Acquisition phase: foreign DNA 
(protospacer) is integrated into the bacterial CRISPR locus as a new spacer. Biogenesis phase: the repeat 
spacer element in the CRISPR locus is transcribed and processed into crRNA. Interference phase: Cas9 
endonuclease, complexed with a crRNA and tracrRNA, cleaves foreign DNA containing a 20-nucleotide 
sequence complementary to the crRNA and adjacent to a PAM sequence (modified from 
https://international.neb.com). 

 

According to the Cas genes involved in the process, CRISPR/Cas systems can be classified 

in six types (I, II, III, IV, V, VI) (Makarova et al. 2011; Makarova et al. 2015). The most extensively 

studied is type II, in which Cas1 and Cas2 genes are the minimum requirements for the viral DNA 

integration into the CRISPR array, while Cas9 is necessary for the interference phase. Cas9 is an 

endonuclease effector protein that, in order to mediate foreign DNA cleavage, must be complexed 

with both a crRNA and a so-called trans-activating crRNA (tracrRNA or trRNA), that is partially 

complementary to the crRNA and acts as a scaffold to promote the formation of the Cas9/crRNA 

complex (Sternberg et al. 2014; Shmakov et al. 2015).  

Streptococcus pyogenes Cas9 (SpCas9) belongs to the type II CRISPR-Cas systems and 

was the first Cas protein to be engineered to specifically target DNA sites in mammalian cells 

(Figure 1.8) (Cong et al. 2013; Mali et al. 2013). PAM recognized by SpCas9 consists of the 5′-

NGG (N represents any nucleotide) consensus sequence located downstream the protospacer 

(Deltcheva et al. 2011). The tracrRNA::crRNA required for Cas9 site-specific cleavage of the viral 

genome has been engineered as a single guide RNA (sgRNA). The sgRNA displays two critical 

features: a specific sequence that defines the DNA target of interest by complementarity and a 

duplex RNA structure that binds to Cas9 (Jinek et al. 2012). PAM recognition of the Cas9/sgRNA 

complex (at the 3‘of the target sequence) allows Cas9 conformational changes and target binding 
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(Figure 1.8) (Jinek et al. 2012; Jinek et al. 2014; Nishimasu et al. 2014). Afterward, the Cas9 HNH 

and RuvC/RNaseH-like endonuclease domains induce the cleavage of both DNA strands three 

nucleotides upstream of the PAM sequence (Jinek et al. 2014; Nishimasu et al. 2014; Anders et al. 

2014).  

The HNH domain cleaves the complementary strand, while the RuvC domain cleaves the 

non-complementary PAM-containing strand (Gasiunas et al. 2012; Jinek et al. 2012). Thus, 

sgRNA-mediated Cas9 binding to its DNA target results in the generation of a blunt DNA double-

strand break (DSB) (Gasiunas et al. 2012; Jinek et al. 2012) or occasionally a staggered-end DBS 

resulting in 5´ one N overhangs (Zuo and Liu 2016; Gisler et al. 2019). 

 

 
 

Figure 1.8: CRISPR/Cas9 complex cutting a double strand DNA (dsDNA). 
SpCas9 proteins use an RNA guide to specifically target genomic DNA. In engineered CRISPR/Cas9 
systems, SpCas9 forms a ribonucleotide complex with the backbone of the sgRNA. A portion of the sgRNA is 
complementary to a DNA target sequence positioned next to a 5ʹ PAM. RuvC/RNaseH-like and HNH 
endonuclease domains induce DSBs of DNA upstream of the PAM. 
 

In 2012, Emmanuelle Charpentier and Jennifer Doudna first realized the potential of type II 

CRISPR nuclease and harnessed it for developing precise genome-targeting/editing technologies 

(Jinek et al. 2012). For the invention of this extremely powerful tool, they have been awarded the 

Nobel Prize in Chemistry in October 2020. In the last years, CRISPR/Cas systems have been 

intensively applied in both research and therapeutics (Pickar-Oliver and Gersbach 2019).  

1.4.1. CRISPR/Cas9-based genome editing  

Only few months after the functional characterization of Cas9 (Jinek et al. 2012), more than 

one study proved that Cas9/sgRNA complex can be used to specifically edit the genomes of 

human cells (Cong et al. 2013; Mali et al. 2013; Cho et al. 2013; Jinek et al. 2013). The application 

of CRISPR/Cas9 systems in gene editing is superior in convenience and versatility compared to 
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previous technologies (e.g. ZFN, Zinc Finger Nuclease and TALEN, Transcription Activator-Like 

Effector Nucleases). CRISPR/Cas9 is easy to design and more affordable. Its specificity can be 

programmed by changing the sequence of the sgRNA for any target DNA sequence of interest. 

CRISPR/Cas9 has been used in genetic studies (e.g. high-throughput loss-of-function 

screenings) (Shalem et al. 2014; Koike-Yusa et al. 2014; Hart et al. 2015), for disease modelling 

(Wang et al. 2013; Platt et al. 2014; Paquet et al. 2016) and as new therapeutic approach for a 

large number of diseases (Jacinto, Link, and Ferreira 2020). Great achievements have been made 

in the treatment of diseases like cystic fibrosis (Schwank et al. 2013; Bellec et al. 2015; Maule et al. 

2019), DMD (Long et al. 2014; Li et al. 2015; Moretti et al. 2020; Zhang, Li, et al. 2020), β-

thalassemia (Xie et al. 2014; Song et al. 2015; Gabr et al. 2020) and Sickle cell disease (Frangoul 

et al. 2020).  

Classical CRISPR/Cas9-based genome editing involves first the DNA cleavage and then a 

second step of DNA repair. In eukaryotes, the induced DSB triggers DNA repair through intrinsic 

cellular pathways, such as homology-directed repair (HDR) or non-homologous end joining (NHEJ) 

(Figure 1.9) (Doudna and Charpentier 2014). HDR is considered an error-free pathway and can be 

used to generate a precise replacement of the sequence at the DSB site through homologous 

recombination (Rong and Golic 2000). This process relies on DNA templates like sister chromatids 

or exogenously provided templates. HDR is restricted in S and G2 phases of the cell cycle since a 

sister chromatid is available only after DNA replication (Rudin, Sugarman, and Haber 1989; Zhao 

et al. 2017). When Cas9 delivery is combined with a donor DNA, HDR induces sequence 

substitutions or insertion of the designed nucleotide sequence into a targeted site. HDR is the 

pathway of choice for installing precise edits for gene correction (Paquet et al. 2016), however, 

since it is limited in dividing cells, it is not always possible to rely on it. Therefore, HDR-independent 

strategies need to be developed (Chu et al. 2015; Maruyama et al. 2015; Nami et al. 2018). 

The NHEJ pathway is a template-independent and error-prone mechanism. It is a fast and 

flexible mechanism, which is more predominant compared to HDR since it is not restricted to 

cycling cells. In most cases, its efficiency can be nearly 90% (Mao et al. 2008; Lieber 2010). After 

Cas9-induced DSBs, NHEJ repair results in random N insertion or deletion (a.k.a. indels) at the 

cleavage site (Hilton and Gersbach 2015). Indel formation can lead to gene knockout if it disrupts 

the reading frame, usually by introducing a premature stop codon (Figure 1.9) (Hsu, Lander, and 

Zhang 2014). 
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Figure 1.9: DNA repair mechanisms following Cas9-induced DSBs. 
CRISPR/Cas9-induced DSBs result in DNA repair by NHEJ or HDR. The error-prone NHEJ leads to indels, 
enabling gene knockout. On the contrary, HDR can be used to install precise edits by providing either a 
double-stranded or a single-stranded oligodeoxynucleotide donor template that contains homology arms (light 
blue rectangles) to the cleaved target site (modified from Yang and Huang (2019)). 

 

Cas9-induced NHEJ has also been proposed as therapeutic strategy for diseases caused by 

frameshift mutations, where the reading frame of the gene is disrupted (Amoasii et al. 2017; 

Takashima et al. 2019). For example, Kocher et al. showed that a frameshift mutation in the 

collagen type VII α1 chain gene (COL7A1), that causes Dystrophic Epidermolysis Bullosa, can be 

corrected with a precise single adenine insertion induced by CRISPR/Cas9-induced NHEJ. After 

editing, affected keratinocytes show a reframing efficiency of ∼75% (Kocher et al. 2020). 

A drawback of CRISPR/Cas9 systems is that Cas9 can cleave off-target sites as a result of 

an incorrect complementarity between the DNA sequence and the sgRNA (Fu et al. 2013; Kuscu et 

al. 2014). Off-target events may cause pathogenic mutations and make CRISPR/Cas9 unsafe for 

clinical applications. For this reason, great efforts have been made to develop more precise 

methods to detect on- and off-target mutations (Kuscu et al. 2014; Kim et al. 2015; Tsai et al. 2015; 

Akcakaya et al. 2018), as well as to enhance Cas9 protein specificity. SpCas9 nucleases have 

been engineered to obtain variants with an increased target specificity, so to reduce off-target 

cleavage (Ishida, Gee, and Hotta 2015; Slaymaker et al. 2016). The enhanced-specificity SpCas9 
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(eSpCas9) proteins (Slaymaker et al. 2016) have been generated by mutating positively-charged 

residues responsible for the high Cas9 binding affinity to the DNA backbone, thus reducing 

cleavage activity at off-target sites. The same principle was applied for the generation of SpCas9-

HF1 (for high-fidelity variant number 1) (Kleinstiver et al. 2016). 

 In vivo and ex vivo CRISPR/Cas9-based genome editing for correction 

of MD-causing mutations  

Since MDs can be correlated with a specific mutation, CRISPR/Cas9-mediated gene therapy 

was explored as possible treatment. Recently, several studies have also combined CRISPR/Cas9-

based genome editing with cell-therapy for allogeneic transplantation. Ex vivo corrected myogenic 

cells could ideally replace dystrophic muscle for a long-term therapeutic effect (Sun et al. 2020).  

 

In the context of MDs, in vivo gene editing was first reported in the mdx mouse model by 

Taberdbar et al. in 2016. The authors demonstrated that the AAV-mediated delivery of Cas9 with 

two sgRNAs flanking the mutated exon 23 resulted in its excision and consequent rescue of 

dystrophin expression in dystrophic muscles (Tabebordbar et al. 2016). In other studies, 

humanized mouse models have been used to test the restoration of the shifted reading frame in the 

mutated DMD sequence (Sun et al. 2020). In 2017, an humanized mouse model carrying the exon 

45 deletion in the human DMD gene (out of frame mutation) was used to demonstrate that muscle 

electroporation of specific gRNAs and a Cas9 plasmids can induce exon 45-55 deletion and restore 

dystrophin expression (Young et al. 2017).  

AAV vectors have been used to systemically or intramuscularly deliver the CRISPR/Cas9 

components in vivo. An mdx mouse model harboring a nonsense mutation within exon 53 (Im et al. 

1996) was used to test either excision of exons 52-53 via NHEJ-repair, re-establishing the correct 

reading frame, or to precisely resolve the mutation in exon 53 inducing HDR-mediated repair. All 

treated mice showed a recovery of the dystrophin expression following local or systemic AAV 

serotype 6-mediated delivery of the CRISPR/Cas9 components with consequent amelioration of 

the dystrophic phenotype (Bengtsson et al. 2017). More recently, DMD correction was achieved 

also in mice and dogs harboring an exon 50 dystrophin mutation. Injection of two AAV serotype 9 

(AAV9) (showing tropism to both skeletal muscle and heart) (Zincarelli et al. 2008) encoding Cas9 

gene and specific sgRNAs allowed reframing of the mutation and skipping of exon 51, thus 

restoring gene expression (Amoasii et al. 2017; Amoasii et al. 2018). Lastly, another mouse model 

of DMD carrying an exon 44 deletion (Ex44 DMD) was generated by Yi-Li Min et al. and used to 

test correction strategies using CRISPR/Cas9–mediated skipping of surrounding exons. The 

authors demonstrated that systemic injection of AAV9 carrying the Cas9/sgRNAs complex induced 

DMD reframing of the exon 45, either via splicing between exons 41 and 45 or between exons 43 

and 46. In addition, gene reframing can be achieved via one N insertion or two nucleotides deletion 

induced by a single sgRNA and NHEJ repair. DMD reframing resulted in restoration of dystrophin 

protein expression and recovered muscle function in Ex44 DMD mice (Min et al. 2019). 
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Gene correction has been applied also ex vivo in muscle progenitor cells or iPSCs for testing 

cell replacement therapies. CRISPR/Cas9-induced NHEJ was used in DMD patient-derived iPSCs 

to reframe the mutated DMD gene. The authors showed restoration of protein function both in vitro 

(e.g. iPSC-derived cardiomyocytes and skeletal muscle cells) and in vivo (Young et al. 2016). In 

another study, CRISPR/Cas9-based editing was applied to correct patient-derived iPSCs carrying 

DMD exon 44 deletion either by skipping exon 43/45 or, by inducing the NHEJ-depended reframing 

of exon 43/44. The edited iPSCs-derived cardiomyocytes showed restored dystrophin expression 

(Min et al. 2019).  

Recent studies have reported correction of specific mutations in LGM2B and LGM2D 

patients-derived iPSCs as well. Turan and colleagues developed for the first time a strategy to 

reverse a missense and stop codon mutation respectively in α-sarcoglycan and DYSF gene using 

the SpCas9/sgRNAs complex and a template for HDR repair. Muscle progenitor cells derived from 

corrected human iPSCs showed rescued expression and correct localization for both proteins 

(Turan et al. 2016). More recently, Selvaraj et al. reported successful gene correction in LGMD2A 

patient-derived iPSCs. iPSCs carrying three different Calpain 3 (CAPN3) mutations were edited 

using CRISPR/Cas9 followed by HDR repair to enable gene knockin and to bypass the mutations 

localized between exon 15-24. As a consequence, they showed CAPN3 protein rescue in vitro and 

mRNA detection in vivo after cell engraftment in a CAPN3-deficient immunocompromised mouse 

model (Selvaraj et al. 2019). 

To conclude, CRISPR/Cas9-based editing in combination with cell-therapy is promising in 

translational medicine (Jacinto, Link, and Ferreira 2020). First clinical trials have already reported 

encouraging results in non-MDs (e.g. β-thalassemia, ClinicalTrials.gov: NCT03655678 and Sickle 

cell anemia, ClinicalTrials.gov: NCT03745287) (Hirakawa et al. 2020). However, safety and ethical 

concerns as well as methodological issues must be considered and solved for translation of 

CRISPR/Cas9 approaches into the clinic.  

1.5. Bacterial nanocellulose 

Bacterial nanocellulose or BNC is a water-insoluble polysaccharide consisting of linear D-

glucose molecules linked by β-1,4 glyosidic bonds and produced by a variety of bacteria species 

(Jahn et al. 2011). Among all microorganisms reported for cellulose biosynthesis, 

Gluconacetobacter xylinum (G. xylinus), is the most efficient species (Shoda and Sugano 2005; 

Valera et al. 2015; Gullo et al. 2018). G. xylinus is an aerobic, Gram-negative, rod-like bacterium 

that metabolizes glucose via glucose-6-phosphate, glucose-1-phosphate, and uracil-diphosphate 

(UDP)-glucose to cellulose. The BNC is most commonly synthetized under static or shaking culture 

conditions, where bacteria generate a cellulose membrane at the medium-air interface (Rajwade, 

Paknikar, and Kumbhar 2015). Crystallized cellulose nanofibers are a highly porous material that is 

deposited extracellularly by the producing bacterium. BNC appears to be necessary to maintain the 

organisms in an aerobic environment (Hestrin and Schramm 1954), transport nutrients by diffusion 
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(Iguchi, Yamanaka, and Budhiono 2000) and mechanically support the bacteria, giving a survival 

advantage under natural conditions (Römling 2002). 

BNC exhibits high mechanical strength (Hutchens et al. 2006), high water retention (Gelin et 

al. 2007), purity, biocompatibility (Klemm et al. 2005; Helenius et al. 2006) and non-biodegradability 

in vivo (Andersson et al. 2010; Petersen and Gatenholm 2011; Feldmann et al. 2013; Rajwade, 

Paknikar, and Kumbhar 2015; Ullah et al. 2016). It possesses a fine nanofibril network (Yamanaka 

et al. 1989; Retegi et al. 2010), which mimics, to some extent, properties of ECM (Bäckdahl et al. 

2006; Petersen and Gatenholm 2011; Geisel et al. 2016) (Figure 1.10). 
  

 
 
Figure 1.10: Molecular structure and ultrastructure of BNC 
A) Typical molecular structure of hydrated BNC (modified from Portela et al. (2019)). B) Representative SEM 
picture of BNC nanofibril morphology. Scale bar = 2 µm 

 

Its mechanical properties are similar to those ones of soft tissues with a Young´s modulus 

not greater than 30 GPa (Nishi et al. 1990). Of note, chemical/physical properties, porosity and 

shape of BNC strongly depend on the manufacturing conditions and can be adjusted according to 

necessity (Shah et al. 2013). All those features have contributed to a growing interest to this natural 

polymer as ideal biomaterial and cells substrate. 

1.5.1. Applications of BNC as biomaterial   

BNC is a biodegradable, non-toxic, biocompatible and pure substrate. It shows a unique 

reticulate 3D structure formed by a network of cellulose fibrils of 1.5 nm width, providing elasticity, 

flexibility and resistance. Many are the applications in regenerative medicine where BNC has been 

used as biomaterial (Svensson et al. 2005; Dutta, Patel, and Lim 2019). As first, the in vivo 

biocompatibility of the substrate was investigated (Helenius et al. 2006). In 1997 BNC was used to 

replace dura mater in dogs, showing great biocompatibility and adherence to the bone (Mello et al. 

1997). Inflammation was assessed after subcutaneous implantation in rats and no immune 

response or fibrosis was observed at the engraftment area (Helenius et al. 2006).  



Chapter 1: Introduction 
 

28 

The best-established application of native BNC is in wound dressing to treat burn or chronic 

lesions (Figure 1.11A) (Portela et al. 2019). Due to its capacity to retain moisture, absorbance and 

accelerate re-epithelization, BNC was used as an ideal scaffold for wound healing, tissue 

regeneration or as skin substitute (Czaja et al. 2006; Khalid et al. 2017). Biofill® (Fontana et al. 

1990) was the first BNC product to be commercialized as skin substitute in 1990 and many others 

are currently in use (Picheth et al. 2017).   

Native or chemically modified BNC has been also explored as scaffold for 

vascular/cardiovascular (Figure 1.11B,C) (Schumann et al. 2009), cartilage-meniscus (Andersson 

et al. 2010), bone (Zhang, Wang, et al. 2020) and neural  (Kowalska-Ludwicka et al. 2013) tissue. 
 

 
 
Figure 1.11: Examples of BNC biomaterials and scaffolds. 
A) BNC bandage after production and when it is applied on wounded hand. B) Different sizes of BNC vascular 
graft and blood vessel tubes. C) On the left, BNC tubes with different diameters; on the right, branched BNC 
tube fermented on silicone tubes used as vascular scaffold (modified from Gorgieva and Trček (2019)). 

1.5.2. BNC as in vitro cells scaffold for regenerative medicine 
applications 

Given the potential of BNC as biomaterial (Svensson et al. 2005; Helenius et al. 2006; Bodin 

et al. 2007; Bäckdahl et al. 2008), several studies focused on the use of cellulose as scaffold for 

different type of cells to be applied for in vivo implantation and tissue regeneration.  

The first studies have been made to assess biocompatibility for cell culture and to describe 

cell behavior on BNC-based substrates. In 1993 it has been reported that a L929 cells (a murine 

fibrosarcoma cell line) displayed reduced growth and adhesion when cultured on native BNC 

compared to cells in plastic dishes (Watanabe et al. 1993). Human umbilical vein endothelial cells 

(HUVEC) do not show significant differences in culture on a BNC substrate, as tested by Jeong et 

al. (Jeong et al. 2010). In another study, HUVEC showed horizontal growth, good adhesion and 

vertical migration when they are cultured on a three-dimensional BNC substrate (Recouvreux et al. 
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2011). In both cases, absence of cell toxicity and BNC biocompatibility, either in vitro or in vivo, 

was proved. 

