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–¿Qué gigantes? –dijo Sancho Panza.

–Aquellos que allí ves –respondió su amo– de los brazos largos, que los suelen 

tener algunos de casi dos leguas.

–Mire vuestra merced –respondió Sancho– que aquellos que allí se parecen no 

son gigantes, si no molinos de viento, y lo que en ellos parecen brazos son las 

aspas, que, volteadas por el viento, hacen andar la piedra del molino.

“What giants?” said Sancho Panza.

“Those thou seest there,” answered his master, “with the long arms, and some 

have them nearly two leagues long.”

“Look, your worship,” said Sancho; “what we see there are not giants but 

windmills, and what seem to be their arms are the sails that turned by the wind 

make the millstone go.”

Miguel de Cervantes, El ingenioso hidalgo Don Quijote de la Mancha

To my family.
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While the 19th and the first half of the 20th centuries were dominated by advances 

in organic chemistry, the second half of the 20th and the 21st centuries are being led 

by astonishing developments in life-sciences. The current knowledge of biological 

processes is evolving faster than ever before. As a result, we are now able to 

understand, treat, and cure pathologies more effectively. 

Fundamental research enables innovative discoveries with an enormous 

transformative power, while biotechnological and pharmaceutical industries thrive 

with the latest technical advances. Ultimately, all these efforts combined serve for 

the development of new approaches to treat disorders, some of which had no 

available therapy previously. However, this is not without many challenges. To date, 

many disorders remain without a treatment, and numerous questions still remain 

unanswered. In our research group, we aim to deepen the knowledge and provide 

answers to some of the questions that affect neuromuscular disorders, with a 

particular focus on Pompe disease, ultimately aiming to provide new alternatives 

to patients. 

The purpose of this thesis is to study the molecular mechanisms that 

drive Pompe disease, as well as to investigate strategies to enhance muscle 

regeneration; ultimately aimed at the development of regenerative therapies for 

muscle disorders. We humbly hope that the work of this thesis contributes to the 

fulfillment of these goals in the future.

In this first chapter, we described fundamental notions on Pompe disease, a 

disease that is investigated in depth in chapters 2, 3, 4, and 5. We also provided the 

basic knowledge on skeletal muscle cell biology, necessary to provide the context 

to chapter 6. The concepts gathered in the lines below are relevant for the work 

performed in this thesis.

Pompe disease
Pompe disease, also known as glycogen storage disease Type II (GSDII), is a rare 

metabolic myopathy characterized by deficiency of acid α- glucosidase and 

is caused by disease-associated variants in the GAA gene. As a consequence, 

glycogen cannot be degraded inside the lysosome and accumulates [1,2]. In the 

classic infantile form of Pompe disease, its most severe form, GAA enzyme activity 

is practically absent. If left untreated, patients die of cardiorespiratory insufficiency 

usually before the age of 1 year. In childhood or adult onset patients, disease 

progression is slower and muscle weakness develops over time, eventually leading 
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1to motor and respiratory function impairment. Patients often become wheelchair- 

and ventilator-dependent [2]. Enzyme replacement therapy is the standard care 

for Pompe disease since its approval by FDA/EMA in 2006 [3–5]. ERT consists of 

systemic administration of recombinant human acid α-glucosidase (rhGAA) 

(Lumizyme/Myozyme, Sanofi  Genzyme). ERT improves survival and reduces 

cardiomyopathy in classic infantile patients. In childhood and adult onset patients 

it stabilizes respiratory function and ameliorates muscle function impairment, 

although variability in response to treatment exists between patients [6].

Glycogen metabolism in skeletal muscle
Defi ciency of GAA in Pompe disease leads to lysosomal glycogen accumulation. 

Since skeletal muscle is the major organ for insulin-mediated glucose uptake, 

and most of the glucose is converted into glycogen for storage, it is essential to 

understand the biochemical regulation of glycogen synthesis in order to study its 

possible impact in the pathology.

Skeletal muscle takes up glucose from the bloodstream and converts it in 

glycogen that is stored both in the cytoplasm and in the lysosomes (Figure 1). This 

process also occurs in the liver. However, the main difference in glucose metabolism 

between skeletal muscle and liver is that the latter expresses glucose-6-phosphatase 

(G6Pase), allowing it to release (excess) of glucose into the bloodstream. Skeletal 

muscle does not, and excess of glucose is preferentially stored as glycogen. In 

the liver, glucose is taken up by glucose transporter 2 (GLUT2); while in skeletal 

muscle glucose is taken up from the blood by glucose transporter 1 (GLUT1) and 4 

(GLUT4) (Figure 1). GLUT1 is a constitutive transporter, while GLUT4 is translocated 

to the sarcolemma in response to insulin to enhance glucose uptake [7]. When 

glucose enters the cytoplasm, it is phosphorylated to glucose-6-phosphate (G6P) 

by hexokinase (HK2), which can be used for either glycogen synthesis or glycolysis. 

If insulin levels are high, G6P enters the glycogen biosynthetic pathway. First, G6P 

is converted to glucose-1-phosphate (G1P) by phosphoglucomutase (PGM), then to 

UDP-glucose by UDP-glucose pyrophosphorylase (UGP2). Later, glycogenin-1 (GYG1) 

primes UDP-glucose for glycogen formation, and then glycogen synthase (GYS1) 

extends glycogen chains, while glycogen-branching enzyme (GBE1) catalyzes the 

branching of the growing glycogen molecules. When glucose is needed for metabolic 

tasks, cytosolic glycogen degradation is initiated by phosphorylase (PYGM) and 

glycogen debranching enzyme (AGL) [8]. Defi ciency in most of these enzymes, either 



Chapter 1  

14

biosynthetic or degradative, is associated with glycogen storage disorders. These 

include GSD0, II, III, IV, V, VIII, XIV, and XV in skeletal muscle. A similar case occurs in 

the liver, including GSDI, III, IV, VI, IX, XI, and XIV (Figure 1). Whereas certain diseases 

affect mainly one organ, such as GSDIIIb (affecting only the liver), others affect both, 

like it is the case in GSDIIIa, in which both liver and skeletal muscle are damaged. 

Glycogen is also stored in the lysosomes. The exact mechanism by which glycogen 

is transported to the lysosome is unknown. However, there are indications that this 

could be a form of autophagic or autophagy-like traffi cking system [9]. Interestingly, 

previous reports as well as data presented in this thesis indicate