BNC modifications in mechanical and chemical features (e.g. BNC/poly-ethylene glycol, 

BNC/chitosan, BNC/gelatine and BNC/collagen etc.) have different effects on cell spreading, 

proliferation and adhesion capabilities (Andrade et al. 2010; Figueiredo et al. 2013; Shah et al. 

2013; Huang et al. 2014) which could also vary with the cell types. Interestingly, high porosity BNC 

was evaluated as scaffold for cartilage tissue engineering. In this study it was observed that human 

chondrocytes are able to enter the cellulose pores of the scaffold, proliferate over time and produce 

ECM components within it. The authors concluded that porous BNC scaffold can be suitable to 

“host” chondrocytes for in vivo transplantation and cartilage regeneration (Andersson et al. 2010). 

Culture of smooth muscle cells (SMCs) on BNC-based substrate has been investigated for 

tissue-engineered blood vessels (TEBVs). Human SMCs showed a lower proliferation rate on BNC 

substrate in comparison with polystyrene (Bäckdahl et al. 2006). In the same study, the authors 

observed that SMCs morphology and migration were influenced by BNC porosity and density. On 

the compact side of the BNC the cells were thin, elongated and distributed on one layer. On the 

porous side, SMCs were more rounded and migrate into the cellulose nanofibers (Bäckdahl et al. 

2006). These findings have been important for designing tubular BNC as TEBVs.  

BNC is extensively used for wound dressing as it was proved to avoid infection, accelerate 

granulation and re-epithelization of skin injuries (Portela et al. 2019). To improve the efficiency of 

BNC in wound healing, mesenchymal stem cells (MSCs) or keratinocytes can be incorporated in 

the scaffolds. These cells were expected to integrate into the host tissue after engraftment and to 

promote tissue regeneration. Indeed, it was reported that human MSCs can be cultured on native 

BNC and support wound healing when transplanted on burned skin of mice (Souza et al. 2014). 

Also, human keratinocytes and dermal fibroblasts that were included into a 3D BNC/acrylic acid 

hydrogel seemed to accelerate the wound healing process in vivo when placed on injured skin of 

mice. Both cell types attached well to the substrate, maintained viability with a limited proliferation 

and migration rate and could be transferred at the wounding site (Loh et al. 2018).  

BNC properties and similarities with ECMs components like collagen (Bäckdahl et al. 2006; 

Petersen and Gatenholm 2011; Geisel et al. 2016) stimulated in vitro studies to optimize cell 

culture strategies. As reported by Feil et al., collagen-coated BNC preserved HUVEC native 

transcriptomic and proteomic phenotype mimicking cellular microenvironment. Specifically, they 

observed a reduction in proliferation-associated proteins and maintenance of receptor tyrosine 

kinase MAP/ERK and PI3K signaling pathways which are typical of their native biological functions 

(Feil et al. 2017). In another study, Tronsen and colleagues proved long-term maintenance of 

mouse embryonic stem cells (mESC) pluripotency when culture on BNC. Indeed, bio-mechanical 

features of cellulose nano-fibers appeared to inhibit mESC differentiation (Tronser et al. 2018). 

Despite these first findings, BNC potentiality as substrate for stem cells culture is still unclear 

and further investigations are needed to evaluate its advantages in comparison to standard 

methods. 
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2. AIM OF THE STUDY 

MDs are a heterogeneous group of inherited muscular disorders characterized by 

progressive degeneration and weakness of skeletal muscle and for which no definitive cure is 

currently available. MDs are caused by mutations of genes encoding for protein associated to a 

variety of cellular compartments (e.g. sarcolemma, extracellular matrix, nuclear membrane, and 

sarcomeric apparatus) and often essential for the maintenance of muscle integrity. Ex vivo cell-

based gene therapy is being investigated as a promising approach for the treatment of monogenic 

muscular disorders. Importantly, cell-based strategies have been combined with the gene editing 

technology based on CRISPR/Cas9, which is currently explored as method for the correction of 

dystrophy-causing mutations. Ideally, patient-derived muscle precursor cells or myoblasts are 

genetically corrected ex vivo, subsequently expanded in culture and eventually used for autologous 

transplantation. For that reason, the development of an optimal gene correction strategy is crucial 

for the application of cell-therapy in the autologous context. A major obstacle to limit the clinical use 

of muscle stem-derived cells in cell-based therapy is the loss of their regenerative capabilities and 

stemness when expanded ex vivo. Culture conditions able to preserve the regenerative potential of 

myogenic cells by avoiding extensive proliferation are therefore of extreme interest.  

The purpose of my work was to develop an ex vivo gene editing strategy able to efficiently 

correct dystrophy-causing mutations, while avoiding loss of human primary myoblasts (hPMs) 

stemness in culture. 

To achieve this goal I aimed to:  

1. Test a CRISPR/Cas9-based method for the correction of a founder mutation of the DYSF 

gene that is known to cause LGMD2B, in patient-derived PMs.  

2. Explore a BNC substrate as an alternative culture method for hPMs and characterize 

their cellular behavior in comparison with the standard culture technique.  

3. Verify that CRISPR/Cas9-based gene editing strategy is functional in donor-derived PMs 

when cultured on BNC. 
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3. MATERIALS AND METHODS 

3.1. Cell culture 

3.1.1. Primary human cell sources 

Human muscle fiber fragments were prepared from muscle biopsy specimens obtained for 

diagnostic purposes. All human samples were collected after patients had signed informed consent 

forms in accordance with the requirements of the Charité Ethics Committee. Before human primary 

myoblasts (hPMs) isolation, muscle biopsy specimens underwent hypothermic treatment at 4°C as 

described in Marg et al. (Marg et al. 2014). Subsequently, isolation and culture of hPMs was 

performed as previously described (Marg et al. 2014; Schoewel et al. 2012). Research use of the 

material was approved by the regulatory agencies (EA1/203/08, EA2/051/10, EA2/175/17, Charité 

Universitätsmedizin Berlin). The hPMs used in this study are listed in table 3.1. 

 

hPMs Gender Age Cell 
Passage #* Desmin %** Pax7 %** Ki-67 %** 

hPM-1 male 67 P7 99 13 67 

hPM-2 male 21 P6/P7 99 57 65 

hPM-3 female 49 P8 99 22 51 

hPM-4 female 25 P8 99 1 53 

hPM-5 male 25 P7 99 25 64 

hPM-6 female 56 P7 99 12 50 

hPM-7 female 23 P7 99 17 60 

hPM-8 female 58 P6 99 12 50 

hPM-9 female 43 P7 99 55 84 

hPM-10 female 27 P7 99 39 71 

hPM-11 female 29 P7 99 5 73 
 
* The column indicates the cell passage number (#) at which hPMs were used for performing experiments 
** The markers were characterized in freshly isolated primary myoblasts before thawing 
 
Table 3.1: Donor-derived PMs details. 
The table shows the hPMs used for the all the experiments performed in the present study. The listed hPMs 
are from patients with different gender and ages. hPMs were all used between passage 6 and 8 and 
considered pure myogenic since at least 99% of cells were counted positive for desmin (myogenic marker). Ki-
67 (proliferation marker) indicate the proliferation rate of cells after isolation. Myoblasts possessed a different 
percentage of Pax7 (SCs marker) positive cells. Differences are due to the donor-derived variability. 
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3.1.2. hPMs culture 

 hPMs culture on standard plastic dishes (Standard)  

hPMs were grown in humidified atmosphere containing 5% CO2 at 37°C on 10 cm plastic 

dishes (Corning) in skeletal muscle cell growth medium (SMCGM) (Provitro) enriched with fetal calf 

serum (FCS) supplement mix (Provitro), 10% fetal bovine serum (Biochrom) and 2.72 mM 

glutamine (GlutaMAX™, Thermo Fisher Scientific), Antibiotics (Provitro).  

For cell passaging, hPMs were washed with Dulbecco's phosphate-buffered saline (DPBS) 

(Thermo Fisher Scientific) and treated with 0,25 % Trypsin/EDTA (Thermo Fisher Scientific) at 

37°C for 5 min. Detached cells were collected in SMCGM + supplements to a dilution of 1:10 and 

centrifuged at 200 g for 5 min at room temperature (RT). Pellet was resuspended in an appropriate 

volume of SMCGM + supplements and seeded at a density of 1-2*104 cells/cm2 on 10 cm plates. 

Cells were split every 2-3 days according to growth rate/confluence. 

 hPMs differentiation assay Standard  

hPMs were seeded in 8-well ibidi µ-Slides (IBIDI GmbH Martinsried, Cat. # 80826, Germany) 

(10,000-15,000 cells per well) in SMCGM + supplements and incubated in humidified atmosphere 

containing 5% CO2 at 37°C. At 70-80% of confluence, the medium was switched to OptiMEM 

(Thermo Fisher Scientific). After four days, cells were fixed for 10 min in 3.7% Formaldehyde (FA) 

(Sigma-Aldrich) and analyzed by immunofluorescence assay with antibodies against desmin, 

MYHC and MYOG (see Table 3.2 of section 3.2. for antibody list). Nuclei were stained with 

Hoechst 33258 (0.5 µg/ml, Sigma-Aldrich). 

 Production of BNC framed discs for cell culture 

The BNC framed discs used in this study were produced by Xellulin® (Xellutec GmbH, 

Germany) as previously described (Hofinger, Bertholdt, and Weuster-Botz 2011; Feil et al. 2017). 

Currently, BNC manufacture is performed in our laboratory by Dr. Hans-Jürgen Peter, according to 

a modified protocol from Hofinger et al. and using Gluconacetobacter xylinus (Leibniz-Institut 

DSMZ - Deutsche Sammlung Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany, 

DSM 2325). 

 BNC framed discs and hPMs culture on BNC 

 hPMs on BNC were grown in humidified atmosphere containing 5% CO2 at 37°C on BNC 

framed discs included in 6-well plates (Corning). Each well contained a total volume of 2.5 ml (1.5 

ml inside and 1ml outside the frame) of SMCGM + supplements (see section 4.1.2.1.). Cell culture 
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medium was replaced twice a week. No cell passaging was needed during the culture period. 

hPMs grown on BNC were detached after washing with DPBS by an enzymatic treatment with 254 

U/ml collagenase CLS II (Biochrom AG, Berlin, Germany), 100 U/ml Dispase II (Roche, Basel, 

Switzerland) and 0.25% trypsin/EDTA at 37°C for 45 min in 5% CO2 at 37°C. Hence, hPMs were 

gently scraped (SPL Life Sciences Cat. # 90021, Korea), collected, counted, resuspended in an 

appropriate volume of SMCGM medium + supplements and seeded in standard 10 cm plastic 

dishes, 6-well plates as needed or 8-well ibidi µ-Slides (10,000-15,000 cells per well) (IBIDI GmbH 

Martinsried, Cat. # 80826, Germany) as needed. Bright field (BF) pictures of BNC substrate were 

taken before and after detachment using an EVOS FL Cell Imaging System. 

 hPMs proliferation from low number of cells on Standard and BNC 

A low number of hPMs was seeded on 6-well plastic plates (Corning) and BNC discs (1*103 

cells per well) and kept for 21 days in humidified atmosphere containing 5% CO2 at 37°C. Cell 

culture medium (SMCGM + supplements) was replaced twice a week. No cell passaging was 

needed during the culture period. BF pictures were taken using an EVOS FL Cell Imaging System.  

 hPMs differentiation assay on BNC 

 hPMs were seeded on BNC discs (2*105 cells per well) in SMCGM + supplements and 

maintained in humidified atmosphere containing 5% CO2 at 37°C. After 30 days, the medium was 

switched to OptiMEM. After 4 days, cells were fixed for 10 min in 3.7% FA and analyzed by IF 

assay with antibodies against desmin, MYHC and MYOG (see Table 3.2 of section 3.2. for 

antibody list). Nuclei were stained with Hoechst 33258. 

 Fusion index calculation  

After differentiation of hPMs on Standard and on BNC, the fusion index was calculated as 

the percentage of total nuclei incorporated into myotubes versus (vs.) the total number of nuclei. A 

myotube was defined as a muscle cell containing ≥3 nuclei.  

3.2. Antibody list 

Antibody Catalog number and company Working 
concentration 

Desmin ab15200, Abcam 1: 2.000 IF 

MYF-5 (C-20) sc-302, Santa Cruz Biotechnology 1: 2.000 IF 

PAX7 sc-81648, Santa Cruz Biotechnology 1: 100 IF 
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Skeletal Myosin (fast) M4276, Sigma-Aldrich 1: 200 IF 

Myogenin ( F5D) ab1835, Abcam 1:500 IF 

Ki-67 (SP6) MA514520, Thermo Fisher 1:300 IF 

MyoD1 (C-20) sc-304, Santa Cruz Biotechnology 1:50 IF 

BrdU Ab6326, Abcam 1:50 FCS 

CD56(NCAM1) 130090955, Milteny 1:200 FCS 

Dysferlin (NCL-Hamlet) Novocastra 1:500 WB 

Dysferlin (Romeo) ab124684, Abcam 1:200 IF 

α-tubulin  T5168, Sigma-Aldrich 1:2000 WB 

GAPDH ab9485, Abcam 1:2000 WB 

FITC 112-096-072, Jackson Immuno Research (Dianova) 1:1000 FCS 

Alexa Fluor 488 A11001/ A11001, Invitrogen 1:1000 IF 

Alexa Fluor 568 A11031/A11036, Invitrogen 1:1000 IF 

Alexa Fluor 647 A21236, Invitrogen 1:500 IF 

Alexa 488 conjugated 
WGA W11261, Invitrogen 1:200 IF 

Alexa Fluor™ 568 
Phalloidin 94072, Sigma-Aldrich 1:250 IF 

 
Table 3.2: List of primary and secondary antibodies. 
Western blot (WB); Immunofluorescence (IF); Flow cytometry staining (FCS) 

3.3. Immunofluorescence 

3.3.1. Analysis of proliferation and myogenic markers expression in 
hPMs in Standard condition 

hPMs were grown in 8-well ibidi µ-Slides (IBIDI GmbH Martinsried, Cat. # 80826, Germany) 

(10,000 cells per well), washed with DPBS and fixed with 3.7% FA at RT. After 10 min 

permeabilization with 0.2% Triton X-100 (Sigma Aldrich), cells were incubated in 1% bovine serum 

albumin (BSA) (Sigma Aldrich) in DPBS for 1h. Primary antibodies were used as described in 

Table 3.2of section 3.2., and incubated in 1% BSA/DPBS overnight at 4°C. After washing, samples 

were incubated with Alexa 488 or Alexa 568-conjugated secondary antibodies (see Table 3.2 of 

section 3.2. for antibody list) for 1h in DPBS at RT followed by Hoechst 33258 for 5 min. 
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3.3.2. Analysis of proliferation and myogenic markers expression in 
hPMs on BNC 

hPMs were grown on 6-well plate BNC discs for various time points followed by fixation in 

3.7% FA for 10 min at RT. BNC discs were then manually cut and divided into six to eight equal 

parts. BNC slices were transferred into 8-well ibidi µ-Slides (IBIDI GmbH Martinsried, Cat. # 80826, 

Germany) for further analysis. Cells were permeabilized for 20 min with 0.2% Triton X-100 and 

blocked in 1% BSA in DPBS for 1h. Primary antibodies (see Table 3.2 of section 3.2. for antibody 

list) were added overnight at 4°C. After washing, samples were incubated with Alexa 488 or Alexa 

568-conjugated secondary antibodies (see Table 3.2 of section 3.2. for antibody list) and Hoechst 

33258 for 1h in DPBS at RT. For imaging, BNC slices were mounted on slides using Aqua-Poly 

Mount (Polyscience, Cat. # 18606-5) solution. 

3.3.3. Wheat germ agglutinin (WGA) conjugate membrane staining of 
hPMs on BNC 

hPMs were grown on 6-well plate BNC discs for 48h followed by fixation in 3.7% FA for 10 

min at RT. Cells were washed three times in HBSS (Life Technologies) and incubated with 1.0 

mg/mL WGA conjugate stock solution (see Table 3.2 of section 3.2. for antibody list) diluted in 

HBSS for 10 min at RT. After the labelling solution was removed, cells were washed twice in 

HBSS. For imaging, BNC slices were mounted on slides using Aqua-Poly Mount solution. 

3.3.4. Alexa Fluor 488/568 Phalloidin staining of hPMs on Standard or 
BNC 

hPMs were grown on 6-well plate BNC discs or in 8-well ibidi µ-Slides (IBIDI GmbH 

Martinsried, Cat. # 80826, Germany) (10,000 cells per well) for 48h followed by fixation in 3.7% FA 

for 10 min at RT. Cells were permeabilized for 10 min with 0.2% Triton X-100, washed in DPBS two 

times and incubated with Alexa Fluor 488 Phalloidin (see Table 3.2 of section 3.2. for antibody list) 

in DPBS for 45 min at RT. After the labelling solution is removed, the cells are washed twice 

in DPBS and incubated with Hoechst 33258 for 5 min. For imaging, BNC slices were mounted on 

slides using Aqua-Poly Mount solution. 

3.4. SDS page and immunoblot 

Protein lysate of hPMs was obtained using protein extraction RIPA buffer consisting of 

50mM Tris-HCl, 150mM NaCl, 0.1% NP-40, 0.1% SDS, 0.1% sodium deoxycholate and protease 

inhibitors. The protein lysate was kept on ice for 30 minutes, centrifuged at 1500 rpm for 10 min at 

4°C and supernatant were transferred into fresh 1.5ml tubes. Protein quantification was performed 
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using BCA Protein Assay KitTM (Pierce) following manufacturer’s protocol. Required amount of 

protein (15 to 20 µg) was mixed with appropriate amount of SDS sample running buffer (0.25M 

Tris-HCl, 50% Glycerol, 5% SDS, 0.05% bromophenol blue and 10% β-mercaptoethanol) and 

heated at 94°C for 10 min Samples were loaded onto Invitrogen Novex™ WedgeWell™ 8 to 16% 

gradient gel (Thermo Scientific, XP08165BOX). Proteins were separated in denaturing conditions 

and transferred to a PVDF membrane using a wet electroblotting system (Bio-Rad) in Tris-glycine 

buffer containing 10% methanol and 0.1% SDS. Following transfer, the membrane was incubated 

for 1h at RT in TBST solution containing 4% dry milk powder (blocking buffer). After blocking, the 

membrane was incubated with the corresponding primary antibody diluted in blocking buffer (anti-

dysferlin NCL-Hamlet, overnight at 4°C / anti- α-tubulin, 2h at RT / anti-GAPDH 2h at RT) (see 

Table 3.2 of section 3.2. for antibody list) and washed 10 min with TBST. Incubation with horse 

radish peroxidase (HRP)-conjugated secondary antibodies against mouse IgG (Thermo Scientific, 

31432) and rabbit IgG (Thermo Scientific, 31462), both diluted 1:5000 in blocking buffer, was 

performed at RT for 1h. Afterwards the membrane was washed three times and incubated with 

AmershamTM ECLTM Prime Western Blotting Detection Reagent (GE Healthcare, RPN2232) and 

developed with VWR® CHEMI only system (VWR International GmbH). Images were processed 

using Adobe Photoshop CC 17. Modifications were applied to the full image (all the lanes). 

3.5. Laser-mediated membrane wounding  

For laser wounding experiment primary human myoblasts were plated on 8-well ibidi µ-

Slides well (IBIDI GmbH Martinsried, Cat. # 80826, Germany) and fused as described in section 

3.1.2.2.. Before performing the membrane wounding, the medium was replaced with Tyrode 

solution (140 mM NaCl, 5mM KCl, 2mM MgCl2 and 10 mM HEPES, pH 7.2). Myotubes were 

wounded by irradiation of a 2.5 x 2.5 µm boundary area of the plasma membrane at 100% 

maximum power (10 mWdiode laser, 488 nm laser line) for 76 seconds using Zeiss LSM 700 

confocal microscope with 63x (oil) magnification objective (LCI Plan-Neofluar 63x/1.3 Imm Korr DIC 

M27; Zeiss). Digital images were acquired using the Zeiss LSM ZEN 2.3 software (Carl Zeiss 

Microscopy GmbH). 

3.5.1. IF after laser-mediated membrane wounding  

After performing laser wounding experiment, myotubes were washed with DPBS and fixed 

with 3.7% FA in DPBS for 10 min. After washing with DPBS, blocking was performed with 1% BSA 

in DPBS for 1h at RT. Then, the myotubes were incubated with primary antibodies (anti-annexin A1 

and anti-dysferlin (Romeo), see Table 3.2 of section 3.2. for antibody list) with 1% BSA in DPBS 

o/n at 4°C. Alexa 488 or Alexa 568-conjugated secondary antibodies (see Table 2 of section 3.2. 

for antibody list) were applied for 1h in DPBS at RT followed by Hoechst 33258 for 5 min.  
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3.6. Image acquisition  

3.6.1. Standard cell culture imaging 

Cells were routinely monitored via BF microscopy using a Leica DM IL Fluo Invers 

microscope (Leica Microsystems) equipped with 4x, 10x, 20x and 40x magnification objectives (HI 

PLAN 4x/0.10, HI PLAN I 10x/0.22 Ph1, HI PLAN I 20x/0.30Ph1, HI PLAN I 40x/0.50 Ph2). hPMs 

were checked daily for density and cell quality, depending mainly on passage number and donor, 

to assess usability for experiments and to prevent spontaneous fusion for standard maintenance 

cell culture. BF pictures were taken with an inverted light microscope EVOS® FL Cell Imaging 

System (Thermo Fisher Scientific) with 4x or 10x magnification objectives (PL FL 4X LWD PH, 

0.13NA/16.9WD, PL FL 10X LWD PH, 0.25NA/9.2WD). 

3.6.2. Laser Scan Microscopy 

Multi-color, confocal IF imaging was performed using the Laser Scan Microscope LSM 700 

(Carl Zeiss) equipped with a 1-2-channel scanning module corresponding to laser class 3B (DIN 

EN 60825-1) (405 nm (5 mW), 488 nm (10 mW), 555 nm (10 mW), 639 nm (5 mW)). The LSM is 

attached to an Axio Observer Z1 inverted microscope (Carl Zeiss) equipped with 40x or 63x (oil) 

magnification objectives (N-Achroplan 10x/0.25 M27, Plan-Apochromat 40x/0.95 Korr M27, LCI 

Plan-Neofluar 63x/1.3 Imm Korr DIC M27). Images were acquired with the ZEN 2010 SP1 software 

(Carl Zeiss). Control samples were used to adjust laser parameters to sample auto-fluorescence 

and secondary antibody fluorescence. 

Same scan-settings were used for different samples that shared the same staining 

conditions. Image analysis and composition was done using the ZEN 2.3 software (Carl Zeiss 

Microscopy GmbH), ImageJ and Adobe Illustrator CC 2017. 

3.6.3. Scanning electron microscopy (SEM) of BNC 

BNC was fixed with 1 % (v/v) osmium tetroxide and, after washing with cacodylate buffer, 

dehydrated with Hexamethyldisiazane solution and placed on aluminum holders. For imaging, the 

samples were coated with gold/palladium and examined at Zeiss DSM 982 Gemini electron 

microscope (Carl Zeiss Microscopy GmbH Oberkochen, Germany). 

3.6.4. Transmission electron microscopy (TEM) of hPMs on BNC 

hPMs on BNC were fixed with 2.5% (v/v) glutaraldehyde in 0.1 M cacodylate buffer for 2h at 

RT. Blocs of 1-2 mm3 were post-fixed with 1 % (v/v) osmium tetroxide, dehydrated in a graded 

series of ethanol and embedded in PolyBed® 812 resin (Polysciences, Inc., Warrington, USA). 
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Ultrathin sections (80 nm) were stained with uranyl acetate and lead citrate and examined at 80 kV 

with a Zeiss EM 910 electron microscope (Carl Zeiss Microscopy GmbH). Acquisition was done 

with a Quemesa CDD camera and the iTEM software (Emsis). 

3.7. Flow cytometric assays 

3.7.1. Flow cytometric assessment of cell viability 

Propidium iodide (PI) staining was utilized for the determination of cell viability of hPMs 

cultured on BNC. After detachment, hPMs were washed with DPBS and labelled with PI - 1.0 

mg/mL (Life technologies, P3566) (1:600). The signal was detected using BD FACS Canto II and 

normalized to unstained cells. PI as membrane impermeant dye is excluded from viable cells. 

3.7.2. Flow cytometric cell cycle analysis using the Bromodeoxyuridine 
(BrdU) assay 

On day after seeding (on Standard or on BNC), hPMs were incubated with 10nM BrdU 

(Roche, Germany) for 60 min. BrdU incorporated in newly synthesized DNA reflects the cell cycle 

progression status. The cells were collected as described in section 3.1.2.2. and 3.1.2.4., fixed with 

ice-cold ethanol (99%) (Sigma Aldrich) and denatured by treatment with 2 M HCl (Roth, Germany) / 

0.5% Triton X-100 in DPBS for 30 min at RT. After neutralization with 0.1 M Na2B4O7 (disodium 

tetraborate) (Roth, Germany) buffer at pH 8.5 for 2 min at RT, cells were washed and incubated 

with an anti-BrdU antibody (see Table 3.2 of section 3.2. for antibody list) for 30 min at RT. After 

washing, hPMs were incubated with a FITC secondary antibody (see Table 3.2 of section 3.2. for 

antibody list) for 30 min at RT. After washing, cells were resuspended in 3% FBS/DPBS containing 

10mg/ml RNaseA (Qiagen) for 30 min at 37°C in the dark. Finally, 1mg/ml PI was added and the 

measurement was carried out with Flow Cytometry (Cell Analyser BD LSRFortessa). The 

percentages of cells distribution in G0/G1, S, and G2/M phases of the cell cycle were quantified 

using Flow Jo software version 10.6.0. 

3.7.3. Flow cytometry protocol for neural cell adhesion molecule 1 (CD56 
or NCAM1) staining 

hPMs cultured on Standard or BNC were collected (see section 3.1.2.2. and section 3.1.2.4.) 

for CD56/NCAM1 FACS staining and washed in 2 ml of ice-cold staining buffer (1% BSA in DPBS). 

After washing, hPMs were incubated with the anti-CD56 primary antibody (see Table 3.2 of section 

3.2. for antibody list), 15 min at 4°C (mix gently every 5 min) and washed two times with 500 μl 

staining buffer before the incubation with the secondary antibody Alexa Fluor 647 (see Table 3.2 of 
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section 3.2. for antibody list), 15 min at 4°C. Cells were washed two times, resuspended in 500μl 

staining buffer and transferred to FACS tubes with 40µm cell strainer caps (Corning) to remove cell 

clumps. NCAM1 signal was detected using flow cytometry (Cell Analyser BD LSRFortessa).  

3.8. Lentivirus-GFP infection  

3.8.1. Lentivirus production 

Third generation (Dull et al. 1998), self-inactivating lentiviral vectors (Zufferey et al. 1998) 

were produced using quadri-transfection of 293TN human kidney producer cells (System 

Biosciences) on 0.01% Poly-L-Lysin (Sigma-Aldrich, Munich, Germany)-coated plates in OptiMEM 

Medium using Lipofectamin® 3000 Reagent (Thermo Fisher Scientific, Germany) (Diecke et al. 

2013). Sequences encoding Gag, Pol and Rev proteins were delivered on pMD2L_PRE and pRSV-

Rev packaging plasmids, whereas the vesicular stomatitis virus envelope glycoprotein (VSV-G) on 

pMD2.G plasmid. The viral LTRs and the enhanced GFP, under the control of human 

phosphoglycerate kinase-1 (PGK-1) promoter, were delivered on the 

pRRLSINcPPT_PGKGFP_WEPRE plasmid. Supernatant was collected for three days after 

transfection and centrifuged at 500 g for 15 min. 1 volume of cold Lenti-X-Concentrator was mixed 

with 3 vol of supernatant, incubated overnight and centrifuged at 1500 g for 45 min at 4°C. Pelleted 

Lentivirus was resuspended in ice-cold DPBS, aliquoted and stored at -80°C. Viral titer was 

estimated by means of Lenti-X qRT-PCR Titration Kit (Clontech, Saint-Germain-en-Laye, France) 

and titration by infection using flow cytometry. 

3.8.2. hPMs infection with Lentivirus-GFP 

Under culture conditions in plastic dishes, 5*104 hPMs were seeded in 12-well plates and 

infected with Lentivirus-GFP in 0.5 ml SMCGM + supplements, without (w/o) antibiotics (MOI: 1). 

One day later, a supplement of 0.5 ml of SMCGM + supplements (w/o antibiotics) was added. After 

48 h, cells were pelleted, washed and fixed.  

On BNC, 1*105 hPMs were seeded on 6-well plates and infected in 0.75 ml SMCGM + 

supplements (w/o antibiotics) (MOI: 1). The day after the infection, a supplement of 0.75 ml of 

SMCGM + supplements (w/o antibiotics) was added to the cells. After 72h cells were pelleted, 

washed and fixed with 3.7 % FA and the GFP signal was detected using BD FACS Canto II and 

compared to uninfected cells. 
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3.9. CRISPR/Cas9-based gene editing 

3.9.1. Cloning of sgRNAs  

For targeting experiments a one vector system was used, where sgRNA and Cas9 are 

expressed by the same plasmid. Apart from the sgRNA cassette that is regulated by the U6 

promoter, the plasmid contains either SpCas9 (Jinek et al. 2012) (HE_p4.1) or eSpCas(1.1) 

(Slaymaker et al. 2016) (HE_p3.1) under the control of a mammalian codon-optimized CAG-

promoter. Additionally, Cas9 is followed by a T2A-Venus cassette for monitoring gene expression.  

HE_p3.1 and HE_p4.1 were previously cloned by Dr. Helena E. Fernandez and here named as 

eSpCas9(1.1)::Venus and SpCas9::Venus respectively (see Appendix section 7.1.). 

For this study, the sgRNA sequences against human NCAM1 exon 3 and DYSF exon 44 

were cloned into HE_p3.1 or HE_p4.1 plasmids and then tested in hPMs. sgRNAs were designed 

with CRISPOR online tool (Concordet and Haeussler 2018) and assembled with oligo annealing 

with 37 °C for 30 min and 95°C for 5 min. Annealed oligoes were cloned into HE_p3.1 and 

HE_p4.1 using BplI restriction sites and ligation was performed using T4 DNA ligase (NEB), 

overnight at 16°C. After transformation in electrocompetent E. coli bacteria, positive clones were 

verified by Sanger sequencing. sgRNAs targeting human DYSF exon 44 (Table 3.3) were designed 

by Dr. Helena E. Fernandez.  
 

Locus Target 
allele Guide ID Guide sequence PAM Orientati

on 

hNCAM1 WT NCAM1ex3wt#1 AACGCCAACATCGACGACGC CGG sense 

hDYSF 
mutated DYSFex44mut#3 AAATAGGGGTCCAGCGTGCA GGG sense 

mutated DYSFex44mut#3
+ [G] gAAATAGGGGTCCAGCGTGCA GGG sense 

 
Table 3.3: sgRNA sequences used for the CRISPR/Cas9 experiments. 

3.9.2. Lipo-transfection of  the Cas9/sgRNA complex 

For the CRISPR/Cas9 experiments on Standard, hPMs were seeded at a density of 75.000 

cells/well of a 6-well plates a day before transfection. 1μg eSpCas9(1.1)::Venus or 

SpCas9(1.1)::Venus DNA (with and without sgRNAs; see Table 3.3 of section 3.9.1.) was 

transfected using Lipofectamine® 3000 transfection reagent (Invitrogen, Germany), according to 

the manufacturer’s instructions. 

For the CRISPR/Cas9 experiments on BNC discs, hPMs were seeded at a density of ~2*105 

cells/well a day before transfection. 2μg eSpCas9(1.1)::Venus DNA (with and without sgRNAs; see 

Table 3.3 of section 3.9.1.) were transfected using Lipofectamine® 3000 transfection reagent 

(Invitrogen, Germany), according to the manufacturer’s instructions. 
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In all experiments, 48h after transfection the Venus signal was detected using an EVOS FL 

Cell Imaging System and BD FACS Canto II and Venus positive (+) cells were sorted using Cell 

Analyser BD LSRFortessa. Sorted cells were in part used for genomic DNA isolation and in part 

plated again on Standard condition for further analyses. 

3.10. DNA assays 

3.10.1. Genomic DNA (gDNA) isolation 

gDNA of hPMs was isolated using an AMPure XP Beads (Beckman Coulter) based 

purification protocol. Pelleted cells were lysed with 50µl Lysis Buffer AL (Qiagen) (for less than 

1*106 cells) and Proteinase K (Qiagen) (50-100µg/ml). After incubation at 56˚C for 10 min while 

shaking at low speed (300 rpm), 1.8 volumes of AMPure XP Beads were added to the mixture. The 

rest of the protocol was performed following the manufacturer’s procedure. 

3.10.2. Polymerase chain reaction (PCR) amplification of gDNA and 
Sanger sequencing of PCR products 

gDNA was PCR amplified using Q5 High-Fidelity DNA Polymerase (NEB) and NCAM1 or 

DYSF primers (Table 3.4). PCR products were gel purified (Nucleospin Gel and PCR Clean-up kit, 

Macherey-Nagel) and analyzed by bulk Sanger sequencing (LGC Genomics). The Sanger data 

analysis was performed using Inference of CRISPR Edits (ICE) from Synthego (ice.synthego.com) 

free bioinformatics tool. 

3.10.3. T7 Endonuclease I (T7E1) assay 

0.5 μg of purified PCR product was used to perform a T7E1 assay according to the 

manufacturer’s instructions. First, the PCR products were incubated with NEBbuffer 2 (NEB, 

B7002S) and T7E1 (NEB, M0302S) at 37°C for 20 min. Then, the DNA was denatured at 95°C and 

the re-annealing was performed by decreasing temperature from 95°C to 85°C at -2°C/s and from 

85°C to 5°C at -0.1°C/s. The annealed PCR products were analyzed via 2% agarose gel 

electrophoresis. 

3.10.4. Sub-cloning 

Sub-cloning experiments were performed using CloneJET PCR Cloning Kit (Thermo Fisher) 

according to the manufacturer’s instructions. The CloneJET PCR Cloning Kit is a positive selection 
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system for cloning PCR products. The vector pJET1.2/blunt, T4 DNA ligase and primers for cloning 

PCR and sequencing are included in the kit (Table 3.4). 

 

Gene Primers Annealing 
temperature (°C) 

hNCAM1 
Forward CATTCCAGCAGCCATACTCAC 

60 
Reverse CGTAATAGCCCTCTGGGAAC 

hDYSF 
Forward CAGGACACAGCCCACATCT 

60 
Reverse CTATGCCCCCATAGACATGC 

pJET1.2 
Forward CGACTCACTATAGGGAGAGCGGC 

60 
Reverse AAGAACATCGATTTTCCATGGCAG 

 
Table 3.4: Primer list for PCR and sub-cloning. 

3.11. RNA assays 

3.11.1. RNA isolation 

hPMs cultured on Standard or BNC were washed once and 175 µl of RP1 buffer 

(NucleoSpin® RNA/Protein isolation kit (Macherey-Nagel) were added to each well. The cell-lysate 

was collected using a scraper, frozen immediately on dry ice and stored at – 80 °C until RNA 

isolation. For RNA isolation, the NucleoSpin® RNA/Protein isolation kit (Macherey-Nagel) was 

used according to the manufacturer´s instructions. Elution volumes of 20-40 µl were used, 

depending on the size of the cell pellet. RNA concentration was determined using the NanoDrop™ 

One Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific) 

3.11.2. Reverse Transcription and quantitative real-time PCR (RTq-PCR) 

500 or 1000 ng of isolated RNA were reverse transcribed using the QuantiTect Reverse 

Transcription Kit (Qiagen) according to the manufacturer´s instructions and the complementary 

DNA (cDNA). The resulting cDNA was diluted to 20 ng/1 µl and stored at -20°C. For testing the 

used primers, different annealing temperatures were tested with standard curve assays using 32 

ng, 8 ng, 2 ng and 0.5 ng cDNA input in order to define the amount of cDNA and annealing 

temperature needed for optimal primer efficiencies (Primer sequences and corresponding used 

annealing temperatures are listed in Table 3.5).  

For real time PCR reactions, KAPA SYBR® FAST qPCR Master Mix (2X) Universal (Sigma-

Aldrich) was used following the manufacturer´s instructions.  

For analysis, the QuantStudio™ 6 Flex Real-Time PCR System (Thermo Fisher Scientific) 

together with MicroAmp® Optical 96-Well Reaction plates (Thermo Fisher Scientific) were used 

with three technical replicates per sample and per primer pair.  
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For primer pairs with optimal annealing temperature at 60 °C, a two-step protocol with 40 

cycles with denaturation at 95 °C and annealing at 60 °C was used. For primer pairs with optimal 

annealing temperatures different from 60 °C, a three-step protocol was used with 40 cycles with 

denaturation at 95 °C, annealing see Table 3.5, and elongation and acquisition at 72 °C. For all 

primers, two control samples were used, a water control and a RTq-PCR reaction mix using a 

reverse transcription product without reverse transcriptase enzyme.  

Ct values were normalized to the housekeeping gene GAPDH (DCt values) for each sample, 

primer pairs and each PCR plate. Relative gene expression levels were calculated using the 

formula 2-ΔΔCt according to the MIQE guidelines (Bustin et al. 2009).  

 

Gene Primers 
Annealing 
temperature 
(°C) 

hGAPDH 
Forward GAAGGTGAAGGTCGGAGTC 

60 
Reverse GAAGATGGTGATGGGATTTC 

hKI67 
Forward TTGGAAGGGGTATTGAATGT 

60 
Reverse TCCATGTTTTAGCCGTACA 

hPAX7 
Forward TGGGCGACAAAGGGAA 

60 
Reverse GGTAGTGGGTCCTCTCAAA 

hMYOD1 
Forward GCGGAACTGCTACGAA 

57 
Reverse AGATGCGCTCCACGAT 

hMYF5 
Forward CCACCTCCAACTGCTC 

57 
Reverse CCAAGCTGGATAAGGAGT 

hDYSF exon52-53 
Forward TCCACCCAGAATGGTTTGTGT 

60 
Reverse CGCTCCTCATGCTCACTCTC 

 
Table 3.5: Primer list for RTq-PCR. 

3.11.3. RNA library preparation 

Total RNA was isolated and stored at – 80 °C as described in section 3.9.1. RNA quantity 

was assessed using the Qubit® 2.0 Fluorometer with the Qubit™ RNA HS Assay Kit (Thermo 

Fisher Scientific). The quality was evaluated by the 4200 TapeStation System together with the 

high sensitivity RNA ScreenTape (Agilent). RIN values were above 7 for all samples. Library 

preparation for total RNA sequencing was performed using the NEBNext Ultra II Directional RNA 

Library Prep Kit for Illumina® (New England Biolabs) together with the NEBNext rRNA 

Depletion Kit (Human/Mouse/Rat) (New England Biolabs). 500 ng total RNA were used per 

sample following the manufacturer´s instructions. NEBNext® Multiplex Oligos for Illumina® (New 

England Biolabs) were used for indexing with a final PCR enrichment of adapter ligated DNA of 10 

cycles due to the 500 ng initial RNA. Purification of the final PCR reaction using Agencourt® 
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AMPure XP PCR cleanup beads (Beckman Coulter Life Sciences) was performed twice to assure a 

clean end product without contaminating small fragments or adapters. 

Library quality was checked with the 2100 Bioanalyser together with the Bioanalyser High 

Sensitivity DNA Analysis chips and reagents (Agilent). Library quantity was determined using the 

Qubit™ dsDNA HS assay kit (Agilent). Finally, samples were appropriately pooled with a final 

concentration of 10 mM per sample and delivered to the Genomics Platform (Dr. Sascha Sauer, 

Max Delbrück Center for Molecular Medicine, Berlin, Germany) to be sequenced with 2*76+16In 

(paired end, 76 cycles, 16 indices) using the HiSeq 4000 System (llumina). 

3.11.4. Total RNA sequencing and analysis 

RNA sequencing data processing was done by the Genomics Platform (Dr. Sascha Sauer, 

Max Delbrück Center for Molecular Medicine, Berlin, Germany) by Dr. Daniele Yumi Sunaga-

Franze. For each sample, the transcript quantification at isoform level was estimated by RSEM 

(bowtie2 default parameters, GRCh38) (Li & Dewey, 2011). DEseq2 paired designed and adjusted 

p value (padj) < 0.05 was used for the differential expression analysis (Anders & Huber, 2010) 

between hPMs cultured on Standard and BNC at different points of time. The differentially 

expressed isoforms were further annotated via Biomart R package (hsapiens_gene_ensembl). 

Pathway analysis was performed using ConsensusPathDB (http://cpdb.molgen.mpg.de/). 

GraphPad Prism 8 software and ClastVis online tool were used for volcano plots and visualizing 

clustering of multivariate data respectively (https://biit.cs.ut.ee/clustvis/). 

3.12. Statistics 

Data are presented as mean ± standard deviation (SD) or as the mean ± standard error of 

the mean (SEM). Statistical analyses were performed using the GraphPad Prism 8 software 

(GraphPad) or Excel 2016. Differences were considered statistically significant for p<0.05. 

Statistical tests performed for each specific experiment are indicated in the legends of the Figures. 

 

https://biit.cs.ut.ee/clustvis/
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4. RESULTS 

4.1. Ex vivo CRISPR/Cas9-based gene editing in hPMs 

Gene editing is a powerful tool to repair disease-causing mutations. CRISPR/Cas9 methods 

have already been tested in vitro or in vivo systems in the context of MDs, (Long et al. 2014; 

Nelson et al. 2016; Zhang et al. 2017; Zhu et al. 2017; Bengtsson et al. 2017)). Moreover, 

CRISPR/Cas9-based editing can be combined with cell-therapy for autologous transplantation as a 

clinical approach (Biressi, Filareto, and Rando 2020). To date, muscle disease-causing mutations 

have been corrected in patient-derived iPSCs (Turan et al. 2016; Young et al. 2016; Selvaraj et al. 

2019; Min et al. 2019). However, no data were published yet on CRISPR/Cas9-based gene editing 

in hPMs, although this cell population is considered a valuable source for cell-therapy (Marg et al. 

2014). Here, I tested the ability of the Cas9 nuclease and specific sgRNAs for in vitro editing of 

donor-derived PMs. 

4.1.1. CRISPR/Cas9-based gene editing induces NCAM1 knockout in 
donor-derived PMs 

In order to target hPMs in vitro, I used a plasmid carrying an eSpCas9(1.1) nuclease and a 

sgRNA expression cassette driven by the human U6 promoter. This vector (named as 

eSpCas9(1.1)::Venus) also contains the fluorescent Venus reporter, which is expressed together 

with eSpCas9(1.1) from the CAG-promoter. Both proteins are separated by a T2A self-cleaving 

peptide which allows the independent expression of eSpCas9(1.1) and Venus from the same 

promoter. By this, eSpCas9(1.1) positive cells can be selected according to the fluorescent Venus 

protein. Once the eSpCas9(1.1)/sgRNA complex is formed in the cells, a DSB at the expected 

cleavage site is induced.  

I chose NCAM1 (also named CD56 or Antigen Leu‐19) as a candidate gene to test cleavage 

and editing efficiency in hPMs. NCAM1 is a membrane protein expressed constitutively in 

myoblasts (Figure 4.1A) (Illa, Leon-Monzon, and Dalakas 1992; Belles-Isles et al. 1993). This 

protein is localized at the membrane and can easily be detected by immunolabeling or flow 

cytometry (Capkovic et al. 2008). Therefore, loss of NCAM1 after Cas9-induced DSBs, was used 

as the experimental read-out. 

To perform this experiment, I used donor-derived PMs that were isolated according to a 

protocol established in our laboratory (see Methods section 3.1.). After isolation, cells were 

characterized for purity (desmin), proliferation capability (Ki-67) and Pax7 (SCs marker) expression 

(see Methods section 3.1., Table 3.1). I transfected donor-derived PMs with the 

eSpCas9(1.1)::Venus plasmid containing a sgRNA targeting NCAM1 exon 3 (sgRNA name: 

NCAM1ex3wt#1) (Figure 4.1B, C and see Methods section 3.9.1., Table 3.3). The eSpCas9::Venus 

vector w/o sgRNA was used as control. After enrichment for eSpCas9(1.1)::Venus+ cells through 
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FACS (Figure 4.1C), I extracted gDNA from each condition and I PCR amplified the region around 

NCAM1 exon 3 for Sanger sequencing. 

 

 
 
Figure 4.1: CRISPR/Cas9 strategy for NCAM1 gene editing. 
A) IF membrane staining for NCAM1 of hPMs. Scale bar = 50 µm. B) Illustration of the sgRNA binding site 
(arrow) and sequence targeting NCAM1 exon 3. The PAM sequence for the sgRNA is indicated in red. The 
black dotted line indicates the expected cleavage site. C) Illustration of the plasmid encoding 
eSpCas9(1.1)::Venus used for hPMs transfection. Transfected cells express Venus and were selected 
according to their green fluorescence by FACS. 

 

To analyze the editing efficiency of hPMs, I used a bioinformatics tool called inference of 

CRISPR Edits (ICE) from Synthego (ice.synthego.com). The ICE tool requires the chromatograms 

derived from Sanger sequencing of unedited (w/o sgRNA) and edited (sgRNA) samples. The de-

convolution of Sanger-derived chromatograms allows to predict the percentage of sequence types 

in the bulk population of the edited cells.  

Unedited cells displayed a clean chromatogram compared to the test sample (Figure 4.2A). 

The chromatogram of edited cells on the contrary showed aberrant peaks after the expected cut 

site which is 3 nucleotides 5’ of the PAM sequence (Figure 4.2A). This can be explained by the 

formation of indels due to NHEJ, which randomly inserts or deletes nucleotides to repair DSBs 

(Hilton and Gersbach 2015). This suggested successful gene editing in the sgRNA sample only.  

Quantification of the editing efficiency is displayed using indel plots, where the predicted 

distribution of indels in the test sample is shown. The prediction is calculated according to the 

chromatogram peak area of individual indels. Each bar of the plot shows the size of the insertion or 

deletion (+ or - 1 or more nucleotides), along with the percentage of sequences that contain that 

type of indel (Figure 4.2B, left). The indel plots revealed a predicted editing efficiency of 44.7%, 

average of 7 independent experiments (Figure 4.2B, right). 

To further confirm CRISPR/Cas9-induced indel formation at gDNA-level, I performed a 

mismatch-specific T7E1 assay. This assay is based on the detection and cleavage by T7E1 of 

heteroduplex dsDNA that derive from the annealing of a DNA strand containing mutations with the 
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WT DNA strand (Mashal, Koontz, and Sklar 1995). Only gDNA derived from sgRNA-transfected 

samples when digested with T7E1 is cleaved at the predicted site of NCAM1 exon 3 (Figure 4.2C). 

This further confirms the successful targeting of NCAM1 on gDNA level. 

Lastly, I evaluated NCAM1 protein expression via immunostaining and flow cytometry 

analysis. Due to the previously described indel formation by NHEJ, the open-reading frame of 

NCAM1 was expected to be disrupted which leads to a loss of protein expression. Indeed, FACS 

analysis revealed a mean of 46.7% loss of NCAM1 in the edited cells after ~10 days of culture 

expansion (Figure 4.2D). 

 

 
 
Figure 4.2: Depletion of NCAM1 protein in hPMs using a CRISPR/Cas9-mediated genome editing 
approach. 
A) Sanger sequences of the region surrounding the sgRNA sequence obtained from a single sample of donor-
derived PMs (hPM-2) transfected with sgRNA (sgRNA) compared to a control sequence (w/o sgRNA). 
Chromatogram variability is observed after the cleavage site (black dotted line). Horizontal black underline: 
sgRNA. Red dotted line: PAM site. B) Left, representative example of indel plot from ICE analysis showing the 
predicted editing efficiency relative to hPM-2. Right, editing efficiency (ICE) mean of different hPMs donors 
(n=7 donors; mean±SEM. C) T7E1 assay for detecting CRISPR/Cas9-induced indel formation in NCAM1 exon 
3 targeted locus of the hPM-2. D) Upper, example of FACS dot plots from NCAM1 staining of w/o sgRNA and 
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sgRNA relative to the hPM-2. Lower, percentage mean value of NCAM1 negative cells of different hPMs 
donors after editing (n=4 donors; mean±SD). 

Here, I proved a successful gene knockout in hPMs based on CRISPR/Cas9. In addition, 

using NCAM1 as model gene, I provided a reliable experimental read-out for testing gene editing 

efficiency in hPMs.  

In this experiment, the eSpCas9/sgRNA complex was delivered without a donor template 

that is generally required for HDR-based repair. This is indicating that the NHEJ mechanism was 

the one responsible of the editing outcome. I also observed that using NCAM1ex3wt#1 to target 

NCAM1 locus, NHEJ-induced deletion of a single nucleotide (N) is the preferential indel in the 

population of edited hPMs as shown by ICE analysis (Figure 4.2B, left). This suggested that the 

NCAM1 knockout was caused by a NHEJ-induced frameshift mutation mainly via single N deletion. 

4.1.2. CRISPR/Cas9 induces re-framing of DYSF exon 44 in patient-
derived PMs 

In order to proof the feasibility of the CRISPR/Cas9 method to repair MD-causing mutations 

in hPMs we chose LGMD2B as a model disease. LGMD2B is an autosomal recessive type of 

muscular dystrophy caused by mutations in the DYSF gene (Liu et al. 1998; Illa et al. 2001; Aoki et 

al. 2001; Bansal et al. 2003). DYSF c.4872_4876delinsCCCC is a founder mutation in DYSF exon 

44 with a 10% carrier frequency in the Libyan Jew population (Argov et al. 2000). This mutation is 

characterized by single base (G) deletion in position 4872 (4872delG) of the DYSF coding 

sequence and a single N exchange (c.4876G>C). 4872delG causes a frameshift of the DYSF 

reading frame and the generation of a premature stop codon downstream in exon 45. Patients 

carrying this mutation in the homozygous state show a complete absence of dysferlin protein 

(Figure 4.3) (Argov et al. 2000). 

 

 
 
 
Figure 4.3: DYSF exon 44 homozygous c.4872_4876delinsCCCC. 
A) Illustration showing the DYSF exon 44 c.4872_4876delinsCCCC founder mutation compared to a WT DNA 
sequence and the consequences at mRNA and protein level. 
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We developed a classic CRISPR/Cas9-based approach, to correct the 

c.4872_4876delinsCCCC mutation ex vivo in hPMs derived from a homozygous patient (hPM-11; 

see Methods section 3.1., Table 3.1). NHEJ repair is the main pathway involved in Cas9-induced 

indel formation, when an exogenous repair template is not provided (Hsu, Lander, and Zhang 

2014). Recent studies proved that the repair outcomes significantly vary amongst target sites and 

some genomic locations show highly preferred sequence alterations or indels (van Overbeek et al. 

2016; Chakrabarti et al. 2019). Practically, CRISPR-mediated NHEJ repair could be exploited to 

obtain a specific editing outcome in a genomic site of interest. Indeed, previous experiments 

performed in our laboratory on patient-derived iPSCs (Dr. Helena F. Escobar, unpublished work), 

showed that targeting DYSF exon 44 with a mutation-specific sgRNA (DYSFex44mut#3; see 

Methods section 3.9.1., Table 3.3) restores the DYSF open-reading frame by a single N insertion 

as preferential editing outcome. However, it was not clear whether this editing strategy is only 

possible in hiPSCs or also in hPMs. 

To verify the efficiency of sgRNA DYSFex44mut#3 in editing hPM-11, I tested several 

strategies. First, the sgRNA was combined with the eSpCas9(1.1), that was shown to cut DNA 

efficiently in hPMs at the NCAM1 locus. Second, the sgRNA was cloned into a vector containing 

the WT SpCas9 (named as SpCas9::Venus). Third, I tested the same sgRNA that included an 

extra G before the start of the protospacer sequence, as "preferred" transcription start for the U6 

promoter (sgRNA+G). This is reported to induce a more efficient expression of the sgRNA 

sequence (Gao et al. 2017). The sgRNA+G was combined with the WT SpCas9 (Figure 4.4). The 

SpCas9::Venus vector w/o sgRNA was used as control. 

 

 
 
 
Figure 4.4: CRISPR/Cas9-based strategy for gene editing of DYSF exon 44 mutation. 
Illustration of the sgRNA binding site (arrow) and sequence targeting DYSF exon 44. The PAM sequence is 
highlighted in red. The black dotted line indicates the expected cleavage site. Below, illustration of the used 
plasmids encoding eSpCas9(1.1)::Venus and SpCas9::Venus. Transfected cells expressed the fluorescent 
protein Venus (green) and were selected by FACS. 
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I transfected hPM-11 as previously described. After enrichment for Venus positive (+) cells 

via FACS, I extracted gDNA and I PCR-amplified the region around DYSF exon 44 for Sanger 

sequencing. ICE analysis revealed indel formation using both vectors and sgRNAs (with and w/o 

the extra G) (Figure 4.5A). The predicted editing efficiency was low (7%) with the 

eSpCas9(1.1)::Venus vector. However, it reached 49% and 50% for sgRNA and sgRNA+G, 

respectively, when the WT SpCas9 was used (Figure 4.5B). For this reason, I focused the following 

analysis on hPM-11 transfected with the SpCas9::Venus including sgRNA or sgRNA+G. In both 

conditions, I observed a single N insertion at the cleavage site as the preferred indel (Figure 4.5B). 

A single N insertion could restore the open-reading frame of the mutant DYSF exon 44.  

 

 
 

 

Figure 4.5: CRISPR/Cas9 induced re-framing of DYSF exon 44 in hPM-11. 
A) Sanger sequences in the region surrounding the sgRNA from hPM-11 transfected with 
eSpCas9(1:1)::Venus + sgRNA and SpCas9::Venus + sgRNA or sgRNA+G compared to a control-non-edited 
sequence (w/o sgRNA) show chromatogram disturbance after the cleavage site (black dotted line). Horizontal 
black underline: sgRNA. Red dotted line: PAM. B) Indel plots from ICE analysis showing the predicted editing 
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efficiency of hPM-11, using both vectors (eSpCas9(1.1)::Venus and SpCas9::Venus) and sgRNAs (sgRNA 
and sgRNA+G).  

 

To gain a better understanding of the Cas9 induced indel pattern and the mutation 

frequencies in the edited samples, I performed sub-cloning of the DYSF exon 44 PCR product from 

the edited samples. Single bacterial clones were picked, the DYSF exon 44 locus was amplified 

and the PCR product was send for Sanger sequencing analysis. Then, I analyzed indels found in 

each amplicon and plotted them in pie charts. The results showed that in both cases, the most 

frequent indel was a +1 Adenine (A) insertion at the DBS site (Figure 4.6). Similar results were 

previously observed in patient-derived iPSCs. 

 

 
 
Figure 4.6: CRISPR/Cas9 induced re-framing of DYSF exon 44 in hPM-11 via +1A insertion. 
Sub-cloning pie charts showing indel pattern distribution in sgRNA (total colonies analyzed: 35) and sgRNA+G 
(total colonies analyzed: 33) edited samples. 

 

I showed that hPMs carrying a founder frameshift mutation in exon 44 of the DYSF gene 

were edited via SpCas9-induced single cut and NHEJ repair. Specifically, when a SpCas9 was 

driven by the mutation-specific DYSFex44mut#3 sgRNA, the DYSF reading frame was restored by 

a preferred indel: a +1A insertion at the DSB site. In this manner we minimized the unwanted 

heterogeneity of repair outcomes that characterizes an error prone mechanism such us NHEJ 

repair, thus achieving a highly efficient and precise genome editing. 

4.1.3. Re-framing of DYSF exon 44 restores protein expression and 
membrane localization in patient-derived PMs and myotubes 

As described above, 4872delG mutation causes a frameshift of the DYSF coding sequence 

and generates a premature stop codon in exon 45. Restoring the reading frame of the mutant 

DYSF exon 44 via the +1A insertion is predicted to abolish the formation of a premature stop codon 

in exon 45 (Figure 4.7). As a consequence, DYSF mRNA should be transcribed as in control 

conditions.  

To confirm this, I isolated mRNA from unedited and edited hPM-11 following ~10 days of 

culture expansion and evaluated the expression level of DYSF by RT-qPCR with primer pairs 

downstream (exon 52-53) of the mutation.  
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Figure 4.7: CRISPR/Cas9 induced re-framing of DYSF: prediction at mRNA and protein level. 
Illustration showing the correction of the DYSF exon 44 mutated reading frame at mRNA and protein level. 
Due to a +1A insertion, the stop codon (UGA) in exon 45 is absent and the re-framed mRNA translation gives 
rise to a protein sequence where only 4 amino acids (aa) are exchanged. 

 

Unedited patient cells showed a strong downregulation of DYSF mRNA when normalized to 

healthy control hPMs (Figure 4.8A). Degradation via nonsense-mediated decay (NDM) (Morse and 

Yanofsky 1969; Peltz, Brown, and Jacobson 1993) might explain a lower level of mRNA detected in 

unedited hPM-11. On the other hand, DYSF mRNA levels in sgRNA and sgRNA+G edited samples 

was significantly higher than unedited hPMs (Figure 4.8A), thus confirming a rescue of DYSF 

mRNA expression after gene editing.  

 

 
 
 
Figure 4.8: CRISPR/Cas9 induced re-framing of DYSF exon 44 rescued mRNA expression in hPM-11. 
A) DYSF relative mRNA expression (amplified in exon 52-53) in sgRNA and sgRNA+G (~10 days of culture 
expansion) hPM-11 compared to the unedited sample (n=3 replicates). Data normalized to n=3 healthy control 
myoblasts. Two-sided unpaired t-test log2 fold change (Log2FC) values. *=p<0.05 B) Indel plots from ICE 
analysis showing the predicted editing efficiency of hPM-11 sgRNA and sgRNA+G samples, after ~10 of 
culture expansion. 
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However, I did not observe a total rescue of DYSF mRNA levels. This might depend on the 

“dilution” of edited cells within the unedited population occurring during in vitro expansion. Indeed, 

after ~10 days of culture the percentage of sequences carrying the re-framed DYSF exon 44 in 

edited hPM-11 dropped to 11% and 21% in sgRNA and sgRNA+G respectively (Figure 4.8B).  

At the protein level, 4 aa would be exchanged compared to the WT sequence (Figure 4.7). 

Considering that DYSF loss of function is often caused by single point mutations with differences 

only in one or few aa (Leiden Open Variation Database, last update March 31, 2017), we asked 

whether those modifications are compatible with protein expression and membrane localization. To 

answer this, I first checked the expression of dysferlin in myoblasts via Western Blot (WB) using an 

antibody recognizing the C-terminal transmembrane domain of the protein. As shown in the WB, a 

band corresponding to the full-length dysferlin protein size was detected in both the sgRNA and 

sgRNA+G edited samples (Figure 4.9A, left plot). Dysferlin protein was undetectable in unedited 

patient cells. I confirmed this result in an independent experiment performed using sgRNA+G only 

(Figure 4.9A, right plot).  

Additionally, I evaluated protein expression and localization via IF staining in edited (re-

framed) patient myoblasts after differentiation into myotubes. As shown in Figure 4.9B, dysferlin 

was restored in single and multinucleated edited myotubes (Re-framed MT), and localized at the 

membrane as in healthy control myotubes (CTRL MT). As expected, no protein was detected in 

unedited patient myotubes (Unedited MT) (Figure 4.9B).  
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Figure 4.9: Re-framed dysferlin protein was re-expressed in patient-derived myoblasts and showed 
correct localization in differentiated myotubes. 
A) Left plot, WB analysis of dysferlin of sgRNA and sgRNA+G samples compared to healthy CTRL 
myoblasts/myotubes and three unedited patient samples. Right plot, WB analysis of dysferlin from an 
independent experiment of sgRNA+G hPM-11. B) Representative pictures of dysferlin IF staining of unedited, 
CTRL and re-framed myotubes. (n=2 independent experiments). Scale bars = 20 µm.  
 

Last, to investigate the capability of the re-framed dysferlin to participate in sarcolemmal 

repair after injury, I performed a laser-mediated wounding assay in patient-derived myotubes. 

Dysferlin and annexin A1 are known to localize at the wounding area or the “repair dome” (Marg et 

al. 2012). Here, I assessed their presence by IF 20 minutes after wounding in re-framed MT 

derived from edited patient PMs. Unedited MT and healthy CTRL MT were used as negative and 

positive controls, respectively. Re-framed MT showed both annexin A1 and dysferlin at the “repair 

dome” comparable to CTRL MT. In unedited MT, only annexin A1 was detected (Figure 4.10). 

In conclusion, re-framing of the mutant DYSF exon 44 led to mRNA and protein rescue in 

patient myoblasts and to a correct localization of dysferlin at the membrane of myotubes as in 

healthy controls. After sarcolemmal injury, re-framed dysferlin participated in the membrane repair 

process together with annexin A1, indicating a functional rescue of the protein in mediating the 

resealing process. 
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Figure 4.10: Annexin A1 and dysferlin were found enriched at the wounding area of re-framed 
myotubes after laser wounding. 
Annexin A1 and dysferlin immunostaining and BF images of CTRL, unedited and re-framed MT performed up 
to 20 minutes after laser irradiation. Arrows indicate the wounding area (a.k.a. repair dome). Nuclei are 
counterstained with Hoechst. Scale bars = 5 µm, lower magnification and 10 µm, higher magnification. 

4.2. Bacterial nanocellulose substrate maintains hPMs in a 

slowly-dividing and undifferentiated state  

hPMs cultured in standard cell culture condition (named “Standard”) proliferate and 

progressively undergo differentiation or senescence thus resulting in a major decline of their 

regeneration potential and stemness properties for cell transplantation (Montarras et al. 2005; 

Gilbert et al. 2010). Preliminary data collected in our laboratory showed that hPMs cultured on a 

bacterial nanocellulose (BNC) substrate were able to be cultured longer than on Standard without 

the need to be passaged, suggesting a substantial reduction of hPMs proliferation rate.  
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BNC is a water-insoluble polysaccharide consisting of glucose molecules linked through β-

1,4 linkages and can be produced by bacteria like Gluconacetobacter xylinus (Deinema and 

Zevenhuizen, 1971; Gullo et al., 2018; Kubiak et al., 2016). BNC has a good biocompatibility 

(Helenius et al. 2006), high water content (Gelin et al. 2007), and is chemically modifiable 

(Figueiredo et al. 2013; Huang et al. 2014). In our laboratory, BNC stiffness was evaluated to be 

~15 KPa, much lower than the one of plastic dishes (~3GPa) and similar to the rigidity of skeletal 

muscle (~12 KPa) (Gilbert et al. 2010). Reproducing physiological tissue rigidity, organization and 

extracellular stimuli in vitro influence muscle stem cells behavior and could support self-renewal 

and regenerative potency when transplanted in vivo (Gilbert et al. 2010; Gillies and Lieber 2011; 

Quarta et al. 2016; Monge et al. 2017). Thus, we explored the BNC substrate as an alternative 

culture method able to avoid extensive hPMs propagation and differentiation. 

Donor-derived PMs, isolated according to our established protocol (see Methods section 

3.1.1.) were placed either on Standard or BNC and characterized as shown in Figure 4.11 for: 

1. Morphology 

2. Proliferation and differentiation properties  

3. Molecular profiling, through a high-throughput RNA sequencing experiment 
 

 
 
Figure 4.11: BNC characterization, experimental set-up. 
Schematic illustration of isolation, expansion and conservation of hPMs. For each experiment, hPMs were 
seeded and compared on Standard or BNC.    

4.2.1. hPMs morphology is altered on the BNC´s fibrils network  

BNC thin fibrils are organized in a fine network (Yamanaka et al. 1989; Retegi et al. 2010) 

which mimics properties of the natural ECM (Petersen and Gatenholm 2011; Bäckdahl et al. 2006; 

Geisel et al. 2016). The same ultrastructure was observed in the BNC substrate used in this study 

via SEM (Figure 4.12A). I also investigated hPMs morphology using EM techniques. 

Representative SEM pictures showed how the fine network of the thin and long cellulose fibrils 

closely connect with the myoblasts after 2 days of culture (Figure 4.12B). In addition, the cells 

appeared round with thin elongations reaching into the BNC (Figure 4.12B). SEM higher 

magnification revealed vesicle-like structures on the myoblast´s membrane. Transmission EM 

pictures showed very close contact between adjacent hPMs on BNC, but no signs of fusion was 

detected (Figure 4.12C). 
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To better visualize hPMs membrane when cultured on BNC, I performed a WGA staining. IF 

analysis of the WGA staining showed round cell morphology and the presence of membrane 

vesicles, as observed in the SEM pictures (Figure 4.12D). The filamentous actin (F-Actin), detected 

with Phalloidin staining, appeared to be differently organized in comparison with cells on Standard. 

On BNC the Actin-protein was mainly localized at the sub-sarcolemmal space (Figure 4.12E, upper 

panel) instead of being structured as thin filaments along the cell cytoplasm, as observed in 

Standard (Figure 4.12E, lower panel). 
 

 
 
Figure 4.12: BNC substrate for hPMs culture: ultrastructure and morphology of hPMs on BNC. 
EM pictures of pure BNC (scale bar = 1 µm) (A) and hPM-7 cultured on BNC (B) after 72 hours in culture (left, 
scale bar = 10 µm; right, scale bar = 5 µm). C) TEM pictures of hPMs on BNC. N: nucleus. Arrows: adherent 
junctions. Dotted line: hPMs/BNC interface. Scale bar = 100 µm. E) IF membrane stain for wheat germ 
agglutinin (WGA) of hPM-2 after 48h in culture on BNC. Scale bar = 50 µm. E) IF stain for Phalloidin detecting 
F-Actin of hPM-2 after 48h in culture on Standard (lower panel) or BNC (upper panel). Scale bar = 50 µm. 
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4.2.2. hPMs cultured on BNC show a slow proliferation rate  

First data showed that donor-derived PMs cultured on BNC substrate were able to survive 

longer than the same number of cells seeded on Standard and did not require to be passaged 

(Figure 4.13A). In addiction we observed that, when hPMs were detached and counted after having 

been kept for 14 days in both culture conditions, cells on Standard had aged from P7 to P12 and 

had gone through 4 additional rounds of splitting with an at least 100 fold increase in cell number. 

Conversely, on BNC, hPMs had not been split for 14 days and had shown only ~2 fold increase in 

cell number (Figure 4.13B). Complementary experiments showed that hPMs reached confluence 

on BNC only after ~30 days of culture (Figure 4.13C).  

 

 
 
Figure 4.13: Long-term culture and proliferation evaluation of hPMs on BNC. 
A) BF representative pictures of hPMs in Standard (upper panel) and on BNC (lower panel) on various time 
points. Scale bar = 25 µm. P, passage. B) Quantification of proliferation of hPMs cells under Standard and 
BNC (n=5 donors, hPM-1,2,3,4,5; mean±SD). Two-sided unpaired t-test.  *=p<0.05. C) BF representative 
pictures of hPMs cultured on BNC until day 30. (n=3 donors, hPM-1,2,5).  Scale bar = 25 µm. P, passage. 

 

To further investigate this aspect, we seeded hPMs at low density (1000 cells) on Standard 

or BNC, monitoring the cell growth for 21 days (Figure 4.14). Interestingly, the cells on Standard 

reached confluence already after 14 days and at 21 days started to detach and die (Figure 4.14, 

upper panel). On the other hand, hPMs cultured on BNC never reached confluence and 

proliferated via a very slow clonal division pattern (Figure 4.14, lower panel). 
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Figure 4.14: Low-density hPMs culture on BNC. 
Representative BF pictures of hPMs seeded, on Standard (upper panel) and on BNC (lower panel), at low 
density (1000 cells) and cultured for 21 days (n=2 donors). Scale bar = 100 µm.   

4.2.3. hPMs cultured on BNC are retained in G0/G1 cell cycle phase and 
maintain a myogenic phenotype 

As a further analysis of cell division rate on BNC compared to Standard, I stained hPMs for 

Ki-67, widely used as a proliferation marker. Ki-67 protein has a variable expression pattern 

throughout the cell cycle. Its levels are low during the G1 and early S-phase and increases 

progressively reaching a maximum level during mitosis. A rapid reduction occurs during anaphase 

and telophase (Gerdes et al. 1983; Sun and Kaufman 2018; Booth and Earnshaw 2017; Cuylen et 

al. 2016). Ki-67 is thus expressed during all active phases of the cell cycle, and is absent from 

terminally differentiated, resting or quiescent cells. When hPMs were placed on BNC, Ki-67 protein 

expression was significantly downregulated after 7 (p=0.001) and 14 days of culture (p=0.009) 

compared to Standard (Figure 4.15A). On the mRNA level Ki-67 (MKI67) relative expression (RTq-

PCR) was significantly reduced at 2 days and 7 days after seeding on the BNC in comparison to 

Standard (Figure 4.16). 

Ki-67 expression analysis already showed that a high percentage of cells were in a resting 

cell cycle phase (G0 or G1-phase). However, to define the cells cycle status of hPMs on BNC, I 

performed a BrdU incorporation assay. BrdU as an analogue of thymidine, is efficiently 

incorporated into the DNA of replicating cells (the S-phase of mitosis). BrdU containing DNA was 

subsequently detected with a BrdU-specific antibody and cell’s DNA content marked with PI.     

The number of cells in each phase of the cell cycle was quantified via flow cytometry 

analysis. The percentage of hPMs in G0/G1-phase changes from a mean of 61.7% in Standard to 

94.3% on BNC. Conversely the percentage of hPMs in S-phase goes form 25.8% in Standard to 

1.1% on BNC. (Figure 4.15B). Notably, the S/G2-phases ratio resulted to be different between the 

two conditions. In Standard the number of cells in S-phase are ~2 fold higher compared to the one 

in G2 (25.8% vs. 11.5%) while on BNC the S/G2-phases ratio is equal to 0.5 (1.1% vs. 2.5%). This 

might indicate a higher velocity of DNA duplication in the Standard group compared to BNC. 
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Figure 4.15: Slow-dividing state and cell cycle “arrest” in hPMs on BNC. 
A) IF stain for Ki-67 (green) and Hoechst after 7 days in culture on BNC compared to Standard. Scale bar = 
25 µm. Quantification of Ki-67 expression after 7 and 14 days (n=4 donors, hPM-1,2,3,5; mean±SD). B) Right, 
cell cycle analysis by FACS using combined PI and BrdU staining (PI-BrdU) (hPM-1). The gates are set 
according to PI-BrdU negative controls. Left, quantification of the percentage of hPMs in each phase of the 
cell cycle (n=3 donors, hPM-1,2,3; mean±SD). Two-sided unpaired t-test. *=p<0.05 **=p<0.01. 

 

To ensure that the cells were maintained as myogenic, I quantified PAX7, MYOD1 and 

MYF5 mRNA levels by RTq-PCR, 2 days and 7 days after seeding on BNC or on Standard. The 

myogenic markers were equally expressed in hPMs cultured in either condition (Figure 4.16).  
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Figure 4.16: Myogenic characterization of hPMs on BNC. 
MKI67 and myogenic markers relative mRNA expression in hPMs (day 2 and day 7 of culture) on BNC 
compared to Standard. Standard hPMs: Day 2 at P8; Day 7 at P10. BNC hPMs: P8 (n=4 donors; hPM-1,2,3,5; 
black bars show the median). Two-sided unpaired t-test calculated on Log2FC values. **=p<0.01; 
***=p<0.001; n.s.= not significant.  

 

To investigate the terminal differentiation efficiency, I induced differentiation of confluent 

hPMs in either culture condition through four days of starvation. Then, I detected the differentiation 

marker MYHC via immunostaining. Fusion of hPMs into myotubes was highly inhibited on BNC, as 

a drastic reduction of the number of multinucleated MYHC positive myotubes in BNC culture was 

observed compared to Standard. Reduction of the fusion efficiency was quantified by the analysis 

of the fusion index (Figure 4.17).  

 

 
 
Figure 4.17: Evaluation of hPMs fusion property on BNC. 
IF stain for MYHC (green) and Hoechst in hPMs 30 days in culture after fusion induction. Scale bar = 100µm. 
Fusion index calculated from hPMs in Standard (n=2 wells for each donors; n=4 donors; hPM-1,2,3,5) or on 
BNC (n=2 wells for each cell line; n=3 donors; hPM-1,3,5; mean±SD). Two-sided unpaired t-test. **=p<0.01. 
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From this first analysis, we concluded that BNC caused a cell cycle “arrest” in hPMs while 

preserving the expression of early myogenic markers for at least 7 days of culture. Even when 

confluent and in differentiating conditions, the hPMs on BNC did not fuse into myotubes 

maintaining an undifferentiated state.  

4.2.4. hPMs recover proliferation and differentiation capability after 
detachment 

With the intent to apply the BNC as a hPMs culture strategy for therapeutic approaches (e.g. 

autologous cell transplantation), we asked whether hPMs would recover proliferation, viability and 

differentiation properties once removed from the BNC substrate and re-plated in Standard.  

 

 

 
 

 

Figure 4.18: Illustration of the different steps for hPMs detachment from BNC substrate. 
After ~15 days of culture, hPMs were detached by an enzymatic treatment for 45 min at 37°C and then gently 
scraped to be plated back on Standard after being evaluate for cell viability.  

 

As first, I optimized a protocol to completely and gently detach the cells from the substrate 

(Figure 4.18 and Methods section 3.1.2.3.). After detachment (defined as post-BNC), BF pictures of 

“empty” cellulose substrate proved that the cells were completely removed from BNC using the 

new protocol (Figure 4.19A). Post-BNC cells were labeled with PI that is a fluorescent intercalating 

agent and indicator of cell death. The resulting range of dead cells is between 3% and 6% (Figure 

4.19B) is similar to the one quantified in cells grown under standard condition (data not showed).  
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Figure 4.19: hPMs detachment from BNC and viability assay. 
A) BF representative pictures of hPMs on BNC before detachment (upper row) and after detachment (lower 
row) (n=4 donors, hPM-1,2,3,5). Note the absence of cells on the BNC after detachment. B) Determination of 
cell viability using PI and flow cytometry analysis hPM-2 and hPM-3 after detachment from BNC.  

 

Post-BNC, hPMs were plated on Standard and cultured for ~15 days (6 passages). During 

this period I assessed proliferation and differentiation ability (Figure 4.20). 

 
 

 
 
 
Figure 4.20: Experimental design to assess proliferation and differentiation potential of hPMs post-
BNC. 
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After being kept on BNC for ~15 days, hPMs were detached and moved to Standard (post-BNC). Proliferation 
and differentiation were assessed 1 and 7 days after detachment in post-BNC and compared to Standard. 
Proliferation in post-BNC hPMs started within 48 hours. I generated growth curves counting the 

cells every passage post-BNC in comparison with hPMs derived from Standard. Growth analysis 

showed that the cell number increased 1*104 fold over ~15 days and 6 passages post-BNC. In 

addition, post-BNC hPMs (blue line) showed a faster proliferation velocity than hPMs that had been 

kept on Standard (black line) for the same period of time (Figure 4.21).  

 

 
 
Figure 4.21: Recovery of proliferation potential of hPMs post-BNC.  
Growth curves of Standard and post-BNC hPMs cultured up to 6 passages after ~15 days of culture; Standard 
hPMs in P12 and post-BNC in P7 (n=2 wells each donor; n=4 donors, hPM-1,2,3,5; mean±SEM). Two-way 
ANOVA. *=p<0.05 

 

If post-BNC proliferation is regained, Ki-67 proliferation marker expression was also 

expected to vary. Staining for Ki-67 revealed a rapid increase of its expression between day 1 and 

day 7 in post-BNC hPMs, confirming the recovery of the proliferation capability (Figure 4.22A, B). 

At 7 days Ki-67 expression was significantly higher in post-BNC hPMs than in hPMs which had 

been kept on Standard, thus further confirming that hPMs, once retrieved from BMC, proliferate at 

a quicker rate. (Figure 4.22A). BF pictures at 7 days after detachment showed a similar hPMs 

morphology compared to the cells on Standard at early cell passage (P8) (Figure 4.22B). 

No significant changes in protein expression of the myogenic markers desmin, Pax7 and 

MyoD1 were detected on hPMs 1 day and 7 days post-BNC compare to Standard (Figure 4.22A).  
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Figure 4.22: Recovery of morphology and Ki-67 expression of hPMs post-BNC. 
A) Proliferation and myogenic markers protein expression in Standard hPMs and in post-BNC 1 day and 7 
days after detachment. Standard hPMs: P13. Post-BNC hPMs: Day 1 at P8; Day 7 at P10 (n=2 wells each 
donors; n=4 donors, hPM-1,2,3,5; mean±SD). Two-sided unpaired t-test. *=p<0.05; **=p<0.01. B) Upper, 
representative BF pictures of P8 Standard hPM-1 compared to post-BNC hPM-1 at day 1 (P8) and day 7 
(P10). Scale bar = 100 µm. Lower, IF staining for Ki-67 reveals a rapid increase of its expression between day 
1 and day 7 in post-BNC hPMs to similar levels of Standard hPMs (n=4 donors, hPM-1,2,3,5). Scale bar = 25 
µm. 
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To determine whether hPMs were still functional and able to terminally differentiate into 

multinucleated myotubes post-BNC, I induced post-BNC cells to fuse on Standard. The myotubes 

after fusion were multinucleated, expressed MYHC with clear sarcomeres’ striation and showed 

MYOG (marker of differentiation) positive nuclei. The fusion index was shown to be comparable 

with hPMs that were kept on Standard only (57.1% (Figure 4.17) vs. 65% (Figure 4.23)).  

 

 
 
Figure 4.23: Recovery of differentiation potential of hPMs post-BNC.  
IF staining for MYOG and MYHC demonstrates normal differentiation capacity of post-BNC hPMs with a 
fusion index of 65% (n=4 donors, hPM-1,2,3,5). Scale bar = 50 µm. 

 

Here I showed that hPMs that were successfully and safely detached from BNC, display an 

enhanced proliferation potential, are still myogenic and are able to fuse into terminal differentiated 

myotubes.  

4.3. Transcriptional profiling of hPMs on BNC vs. Standard.   

To investigate the molecular mechanisms of the cellular phenotype displayed by hPMs 

cultured on BNC, we performed a total RNA sequencing experiment.  

I thawed hPM-2 in P7 and seeded them on Standard. After 2 days of cell expansion I 

collected 1/3 of the hPMs for RNA isolation (Standard at DAY 0). The rest of the cells was seeded 

either on BNC or on Standard to be collected after 2 days (DAY 2) and 7 days (DAY 7) for RNA 

isolation (Figure 4.24). To obtain reliable results, two independent technical replicates per sample 

(a-b) were included in the analysis.  
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Figure 4.24: Illustration showing point of times and conditions of hPMs collection for RNA sequencing 
analysis. 
hPMs at DAY 0 were in part collected for RNA isolation and the rest was seeded both on Standard and on 
BNC. Subsequently, cells collection was performed at DAY 2 and DAY 7 from both culture conditions.   

 

RNA sequencing was completed in cooperation with the Genomics Platform (Dr. Sascha 

Sauer, Max Delbrück Center for Molecular Medicine, Berlin, Germany). For the differential 

transcript expression analysis, DEseq2 (Anders & Huber, 2010) with a padj<0.05, was run by Dr. 

Daniele Yumi Sunaga-Franze in the Genomics Platform. Differentially expressed transcripts (DETs) 

between BNC and Standard samples were identified using paired analysis and three different 

comparisons considered (Table 4.1). 

4.3.1. RNA sequencing results indicate two different RNA signatures in 
hPMs on BNC vs. Standard 

For RNA sequencing analysis, we performed the following comparisons (Table 4.1): 

• Comparison #1: hPM-2 on Standard at DAY 0 vs. BNC at DAY 2.  
Aim: to detect gene expression changes induced in hPMs throughout the first 2 days since the 

passage from Standard to BNC condition.  

The DETs obtained from this comparison were normalized to the 43 DETs derived from the 

analysis of hPM-2 on plastic between DAY 0 and DAY 2 (hPM-2 on Standard at DAY 0 vs. DAY 2) 

and 3293 DETs were found.  

• Comparison #2: hPM-2 on Standard at DAY 2 vs. BNC DAY 2;  

Aim: to detect gene expression changes between hPMs on BNC or Standard at the same point of 

time: DAY 2.  → 9127 DETs were identified 

• Comparison #3: hPM-2 on Standard at DAY 7 vs. BNC at DAY 7  
Aim: to detect gene expression changes between hPMs on BNC or Standard at the same point of 

time: DAY 7. → 1723 DETs were identified. 
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Comparison DETs 
p<0.05 

% of 
downregulated 
DETS 

#1 
hPM-2 on Standard at DAY 0 vs. BNC at DAY2 
normalized to 
hPM-2 on Standard at DAY 0 vs. DAY2 

3293 75.3 

#2 hPM-2 on Standard at DAY 2 vs. BNC at DAY2 9127 75.1 

#3 hPM-2 on Standard at DAY 7 vs. BNC at DAY7 1723 62.9 

 
Table 4.1: DETs found via total RNA sequencing between BNC and Standard samples for each 
comparison. 
Table showing the three different comparisons considered for the RNA sequencing analysis. The total number 
of found DETs and the percentage of downregulated DETs is reported in the table for each comparison.  

 

The Heat-maps display an extract of the most significant DETs derived from RNA 

sequencing analysis for each comparison, filtered by Log2FC. A clear separation between (Figure 

4.25A) from hPMs on BNC and Standard was already clear in Comparison #1 and was confirmed 

in #2 (Comparison #2) and #3 (Comparison #3) (Figure 4.25B,C). Moreover, most of the DETs that 

were detected, were downregulated on BNC, showing a low overall RNA expression level of cells 

cultured on BNC compared to Standard. 
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Figure 4.25: Heat-maps representation of total RNA sequencing of hPM-2 on BNC compared to 
Standard at different points of time. 
Heat-maps showing the most significantly DETs (selected for protein-coding only) according to the padj value 
(padj<0.05) and filtered by Log2FC (all values >2 and <-2) for comparison #1 (A), comparison #2 (B) and 
comparison #3 (C). Orange represents the upregulated DETs and blue the downregulated DETs. DETs are 
shown according to their expression counts values (reads) ln(x + 1)-transformed. Rows and columns are 
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clustered using correlation distance and complete linkage. The two independent RNA sequencing replicates 
per sample (a – b) clearly clustered together in all comparisons.  

4.3.2. RNA sequencing results confirm the cell cycle arrest in hPMs on 
BNC 

We proceeded with an enrichment pathway analysis using a ConsensusPathDB database 

and applied it to all the comparisons. Some of the significantly enriched pathways or terms that we 

considered related to the cells phenotype described in the results part above are listed in Table 4.2.   

 

PATHWAYS - COMPARISON #1 SOURCE EXTERNAL ID SIZE P-VALUE 

CELL CYCLE Reactome R-HSA-1640170 551 4.01E-92 

CELL CYCLE, MITOTIC Reactome R-HSA-69278 468 2.51E-85 

M PHASE Reactome R-HSA-68886 267 2.04E-51 

RHO GTPASE EFFECTORS Reactome R-HSA-195258 299 6.97E-48 

SIGNALING BY RHO GTPASES Reactome R-HSA-194315 434 3.07E-38 

CELL CYCLE CHECKPOINTS Reactome R-HSA-69620 158 2.4788E-28 

S PHASE Reactome R-HSA-69242 82 5.90424E-13 

ECM-RECEPTOR INTERACTION KEGG path:hsa04512 82 0.000258373 

INTEGRIN SIGNALING PATHWAY BioCarta integrinpathway 34 0.000538417 

CELL-EXTRACELLULAR MATRIX 
INTERACTIONS Reactome R-HSA-446353 16 0.001020805 

 
 
 

PATHWAYS - COMPARISON #2 SOURCE EXTERNAL ID SIZE P-VALUE 

CELL CYCLE Reactome R-HSA-1640170 551 3.12E-77 

CELL CYCLE, MITOTIC Reactome R-HSA-69278 468 7.88E-75 

M PHASE Reactome R-HSA-68886 267 5.79E-41 

RHO GTPASE EFFECTORS Reactome R-HSA-195258 299 7.57E-27 

SIGNALING BY RHO GTPASES Reactome R-HSA-194315 434 5.67E-23 

CELL CYCLE CHECKPOINTS Reactome R-HSA-69620 158 7.53E-18 

S PHASE Reactome R-HSA-69242 82 4.27E-11 

INTEGRIN-MEDIATED CELL 
ADHESION Wikipathways WP185 101 0.000151 

INTEGRIN SIGNALING PATHWAY BioCarta integrinpathway 34 0.000597 
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EXTRACELLULAR MATRIX 
ORGANIZATION Reactome R-HSA-1474244 295 0.001694 

ECM-RECEPTOR INTERACTION  KEGG path:hsa04512 82 0.009816 

 

PATHWAYS - COMPARISON #3 SOURCE EXTERNAL ID SIZE P-VALUE 

CELL CYCLE, MITOTIC Reactome R-HSA-69278 468 6.77E-34 

CELL CYCLE Reactome R-HSA-1640170 551 4.64E-32 

RHO GTPASE EFFECTORS Reactome R-HSA-195258 299 1.35E-30 

SIGNALING BY RHO GTPASES Reactome R-HSA-194315 434 4.24E-26 

M PHASE Reactome R-HSA-68886 267 4.58E-25 

CELL CYCLE CHECKPOINTS Reactome R-HSA-69620 158 1.4726E-10 

INTEGRIN INOH None 124 7.24415E-06 

EXTRACELLULAR MATRIX 
ORGANIZATION Reactome R-HSA-1474244 295 2.50959E-05 

INTEGRIN-MEDIATED CELL 
ADHESION Wikipathways WP185 101 0.000362539 

 
Table 4.2: ConsensusPathDB enrichment signaling pathways analysis obtained from total RNA 
sequencing. 
The table show pathways of interest found to be among the most differentially regulated (according to the p-
value score > 0.05) between hPM-2 on Standard at DAY 0 and BNC at DAY 2 (Comparison #1), hPM-2 on 
Standard and BNC at DAY 2 (Comparison #2) and hPM-2 on Standard and BNC at DAY 7 (Comparison #3). 

 

Terms related to cell cycle regulation and progression (e.g. “Cell cycle”; “M phase”; “Cell 

cycle, mitotic”) were found to be among the most significant (lower p-value score) differentially 

regulated pathways between DAY 0 and DAY 2 on BNC compared to Standard (comparison #1; 

Table 4.2). Those pathways were still enriched for the duration of the 7 days of culture (comparison 

#2, #3; Table 4.2). 

 As previously shown, BNC induces the reduction of hPMs proliferation rate (Figure 4.13 and 

Figure 4.16) with a majority of the cells retained in G1/G0 cell cycle phases (Figure 4.15). As a 

consequence, I expected a downregulation of genes related to cell cycle in the RNA sequencing 

results. To confirm that, I selected the DETs related to “Cell cycle” of all three comparisons and 

plotted them into a volcano plot (source Reactome; external ID: R-HSA-1640170). As it is shown in 

Figure 4.26, almost all the DETs were significantly downregulated in hPM-2 on BNC compared to 

Standard (Figure 4.26A,B,C). This data corroborates our previous observations on a cell cycle 

“arrest” induced by BNC in hPMs. Moreover, cyclins (CCNs) (e.g. CCND2, CCNA2, CCNB1) have 

been found among the downregulated transcripts (Figure 4.26A,B,C). They are known to control 

both the G1/S and the G2/M transition phases of the cell cycle via complex formation with the 

cyclin-dependent protein kinases (CDKs), which were also found to be downregulated (Figure 

4.26A,B,C) (Yang, Hitomi, and Stacey 2006; Pagano et al. 1992; Brown et al. 2007). Lastly, E2F1 

(E2 promoter binding factor 1) expression was significantly decreased within the “Cell cycle” 

pathway (Figure 4.26A,B,C). E2F1 is a transcription factor responsible for the progression through 
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the G1-phase via transcriptional activation of genes involved in cell cycle regulation or in DNA 

replication (Paik et al. 2010).  

 

 
 
Figure 4.26: DETs trend of expression within a differentially regulated pathway of interest between 
BNC and Standard samples.   
Volcano plots of statistical significance (-log10(padj)) against Log2FC, representing DETs (black dots) found 
within the term “Cell cycle” from the enrichment pathway analysis in comparison #1 (A), #2 (B) and #3 (C). 
Some of DETs of interest (CCNs, CDKs and E2F1) are marked (green dots).  

  

The enrichment signaling analysis unveiled other pathways known to be involved in a wide 

range of cellular biological mechanisms, which could play a significant role in driving our cellular 

phenotype on BNC. Remarkably, pathways involving Rho GTPases activity and integrins belonged 

to the differentially regulated terms in all three comparisons (Figure 4.27A,B,C). Some genes of the 

GTPases Rho subfamily like Ras homolog family member (RHO) A, B, C, the Rac family small 

GTPase 1 (RAC1) and the cell division cycle 42 (CDC42) were found significantly differentially 

expressed (Figure 4.27A,B,C). These molecules are involved in many cellular processes such as 
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cytoskeleton remodeling, membrane trafficking (Olayioye, Noll, and Hausser 2019), cell 

transcription and cell cycle progression (Olson, Ashworth, and Hall 1995; Glassford et al. 2001). 

They are also known to act as molecular switches that convert extracellular signals into multiple 

cellular effects in cooperation with integrins (Etienne-Manneville and Hall 2002). For this reason, 

they may play an important role in regulating hPMs morphology and proliferation as response to 

different ECM stimuli when in contact with the BNC matrix.  

 

 
 
Figure 4.27: Heat-maps representation of GTPases Rho subfamily DETs. 
Heat-maps showing DETs of the GTPases Rho subfamily as determined by RNA sequencing of hPM-2 on 
BNC compared to Standard. DETs (padj<0.05) are shown according to their expression counts values (reads), 
ln(x + 1)-transformed. Orange represents the upregulated DETs and blue the downregulated DETs. Two 
independent RNA sequencing replicates per sample (a – b).  

 

Lastly, I found significant differences concerning extracellular re-organization and ECM-cell 

communication processes (e.g. “Extracellular matrix organization” or “Cell-extracellular matrix 

interactions”) (Table 4.2). Several DETs related to these pathways are shown to be upregulated in 

all three comparisons (Figure 4.28A,B,C). Among them we found ECM components like collagen V 

α-1/α-2/α-3 chain (COL5A1/3), collagen VI α-1/α-2/α-3 chain (COL6A1/2/3), collagen XXVIII α-1 

chain (COL28A1) and fibronectin 1 (FN1) as well as matrix metalloproteinase-2 (MMP2), a protein 

responsible of ECM remodeling (Figure 4.28A,B,C).  
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Figure 4.28: Heat-maps representation of ECM related DETs determined by RNA sequencing. 
Heat-maps showing DETs related to cell-ECM communication and ECM re-organization as determined by 
RNA sequencing of hPM-2 on BNC compared to Standard. DETs (padj<0.05) are shown according to their 
expression counts values (reads), ln(x + 1)-transformed. Orange represents the upregulated DETs and blue 
the downregulated DETs. Two independent RNA sequencing replicates per sample (a – b).  

 

To conclude, we provided an overview about the main molecular differences in hPMs 

between BNC and Standard via transcriptome analysis. We confirmed previous observations about 

the hPMs proliferation rate looking at the cell cycle-related pathways. Moreover, we suggested the 

involvement of Rho GTPases and ECM-associated genes in inducing hPMs changes on BNC, thus 

providing new insights for further investigations.  

4.3.3. RNA sequencing results validated via RTq-PCR 

I confirmed and validated a selection of DETs found in RNA sequencing via RTq-PCR. The 

experiments were performed in hPMs derived from three different donors hPM-1, hPM-3, hPM-5 

and from donor hPM-2 (sample used for the total RNA sequencing experiment). The cells were 

analyzed on BNC or on Standard at the same points of time (DAY 0, DAY 2 and DAY 7) as in the 

RNA sequencing experiment (Table 4.1) and the same comparisons (#1, #2, #3) were investigated. 

For the validation, I selected cell cycle-related genes among the downregulated (CCND1, 

CCNA2, CCNB1, and E2F1) (Figure 4.29) and ECM related genes among the upregulated 

(COL5A1, COL6A3, COL28A1, FN1, and MMP2) (Figure 4.30) DETs.  

All cell cycle-related candidate-genes were confirmed via RTq-PCR to be significantly 

downregulated as found in the RNA sequence, in all three comparisons investigated (Figure 4.29). 
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Figure 4.29: RTq-PCR validation of downregulated genes derived from total RNA sequencing results at 
different points of time. 
RTq-PCR validation experiments for selected genes found downregulated in RNA sequencing results. DDCt 
values are shown as Log2FC relative to Standard for each point of time. n=4 donors; hPM-1,2,3,5; vertical 
black lines represent SD between different donors; horizontal black lines the mean. Two-sided unpaired t-test 
calculation on Log2FC values. *=p<0.05; **=p<0.01; ***=p<0.001 ****=p<0.0001  

 

The ECM-related candidate-genes were as well confirmed to be significantly upregulated as 

found in the RNA sequence between in comparison #1, #2 and #3 (Figure 4.30).  
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Figure 4.30: RTq-PCR validation of upregulated genes derived from total RNA sequencing results at 
different points of time. 
RTq-PCR validation experiments for selected genes found upregulated in RNA sequencing results. DDCt 
values are shown as Log2FC relative to Standard for each point of time. n=4 donors; hPM-1,2,3,5; vertical 
black lines represent SD between different donors; horizontal black lines the mean. Two-sided paired t-test 
calculation on Log2FC values. *=p<0.05; **=p<0.01; ***=p<0.001; ****p=<0.0001. 

4.4. Ex vivo CRISPR/Cas9-based gene editing in hPMs on 
BNC 

In the first part of my results, I reported that CRISPR/Cas9-induced NHEJ DSBs repair can 

be applied either to achieve a specific knockout of NCAM1 or to reframe mutant DYSF in hPMs on 

Standard. In the second part of this study, I introduced a novel culture method based on a cellulose 

substrate that allows to culture hPMs in a “slow-dividing” state for weeks. When placed back to 

Standard they regained a high proliferation ability and showed to be functional since they 

differentiated into myotubes.  

As the next step I analyzed whether the CRISPR/Cas9-based strategies is as well applicable 

to the new BNC culture model.  
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4.4.1. Evaluation of transduction and transfection efficacy in hPMs on 
BNC 

For genomic manipulation and gene editing (e.g. CRISPR/Cas9-based technique) on BNC I 

first wanted to test two different nucleic acid delivery methods. 

Lentiviral vectors are widely used for delivery and expression of nucleic acids into cells. They 

are characterized by their ability to retro-transcribe their RNA genome into cDNA, which can be 

then stably integrated into the host cell genome (Warnock, Daigre, and Al-Rubeai 2011; Kimura et 

al. 2010). Lentiviral vectors can be potentially used to express the Cas9/sgRNA complex for 

efficient gene editing in hPMs (Xu et al. 2019; Bellec et al. 2015; Lyu et al. 2019).  

I first tested the efficacy of a lentiviral vector to transduce hPMs and induce the expression of 

a GFP cassette. Cells that have been successfully infected, express a GFP (green) fluorescence 

signal. 48h after transduction, GFP positive (GFP+) hPMs were observed by BF microscopy and 

quantified via flow cytometry (Figure 4.31A). In both, Standard and BNC, hPMs were successfully 

infected and the number of GFP+ cells was comparable in either conditions (Figure 4.31B).   

 

 
 
Figure 4.31: Lentiviral nucleic acids delivery on BNC. 
Left, representative BF and fluorescence pictures of hPMs after lentivirus/GFP infection in Standard and on 
BNC. Scale bar = 100 µm. Right, quantification FACS analysis of GFP+ cells after infection in Standard and 
on BNC (n=3 donors, hPM-3,4,6; mean±SD). P value calculated by two-sided unpaired t-test.  

 

I then verified the efficiency of lipo-transfection to deliver a Cas9/sgRNA-expressing plasmid 

in hPMs cultured on BNC. This method was also used to perform gene editing in hPMs on 

Standard (see Results section 4.1.). I transfected hPMs on Standard or BNC using Lipofectamine 

and the eSpCas9(1.1)::Venus plasmid. Venus signal was observed by BF microscopy and 

quantified via flow cytometry after 48h (Figure 4.32A). Cells were successfully transfected in either 

condition. However, the transfection on Standard resulted to be more efficient compared to BNC 

(Figure 4.32B).  
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Figure 4.32: Nucleic acids delivery on BNC via lipo-transfection. 
Left, representative BF and fluorescence pictures of hPMs after eSpCas9::Venus plasmid transfection in 
Standard and on BNC. Scale bar = 100 µm. Right, quantification FACS analysis of Venus+ cells after infection 
in Standard and on BNC (n=3 donors, hPM-1,2,5; mean±SD).  

 

Here I concluded that Lentiviral transduction and lipo-transfection are both successful for 

DNA delivery in hPMs on BNC, although the lentivirus vector appeared to be more efficient.   

4.4.2. CRISPR/Cas9-based gene editing in donor-derived PMs cultured 
on BNC induces NCAM1 knockout 

Since many safety and ethical issues raised from the use of lentiviral-based vectors in the 

clinic (Connolly 2002; Anson 2004), I decided to use lipo-transfection as a delivery method to 

perform a CRISPR/Cas9 gene editing experiment in hPMs on BNC. I used NCAM1 knockout as a 

read-out of gene editing efficiency, as was already performed in Standard (see Results section 

4.1.1., Figure 4.1 and Figure 4.2). I transfected donor-derived PMs cultured on BNC for 24h with an 

eSpCas9(1.1)::Venus plasmid containing the sgRNA targeting NCAM1 exon 3 (NCAM1ex3wt#1) 

(Figure 4.33A and see Methods section 3.9.1., Table 3.3). The eSpCas9(1.1)::Venus vector w/o 

sgRNA was used as a control. After enrichment of eSpCas9(1.1)::Venus+ cells, I extracted gDNA 

from each condition and I PCR amplified the region around NCAM1 exon 3 for Sanger sequencing. 

Sanger sequencing of the NCAM1 exon 3 locus revealed chromatogram disturbance after the 

cleavage site of sgRNA due to formation via NHEJ, suggesting successful gene editing (Figure 

4.33B), as similarly observed on Standard (Figure 4.2A).  

Quantification of the editing efficiency is displayed in indel plots that revealed a predicted 

editing efficiency of 43.3% hPMs sgRNA samples, average of three independent experiments 

(Figure 4.33C, right). A single N deletion at the expected site, is the predicted preferred indel 

formation (Figure 4.33C, left).  

Lastly, I confirmed the knockout of the gene by FACS-staining for NCAM1 protein 

expression. FACS dot plot analysis showed a mean of ~24% loss of NCAM1 protein expression in 

the edited hPMs after ~10 days expansion in Standard (Figure 4.33D).  
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Figure 4.33: Depletion of NCAM1 protein in hPMs using CRISPR/Cas9-mediated genome editing 
approach. 
A) Illustration of the plasmid encoding enhanced specificity eSpCas9(1.1)::Venus used for transfection of 
hPMs. Transfected cells express Venus fluorescence (green), allowing for selection of eSpCas9(1.1)::Venus+ 
cells by FACS. B) Sanger sequences in the region surrounding the sgRNA sequence from hPM-2 transfected 
with sgRNA (sgRNA) compared to a control unedited sequence (w/o sgRNA). Chromatogram variability is 
observed after the cleavage site (black dotted line). Horizontal black underline: sgRNA. Red dotted line: PAM 
site. C) Left, representative example of indel plot from ICE analysis showing the predicted editing efficiency 
relative to hPM-2. Right, average of editing efficiency (ICE) of three hPMs donors (n=3 donors; mean±SD). D) 
Upper, example of FACS dot plots from NCAM1 staining of w/o sgRNA and sgRNA relative to hPM-2. Lower, 
percentage mean value of NCAM1 negative cells of different hPMs donors after editing (n=3 donors; 
mean±SD). 

 

In the second part of the work, I demonstrated that hPMs can be kept longer in culture then 

on Standard without losing their viability, proliferation and myogenic capabilities. With the last 

experiments, I also showed that BNC can be used as an alternative culture method to genetic 

manipulate hPMs via CRISPR/Cas9-based methods. These results are the first step towards the 

development of a method able to correct dystrophy-causing mutation in hPMs while preserving 

their proliferative and myogenic potential.  
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5. DISCUSSION 

5.1. Ex vivo hPMs correction of a mutation in the DYSF gene 
using the CRISPR/Cas9 system 

MDs are a group of heterogeneous genetic myogenic disorders associated with 

progressive loss of muscle mass and function (Emery 2002). Despite the effort in investigating 

different therapeutic options, a definitive treatment for these diseases has not been developed yet 

(Mercuri and Muntoni 2013; Nigro and Piluso 2015). Since many MDs are caused by single gene 

mutations, its replacement or correction by gene therapy is considered as a promising clinical 

application.  

I.m. or vascular injection of AAVs expressing the missing gene has been shown to rescue 

protein expression and muscle function in a variety of dystrophic animal models (Grose et al. 2012; 

Sondergaard et al. 2015; Le Guiner et al. 2017; Duan 2018; Yue et al. 2015). In agreement with 

this therapeutic approach, several clinical trials have been approved for DMD (ClinicalTrials.gov: 

Pfizer, NCT03362502; Sarepta Therapeutics, NCT03375164; Solid Biosciences, NCT03368742) 

and LGMDs (ClinicalTrials.gov: NCT03652259; NCT01976091; NCT02710500). However, the 

dosage-dependent immune response to both AAV capsid (Martino et al. 2011; Mingozzi and High 

2013; Shayakhmetov, Di Paolo, and Mossman 2010) and the transgenes delivered (Mendell et al. 

2010) is still a major safety concern for the clinical procedure. AAVs have been also applied for in 

vivo CRISPR/Cas9-based gene editing of causing mutations in several myogenic disorders 

(Crudele and Chamberlain 2019). Systemic distribution via muscle-specific AVVs is ideal for the 

treatment of diseases affecting one of the largest tissues in the body. However, the constitutive 

expression of Cas9 nuclease by AAVs may lead to accumulation of “off-target” DNA mutations 

(Cho et al. 2014). Moreover, exogenous AAVs and Cas9 protein expression may trigger undesired 

immune system responses (Mingozzi and High 2013; Crudele and Chamberlain 2018). Altogether, 

these challenges limit the possibility of clinical application.. 

As an alternative, cell-based treatments can be applied for allogeneic transplantation of 

healthy or corrected myogenic cells that are able to sustain and enhance long-term muscle 

regeneration of dystrophic muscle. Several types of progenitor cells derived from skeletal muscle or 

from non-muscle tissues have been tested as sources for cell transplantation in MDs (Biressi, 

Filareto, and Rando 2020). iPSCs propagate indefinitely and can be used for autologous 

transplantation upon differentiation into myogenic cells. Different gene editing approaches (e.g. 

CRISPR/Cas9) have been used to correct mutations in iPSCs derived from MDs patients (Turan et 

al. 2016; Young et al. 2016; Min et al. 2019; Selvaraj et al. 2019). Corrected iPSCs-derived 

myogenic cells showed engraftment potential in dystrophic mouse models, rescuing the genetic 

defect without leading to the formation of tumors (Tedesco et al. 2012; Young et al. 2016). Despite 

these promising results, optimization of differentiation protocols for transplantation in humans are 

required and genomic instability, as well as their teratogenicity are still safety concerns.  
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CD133+ cells or MABs, myogenic cells with an endothelial origin, have also been proved to 

own good engraftment capability in skeletal muscle when systemically or locally delivered 

(Dellavalle et al. 2011; Torrente et al. 2007). Indeed, many studies showed the rescue of the 

dystrophic phenotype after transplantation of healthy or corrected MABs in different animal models 

(Sampaolesi et al. 2003; Sampaolesi, Blot, and D’Antona 2006; Díaz-Manera et al. 2010). 

However, a phase I/IIA clinical trial performed in 2011 (Eudract 2011‐000176‐33) did not show any 

beneficial effect in DMD patients and implementation of the transplantation protocol is needed 

(Cossu et al. 2015).  

Myoblasts are myogenic progenitor cells deriving from adult SCs that can be isolated from 

human muscle biopsies, expanded in vitro and ideally transplanted after gene correction. Even if 

these cells are available in a lower number compared to iPSCs (Briggs and Morgan 2013), 

myoblasts are very well characterized (Tedesco et al. 2010; Yin, Price, and Rudnicki 2013) and 

they contribute to muscle regeneration once engrafted (Marg et al. 2014; Marg et al. 2019). The 

use of myoblasts in cell-therapy has indeed been supported by initial studies showing that healthy 

cells, derived from in vitro expansion of mouse stem cells, are able to rescue the genetic defect 

when injected in the muscle of DMD models (Partridge et al. 1989; Vilquin et al. 1996; Partridge 

1991). Importantly, some of the transplanted myoblasts survived as precursor cells and 

repopulated the SCs niche suggesting a long-term therapeutic effect. In the last decades, several 

clinical trials demonstrated that healthy donor-derived myoblasts can be safely transplanted in 

muscles from DMD patients and restore dystrophin expression in the muscle tissue (Partridge 

2002; Mendell, Sahenk, and Prior 1995; Briggs and Morgan 2013; Karpati et al. 1993; Skuk, 

Goulet, Roy, Piette, Côté, et al. 2007) but clinical benefits for the patients have not been proven 

yet. Nevertheless, this strategy appeared to be successful in small and more accessible muscles, 

as proved in less extended diseases such as OPMD (Périé et al. 2014). 

Allogeneic transplantations harbor the risk for immunogenicity of the donor myoblasts once 

injected in the host muscle (Guérette et al. 1994). To avoid this issue, the use of ex vivo corrected 

patient-derived cells is considered as a therapeutic advantage. Recently, the CRISPR/Cas9 system 

has been explored as method for editing MDs-causing mutations and could be applied in patient-

derived myogenic cells prior autologous transplantation. However, no data have been published yet 

about CRISPR/Cas9-based gene correction in myoblasts.  

In this study, we reported an ex vivo CRISPR/Cas9-based strategy to restore the open 

reading frame of mutated DYSF in PMs derived from a patient affected by LGMD2B. LGMD2B is 

an autosomal recessive disorder belonging to the heterogeneous family of LGMDs (Wicklund and 

Hilton-Jones 2003; Domingos et al. 2017; Nigro and Savarese 2014). LGMD2B is prevalent in 

southern Europe with a frequency of 15–25% in the group of the LGMDs and, as for the rest of the 

MDs, no cure is available yet (Argov et al. 2000; Cagliani et al. 2003; Vilchez et al. 2005). A 

homozygous missense mutation (c.4872_4876delinsCCCC) in DYSF exon 44 was discovered to 

be a founder genetic defect with a 10% carrier frequency in the Libyan Jew population. A deletion 

of a G (4872delG) causes a frameshift of the DYSF open reading frame, a premature stop codon in 

exon 45 and a complete absence of dysferlin protein (Argov et al. 2000). 
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As shown in Figure 4.5, ~50% of mutated cells were efficiently edited by the delivery of 

SpCas9 nuclease and a mutation-specific sgRNA. Of note, the eSpCas9 and SpCas9 variants 

were compared and SpCas9 was proved to be the most efficient one (Figure 4.5). eSpCas9 has 

been engineered to have increased specificity and reduced “off-target“ nuclease effects compared 

to SpCas9 (Slaymaker et al. 2016). However, further studies showed that the general activity of this 

variant is reduced and some target sites are poorly cleaved (Kim et al. 2017; Kulcsár et al. 2017; 

Anderson et al. 2018), explaining the fact that SpCas9 was more efficient in this study. 

sgRNA guided SpCas9 induced DSBs at the cleavage site followed by NHEJ repair and led 

to a preferred indel formation of +1A (Figure 4.5B and Figure 4.6). As result of this insertion, DYSF 

open reading frame could be restored (Figure 4.7). We speculated that a single nucleotide insertion 

is a consequence of a so-called staggered DNA cleavage-repair model (Gisler et al. 2019). 

According to this model, Cas9 induction of staggered DSBs (Zuo and Liu 2016) leads to template-

dependent insertions following a 1-nucleotide 5′ overhang on the opposite strand (Figure 5.1). 

Therefore, a duplication of a DNA base immediately downstream of the break site is occurring with 

high probability. This editing strategy minimizes undesirable variability of NHEJ repair outcomes, 

therefore achieving a more efficient and precise genome editing in mutated cells. 
 

 
 
Figure 5.1: DNA repair outcome after Cas9-induced DSB following the staggered DNA cleavage-repair 
model. 
After Cas9-mediated staggered DSBs between nucleotides 3/4 on the target DNA site and 4/5 on the non-
target one, the resulting 5´ overhangs trigger polymerase-based fill-in at position 4 producing sgRNA specific 
insertion. The inserted nucleotide will be identical to the DNA base immediately downstream of the break site 
(A). 

 

Because of the DYSF re-framing, DYSF mRNA is translated correctly (Figure 4.7). Indeed, 

I observed a significant rescue of the mRNA expression by RT q-PCR in the population of edited 
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cells (Figure 4.8A). Moreover, DYSF protein could be detected by WB (Figure 4.9A) and 

immunofluorescence (Figure 4.9B) in edited myoblasts and differentiated myotubes. Clearly, 

dysferlin localized at the membrane and at the myotubes/myoblasts fusion junction, showing a 

similar expression pattern to control healthy cells (Figure 4.9B). It is important to mention that the 

“re-framing” strategy, described in this study, generated 4 aa substitution (Thr>Asn, Leu>Ala, 

Glu>Gly, Val>Leu) in the edited dysferlin coding sequence (Figure 4.7). However, these changes 

appeared not to interfere with protein translation and localization at the membrane through its C 

terminal domain. As further confirmation, preliminary results obtained from laser wounding 

experiments demonstrated that dysferlin, together with annexin A1, was expressed at the “repair 

dome” 20 min after the membrane injury (Figure 4.10) as also shown in healthy control cells and 

previous studies (Marg et al. 2012). Here, laser wounding results suggested that the corrected 

dysferlin takes part in the sarcolemma Ca2+-depended repair process. Nevertheless, conclusions 

about functional recovery in muscle fiber plasma membrane resealing have to be confirmed by 

increasing the number of observations. 

The open reading frame resolution via NHEJ-mediated DNA repair and subsequent 

prevention of premature stop codons is known as “gene reframing therapy”, which has been 

effective also for correction of DMD (Iyombe-Engembe et al. 2016; Min et al. 2019) and other non-

muscular monogenic disease-causing mutations (e.g. recessive dystrophic epidermolysis bullosa) 

(Takashima et al. 2019). Gene reframing therapy can be potentially applied to any 

missense/frameshift mutations and in this study it was successful in LGMD2B. However, a number 

of technical limitations need to be discussed. 

After lipo-transfection of the SpCas9::Venus vector, Venus+ cells were enriched by FACS. 

Transfection efficiency is critical since it influences the final number of sorted cells that can be 

expanded for further analysis and, potentially, transplanted. In the performed experiments a 

maximum of 18% (data not shown) of the total transfected cells have been sorted as Venus+ and, 

of those, half were edited (Figure 4.5B). After ~10 days of cell expansion, necessary for further 

analysis, the percentage of corrected cells dropped (Figure 4.8B). This would explain the partial 

rescue of DYSF mRNA, as well as the low protein abundance observed by immunoblot in the 

analysis of the bulk population of edited cells. Lower intensity of dysferlin protein was also 

observed in stained myotubes since they likely derived from the fusion of both edited and not 

edited nuclei with a consequent attenuation of the protein signal.  

Several factors are known to be responsible for the poor transfection efficiency and can be 

improved. We observed that delivery of the editing machinery as nucleic acid via plasmid 

lipofection has a low efficiency and quite high cytotoxicity in hPMs. Recently, in our laboratory 

successful “proof of concept” experiments have been performed in the delivery of the Cas9 

nuclease as mRNA or recombinant protein (RMP) into hPMs via nucleofection. We observed a 

considerable higher number of Cas9-expressing cell, as well as increased editing “rate” compared 

to lipofection using NCAM1 as model gene. The presence of a higher percentage of edited 

myoblasts would reduce the expansion time and, accordingly, the “dilution” of the edited population 

of cells. 
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As previously mentioned, a general issue of ex vivo cell-based therapies is the loss of 

regenerative capability and limited proliferation of hPMs once isolated (Montarras et al. 2005). This 

is even more challenging when myoblasts are isolated from patients´ biopsies, which are 

characterized by an advanced dystrophic phenotype. As experienced in our laboratory, they result 

to be aged, less proliferative and going earlier towards senescence compared to healthy donor 

myoblasts. This might be related to extrinsic (e.g. dystrophic tissue microenvironment with 

continuous cycles of muscle degeneration/regeneration and induction of SCs exhaustion) 

(Goldstein and McNally 2010; Negroni et al. 2015; Wallace and McNally 2009; Mouly et al. 2005; 

Blau, Webster, and Pavlath 1983) or intrinsic (e.g. membrane instability, defective RNA processing, 

impaired SCs polarity, proteasome activation) (Dumont and Rudnicki 2016; Furling et al. 2001; 

Gastaldello et al. 2008) factors. If their replicative life span is reduced, the cells undergo 

senescence faster than the healthy counterpart and, even if successfully edited, they cannot 

proliferate nor efficiently regenerate muscle after transplantation (Blau, Webster, and Pavlath 1983; 

Webster and Blau 1990; Wright 1985). Anticipating the muscle biopsy in earlier stage of the 

disease progression might be a solution to address this problem. Additionally, different methods to 

overcome SCs-derived myoblasts loss of stemness and aging have been investigated and they will 

be discussed in the next paragraph. 
 

5.2. BNC substrate as culture method for hPMs: advantages 
and caveats  

For the improvement of muscle stem cells or myoblasts ex vivo culture conditions, several 

attempts have been made to directly modulate signaling pathways (Parker et al. 2012; Price et al. 

2014; Zismanov et al. 2016; Sampath et al. 2018; Tierney et al. 2014) and epigenetic clues 

(Judson et al. 2018) that are known to preserve stemness and avoid terminal myogenic 

differentiation. Those approaches are based on the knowledge about quiescence retention of stem 

cells in the muscle niche (Evano and Tajbakhsh 2018; Yin, Price, and Rudnicki 2013; So and 

Cheung 2018; Conboy and Rando 2002). Charville et al. demonstrated that the inhibition of p38 

MAP kinase enhances ex vivo human SCs expansion and engraftment efficiency upon 

xenotransplantation into immunodeficient mice (Charville et al. 2015; Jones et al. 2005). In 

addition, transplantation efficiency of mammalian progenitor muscle cells has been improved by 

manipulation of Notch signaling (Parker et al., 2012). In another study, a cocktail of four cytokines 

(IL-1α, IL-13, TNF-α, and IFN-γ) have been reported to promote mouse muscle stem cell 

proliferation and maintain them undifferentiated in vitro even after several passages (Fu et al. 

2015). Oxygen levels have been also considered as an important factor influencing muscle stem 

cell behavior in culture. Indeed, maintaining the cells in hypoxic conditions  as in muscle tissue, 

was proven to have a positive influence on myoblast self-renewal and transplantation efficiency in 

dystrophic mice (Liu et al. 2012).  
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Other approaches aimed to mimic the mechanical properties of the in vivo niche using 

moldable matrixes or substrates to sustain myogenic cell potency (Dellatore, Garcia, and Miller 

2008; Gilbert et al. 2010; Quarta et al. 2016; Monge et al. 2017). This concept is based on reported 

evidence about how substrate properties (e.g. elasticity and/or rigidity) significantly influence 

mammalian muscle stem cells behavior in culture (Dellatore, Garcia, and Miller 2008; Engler et al. 

2006; Gilbert et al. 2010; Monge et al. 2017). More in detail, materials that are characterized by an 

elastic module comparable to skeletal muscle (12kPa) have also proved to sustain the quiescence 

state of human muscle stem cells, reducing cell division and increasing engraftment efficiency 

(Gilbert et al. 2010; Quarta et al. 2016; Monge et al. 2017). 

Here, I introduced for the first time a BNC material as a method for a long-term in vitro 

culture of hPMs. We showed that BNC allows the preservation of hPMs for several weeks at a very 

low proliferation rate without the need for cell passaging (Figure 4.13) and evidence of terminal 

differentiation (Figure 4.12C and Figure 4.17). BNC is a soft and flexible material (~15kPa) made of 

cellulose nano-fibers produced by Gluconacetobacter Xylinus (Hofinger, Bertholdt, and Weuster-

Botz 2011; Feil et al. 2017; Wang, Tavakoli, and Tang 2019), (Figure 4.12A). Because of high 

purity, high biocompatibility and mechanical strength, BNC has been widely applied in tissue 

engineering (e.g. wound dressing) (Picheth et al. 2017) and regenerative medicine (e.g. BNC 

scaffolds for cell transfer) (Svensson et al. 2005; Dutta, Patel, and Lim 2019). Moreover, BNC 

structural properties and morphological similarities between nano-cellulose fibers and ECM 

proteins like collagen (Petersen and Gatenholm 2011; Geisel et al. 2016), suggested possible 

applications as alternative stem cells culture substrate for controlling differentiation and 

maintenance of stemness (Geisel et al. 2016; Tronser et al. 2018). 

5.2.1. hPMs proliferation rate on BNC   

When hPMs were cultured on the BNC substrate, a significant reduction of Ki-67 protein 

(Figure 4.15A) and mRNA levels (Figure 4.16) was consistent over 14 days of culture, proving that 

the cellulose properties significantly influence hPMs proliferation. These data are in line with the 

observation that hPMs never reached confluence when plated at low density on BNC over 21 days 

(Figure 4.14). Ki-67 is exclusively expressed in S-M-G2 phases of cell cycle (Sun and Kaufman 

2018) suggesting that the majority of hPMs were in G0/G1 phases on the BNC substrate. Indeed, a 

cell cycle analysis via FACS confirmed that after 2 days of culture on BNC more than 90% of hPMs 

were “arrested” in G0/G1 phase (Figure 4.15B). Only a small percentage of cells was doubling 

(S/G2 phase: ~2%) (Figure 4.15B) and was still expressing Ki-67 (Figure 4.12A) over time, a 

phenomenon  likely related to the functional heterogeneity within the population of activated SCs 

(Kuang et al. 2007; Kuang and Rudnicki 2008; Marg et al. 2019). Several studies proved the 

presence of transcriptional distinct SCs populations, which show dissimilar behavior in vitro assays 

and in vivo transplantation experiments (Kuang et al. 2007; Charville et al. 2015; Cho and Doles 

2017; Barruet et al. 2020). As hPMs used in this study are a mixed population of myogenic cells 

derived from activated SCs, differences in cell cycle progression might correlate to their functional 
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heterogeneity. Further analysis (e.g. single cell sequencing) may give more insights about hPMs 

diversity on BNC.  

In line with my first observations on Ki-67 expression and the cell cycle status, bulk RNA 

sequencing analysis confirmed a significant downregulation of the majority of transcripts related to 

proliferation and cell cycle in hPMs on BNC compared to Standard (Table 4.2). More importantly, 2 

days of BNC culture were enough to induce a substantial downregulation of CCND1/A2/B1, CDKs 

and E2F1 transcripts that was maintained until the seventh day (Figure 4.26; validated via RTq-

PCR in Figure 4.29). Proteins encoded by those genes are the main regulator of cell cycle 

progression (Sherr and Roberts 1999). CCND1 binds CDK4 and induces the dissociation of E2F1 

from the Retinoblastoma protein (Rb) (Yang, Hitomi, and Stacey 2006; Baldin et al. 1993). E2F1 

permits CCNE transcription and the transition from G0/G1 to S-phase (Moreno-Layseca and Streuli 

2014). Cell adhesion via integrins is critical for cell cycle progression towards the S-phase 

(Moreno-Layseca and Streuli 2014). Integrins are transmembrane receptors known to mediate cell- 

sensing of biophysical signals such as substrate stiffness and mechanical force (Schiller and 

Fässler 2013; Ireland and Simmons 2015). They are responsible for cytoskeleton organization and 

influence signal transduction pathways in response to ECM-attachment. For proliferative 

responses, the major pathways regulated by integrins in cooperation with growth factors are the 

small GTPase (Rho and Rac) pathways known to be associated with adhesion-dependent cell 

cycle regulation (Welsh 2004; Mack et al. 2011). Interestingly, ConsensusPathDB signaling 

analysis in this study showed that integrins and Rho GTPase associated pathways were 

differentially regulated (Table 4.2). In detail, three principal members of the GTPase family (Rac1, 

RhoA and Cdc42) were downregulated during the first 2 days of BNC culture (Figure 4.27A). 

Modulations of integrins pathways due to cell-BNC fibers interaction might therefore inhibit the 

expression of the members of GTPases family ultimately leading to cell cycle arrest in hPMs on 

BNC. 

5.2.2. hPMs morphologic changes on BNC  

During the first days of culture on BNC, hPMs appeared morphologically roundish (Figure 

4.12B,D,E) and F-actin displayed an altered organization re-localizing at the sub-sarcolemma 

space (Figure 4.12E). It was already reported that myoblast morphology is influenced by substrate 

biomechanical clues or elasticity (Engler et al. 2006) and a comparable roundish phenotype has 

been associated to a biopolymeric film or hydrogels with lower stiffness compared to plastic (~3 

GPa) (Engler et al. 2006; Gilbert et al. 2010; Monge et al. 2017). Prolonged culture of hPMs on 

BNC resulted in increased spreading area, in new cell-substrate contacts and an more elongated 

morphology (see BF pictures in Figure 4.13 A,C). Since matrix stiffness is largely dependent on the 

composition of the ECM, changes in hPMs morphology along the culture period might be correlated 

with ECM proteins secretion. Indeed, transcripts encoding for collagens, FN1 and an ECM 

remodeling protein such as MMD2 were upregulated after 2 days on BNC according to RNA 

sequencing analysis (Figure 4.28). hPMs have been derived from SCs that are known to remodel 
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their own ECM in vivo (Tierney et al. 2016; Rayagiri et al. 2018). In detail, FN1 and COL6A1 which 

were upregulated in hPMs on BNC along 7 days of culture, (Figure 4.28) are both expressed by 

SCs in vivo and are important for SCs niche remodeling during regeneration (Bentzinger, Wang, 

von Maltzahn, Soleimani, et al. 2013; Urciuolo et al. 2013). Self-induced chances in ECM 

composition might allow cell spreading modulating signaling pathways such as integrins and Rho 

GTPase related pathways which were still differentially regulated after 7 days of culture on BNC 

(Table 4.2). 

5.2.3. hPMs cell cycle status on BNC 

Non-cycling cells in irreversible G1-phases are associated to a terminal differentiation or 

senescence. When in reversible G0-phase they are in a quiescent state (Kuang and Rudnicki 

2008). 

BNC did not induce terminal differentiation of hPMs (Figure 4.12B). Even when hPMs on 

BNC reached confluence (e.g. after ~30 days of culture) and were induced to fuse, they did not 

form multinucleated myotubes and did not express MYHC as on Standard (Figure 4.17). In the 

dynamic process of myoblasts fusion, actin fiber re-organization and “focus” formation are essential 

(Kesper et al. 2007; Richardson et al. 2007; Massarwa et al. 2007; Kim et al. 2007). The actin 

“focus” provides the traction force to induce membrane juxtaposition and fusion between 2 

myoblasts. Rho1 and Rac proteins from the Rho GTPases family play an important role in the 

activation of genes required for the formation of the actin “focus” (e.g. SCAR/WAVE and WASP) 

(Berger et al. 2008; Richardson et al. 2007; Massarwa et al. 2007; Kim et al. 2007; Sens et al. 

2010; Jin et al. 2011). It is therefore possible to hypothesize that the downregulation of Rho 

GTPases related genes affecting F-actin organization influences the fusion process while hPMs are 

on BNC.  

However, BNC did not induce senescence either as the cells were able to re-enter the cell 

cycle and then differentiate. When I detached hPMs after ~15 days of culture on BNC and re-plated 

them in Standard (post-BNC) they rescued proliferation capability (Figure 4.21 and Figure 4.22). As 

observed in Figure 4.21, cell doubling was comparable to the controls (Standard) the first three 

days (between P0 and P1). However, after P1 the post-BNC hPMs were dividing even faster. In 

fact, Ki-67 protein expression significantly increased after 7 days of post-BNC compared to the 

control (Figure 4.22A). This data suggests that “arrested” hPMs could re-enter cell cycle “younger” 

(i.e. with a minor number of cell division) and, accordingly, with a higher proliferation capacity 

compared to the Standard. Indeed, a very low division rate might avoid telomeres shortening, 

which occurs at each round of cell division (Decary et al. 1997) and which is one of the main 

mechanisms associated to senescence (Meyne, Ratliff, and Moyzis 1989; de Lange et al. 1990; 

Bernadotte, Mikhelson, and Spivak 2016). Changes in telomerase length during long-term culture 

on BNC has to be evaluated to validate this hypothesis. 

Moreover, post-BNC hPMs successfully fused in multinucleated myotubes when induced to 

terminal differentiation. They expressed differentiation makers (MYHC and MYOG) (Figure 4.23) 
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and showed a fusion index comparable with the one displayed by early-passage control myoblasts 

(Figure 4.17). This confirmed that the cells completely recovered their myogenic functional 

properties as well as proliferation and were able to terminally differentiate in vitro. Whether the 

regenerative capacity (i.e. new mature tissue formation and self-renewal in vivo) of the post-BNC 

hPMs has been maintained or enhanced is not known yet. The analysis of their engraftment 

potential compared to Standard after in vivo transplantation will address this question.  

 

In contrast to senescent or terminally differentiated cells, quiescent cells are able to re-enter 

cell cycle from a reversible G0 state (Coller, Sang, and Roberts 2006). Muscle stem cells are 

quiescent when localized in the in vivo niche and usually defined by Pax7 expression (Kuang and 

Rudnicki 2008; Cheung and Rando 2013). A high number of genes are upregulated in quiescent 

SCs compared with activated cells (e.g. Cdkn1B and 1C, Rb1, Calcr, Notch1, Lama3, Pax7 etc.) 

(Fukada et al. 2007; Liu et al. 2013; Pietrosemoli et al. 2017) and several factors and signaling 

pathways are required for maintaining their state (e.g. Notch, p38 MAPK, mTOR signaling 

pathways, microRNAs, etc.) (Dumont, Wang, and Rudnicki 2015). Previous studies reported that 

the use of special matrix compositions maintain muscle stem cells in their quiescent state, thus 

enhancing engraftment efficiency in several animal models (Gilbert et al. 2010; Quarta et al. 2016; 

Monge et al. 2017). Pax7 expression at the expense of MyoD1 was used as marker to claim that 

cells are kept with a higher regenerative potential than on standard culture (Gilbert et al. 2010; 

Quarta et al. 2016; Monge et al. 2017). In our analysis, the myogenic markers Pax7 and MyoD1 

were not found to be significantly altered on BNC (Figure 4.16), a result probably related to the type 

of cells used in our analysis compared to the other studies. In our experiments, hPMs underwent a 

freezing/thawing process and many cell divisions before use (e.g. donor-derived cells were used 

between P6 to P8) while in the other studies cells were analyzed closely after isolation. 

Additionally, the hPMs that I used in this work showed variable donor-dependent levels of Pax7 

protein expression after isolation (see Methods section 3.1.1., Table 3.1.), which makes a proper 

evaluation challenging. Nevertheless, it has also been shown that Pax7 expression level in human 

biopsy specimen-derived myoblasts does not influence the potential of hPMs for muscle fibre 

formation after transplantation in an immunodeficient mouse model (Marg et al. 2019). Thus, the 

expression of the transcription marker Pax7 remains questionable as a proper marker for the 

regenerative potential of hPMs in our experimental condition.  

COL5A1 or COLV was found up-regulated in hPMs (validated via RTq-PCR in Figure 4.30) 

on BNC between Day 0 and Day 2. It was recently reported that COLV participates in self-

maintenance of the SC quiescent state in the SC niche (Baghdadi et al. 2018). COLV is deposited 

by SCs under the basal membrane acting as a surrogate ligand for the calcitonin receptor to inhibit 

SCs from escaping the quiescent state (Yamaguchi et al. 2015). Transcriptional induction of COLV 

is regulated by Notch signaling that is known to be the main regulator of quiescent muscle cells 

(Bjornson et al. 2012). However, Notch pathway has not been found enriched in the 

ConsensusPathDB signaling analysis in this study. On the other hand, other factors (e.g. 

Angiopoietin 1 [ANG1] and the family of FOXO genes), associated to quiescence and in vitro self-
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renewal (Abou-Khalil et al. 2009; Yeo et al. 2013; García-Prat et al. 2020), were upregulated at 7 

days of BNC culture (data not shown).  

To summarize, we observed that a high percentage of hPMs on BNC were retained in a 

reversible G0 state of cell cycle and that some genes related to quiescence maintenance were 

upregulated (e.g. COLV) compared to Standard. However, we did not see changes in the 

Pax7/MyoD1 expression ratio or Notch signaling activation. Considering these controversial results, 

it is challenging to infer the induction of a “quiescence-like” state of hPMs when cultured on BNC. 

To answer this specific question, further investigations are necessary. For example, it is reported 

that lower metabolic activity characterizes the quiescent state (Takubo et al. 2013; Ryall et al. 

2015; Pala et al. 2018) and metabolomics studies may be considered. 

5.2.4. Possible limitations in using BNC for cell culture 

Some limitations of BNC as a substrate are related to the experimental procedure and the 

manufacturing process. To perform each experiment on BNC, I had to modify several established 

standard cell culture protocols. For example, I used additional enzymes (e.g. collagenases and 

dispase) and longer time of incubation for cell detachment (Figure 4.18 and Methods section 

3.1.2.4.). It is generally known that proteases disassemble peptide bonds in proteins and induce 

cell surface damage when used for cell detachment (Hayman et al. 2006; Danoviz and Yablonka-

Reuveni 2012). Moreover, prolonged trypsin treatment delays the time to next cell division and by 

this can influence the proliferation of adherent cells (Hirai et al. 2002). Therefore, a development of 

a detachment protocols that involve other proteases and/or shorter incubation time would be 

beneficial for enhancing cell survival and accelerate proliferation recovery after detachment from 

BNC.    

Conflicting results have been published concerning the general effect of BNC substrates on 

different cell types (see Introduction section 1.5.2.). Such variability can be explained by 

inconsistent bio-mechanical features from batch to batch if bacteria strains and manufacturing 

experimental technique are dissimilar (Gorgieva and Trček 2019). Moreover, we occasionally 

experience intrinsic differences within the single cellulose discs due to the irregularity in cellulose 

nanofibers organization and density. This is a limitation since changes in BNC stiffness, thickness 

and fiber organization and shape have been reported and experienced to strongly influence cell 

behavior. Therefore, a more standardized manufacturing procedure is necessary for constancy in 

cell culture applications.  

 

To summarize, we showed for the first time that a cellulose-based substrate allows the 

culture of hPMs in a “rested”, slow-dividing state for a prolonged time period without the need of 

cell passaging. This would avoid extensive cell propagation allowing preservation in culture for 

many days without undergoing differentiation or senescence. Moreover, hPMs were able to regain 

proliferation and myogenic potential (e.g. differentiation in multinucleated myotubes) after placed 

back in Standard.  
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5.3. BNC substrate: platform to test ex vivo gene editing in 
“resting” hPMs and other primary cells 

BNC preserves hPMs in culture for several weeks temporally “arrested” in a slow-dividing 

state without losing their ability to re-enter cell cycle. Keeping the cells in a slow-proliferative state 

can be advantageous in experimental settings aimed to test genetic and pharmacological 

therapeutic approaches. 

Here I demonstrated for the first time that hPMs can be edited when cultured on BNC. I 

used a CRISPR/Cas9-based strategy to successfully induce NCAM1 gene knockout and protein 

depletion in donor-derived PMs (Figure 4.33). The percentage of NCAM1 edited cells (Figure 

4.33D) was lower than in Standard cell culture conditions (Figure 4.2D). The low number of edited 

cells on BNC was related to the lower transfection efficiency on the BNC using Lipofectamine 

compared to Standard (Figure 4.32). Differences in cytoskeletal organization, ECM environment 

and cell division between Standard and BNC culture may altogether influence the process of 

cellular uptake, intracellular trafficking and nuclear entry of Lipofectamine/DNA complexes 

(Cardarelli et al. 2016). For this reason, I additionally tested the transduction efficiency of a 

lentiviral-based method to deliver a GFP plasmid. This experiment showed a very high transduction 

efficiency of hPMs in both culture conditions (Figure 4.31). Lentiviruses have been already used for 

CRISPR/Cas9-based genome engineering in mammalian cells (Kabadi et al. 2014). However, 

since they are integrating in the genome of infected cells, the possibility of mutagenesis is a safety 

concern (Wilson and Cichutek 2009). For this reason, it not ideal in the contest of in vivo and ex 

vivo gene therapy. In addition, as discussed above (see section 5.1.) we are currently exploring 

more efficient methods to express the Cas9/sgRNAs complex into hPMs that are not based on 

DNA delivery (e.g. mRNA or RMP) via nucleofection.  

Monogenic disorders like MDs affect mainly post-mitotic cells and stem cells that are not 

dividing (Rodwell and Aymé 2014). The treatment for these diseases is still limited in controlling the 

symptoms without addressing the genetic defect behind. Gene editing tools such as 

CRISPR/Cas9-mediated methods hold the promise of providing therapeutic cure for monogenic 

disorders (Porteus 2015) as shown in several preclinical studies (Kotagama, Jayasinghe, and 

Abeysinghe 2019). Cas9-induced HDR repair is exploited as process for higher precision editing. It 

requires a homologue donor DNA template and leads to sequence substitutions or insertion of the 

desired nucleotide sequence into the genomic target site (Paquet et al. 2016). However, since HDR 

is restricted to the S and G2-phases of the cell cycle (Rudin, Sugarman, and Haber 1989; Zhao et 

al. 2017), this approach is challenging in non-dividing cells (Nami et al. 2018). For this reason, 

intense research is being performed on developing repair strategies that can induce precise editing 

during the G0/G1-phase (Nami et al. 2018). Gene editing of stem cells like SCs which are non-

dividing only when into the niche (Bischoff 1975; Konigsberg, Lipton, and Konigsberg 1975; 

Cheung and Rando 2013), can be tested only in vivo. Animal experiments are complex to set up, 

expensive, time consuming and hardly discussed because of ethical issues (Lewis 2019). The use 

of an in vitro system like BNC allows the testing of gene correction strategies in cells maintained in 
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a non-proliferative status, thus avoiding animal experiments. Moreover, a BNC-based culture 

system could save work-time, plastic use and medium because cells do not need passaging for 

many weeks.  

Such application could be extended to other monogenic diseases and we are currently in 

the process of BNC manufactory standardization for the characterization of other primary cell 

types. For instance, hepatocytes, the major parenchymal liver cells, perform essential metabolic, 

endocrine and secretory functions (Ishibashi et al. 2009) and can be affected in hepatic inherited 

diseases (Clayton 2002). Hepatocytes are considered the gold standard for drug screening (Vilas-

Boas et al. 2019) and disease modeling studies (Baruteau et al. 2017) when cultured in vitro. 

However, upon isolation, they can be maintained in monolayer only for a short period of time as 

they re-enter cell cycle and progressively de-differentiate (Zeilinger et al. 2016). Over the last 

years, many efforts have been made to develop new culture conditions (e.g. 3D cultivation 

methods) in order to preserve the liver-specific feature (Kim et al. 2010; Schyschka et al. 2013; 

Deegan et al. 2016; Ruoß et al. 2020). Allowing long-term culture of this type of cells while 

maintaining their viability and identity would be advantageous for the investigation of drug effects 

and gene editing approaches. The substrate we introduced in this study fit those requirements. 

Furthermore, BNC-based culture would permit large-scale screening of small-molecules or 

therapeutic compounds, otherwise challenging in the standard experimental settings. 

5.4. Conclusion and future prospects  

In this study, I first introduced an ex vivo CRISPR/Cas9-based method to correct DYSF 

c.4872_4876delinsCCCC founder mutation in LGMD2B patient-derived PMs. Dysferlin protein 

expression and membrane localization in corrected hPMs-derived myotubes suggested a rescue of 

the protein functionality. Edited dysferlin appeared also to participate to the Ca2+-depended 

sarcolemma repair process in which the protein plays a crucial role.  

Dr. Helena E. Fernandez from our laboratory (in collaboration with Dr. Ralf Kühn), 

developed a mouse model carrying a humanized DYSF exon 44 with and without the 

c.4872_4876delinsCCCC mutation and called HUMex44_MUT and HUMex44_WT respectively. A 

preliminary characterization proved that HUMex44_MUT muscles show similar histopathological 

symptoms to LGMD2B muscles. Since the limited availability of patient-derived PMs, this is a 

suitable model to ultimately confirm the efficiency of the re-framing approach through ex vivo and in 

vivo experiments. We are first planning to test the editing efficiency of DYSF in isolated mouse 

myoblasts. Corrected myoblasts will be analyzed for protein expression and differentiated into 

myotubes to investigate dysferlin functionality via laser wounding assay. By performing in vivo 

transplantation experiments, we will evaluate the engraftment efficiency of edited myoblasts and 

whether the protein is correctly localized at the membrane of newly generated fibers. Lastly, the re-

framing efficiency can be tested directly in vivo. Viral or non-viral strategies can be used to 

systematically deliver muscle-specific Cas9 nucleases and sgRNAs in HUMex44_MUT mice. The 
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rescue of the dystrophic phenotype will eventually reveal the clinical relevance of the established 

method. 

 

In the second part of my study, I introduced a novel BNC-based cell culture technique to 

maintain hPMs in slow-proliferative condition for weeks. The majority of the cells are preserved in 

the G0-phase of the cell cycle since they can re-enter the cell cycle when removed from BNC. 

Extensive proliferation of hPMs in vitro is known to reduce stemness (Montarras et al. 2005; Gilbert 

et al. 2010). Therefore, we can suppose that hPMs possess increased regenerative capabilities 

when detached from the substrate compared to the cells passaged simultaneously on standard 

conditions. To experimentally prove this, a transplantation assay could be performed. We already 

know that hPMs can regenerate muscle and self-renew when injected into irradiated muscle of 

immunocompromised mice (Marg et al. 2019). The same procedure could be applied using hPMs 

after long-term culture on BNC and Standard. This experiment would allow the comparison of their 

engraftment potential in vivo.   

 

Finally, I showed that slow-dividing hPMs on BNC could also be edited via CRISPR/Cas9-

based methods. This “proof of concept” experiment paved the way for its use as an in vitro model 

to study gene editing approaches in “resting” primary cells. This would permit the investigation of 

new treatments for monogenic diseases in which the affected cells are mainly in G0/G1-phase of 

the cell cycle. We aim to propose BNC as an in vitro tool applicable to a wide range of monogenic 

diseases. For this reason, our laboratory is working to standardize a large-scale BNC 

manufacturing procedure for the characterization of different primary cell types.  

 

To conclude, the work of my thesis represents a step forward towards the application of ex 

vivo cell-based gene editing in the context of MDs. I provided a strategy to correct a specific 

dystrophy-causing mutation in patient primary myoblasts. Moreover, I presented a new culture 

method that helps to overcome one of the main limitations of Standard: extensive hPMs 

propagation leading to the loss of regenerative capabilities. This method can also be applied to 

perform gene editing, thus providing an in vitro platform to test new therapeutic approaches in 

“rested” and slow-dividing primary human cells.  
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7. APPENDIX 

7.1. Maps of plasmids encoding for SpCas9 nucleases 
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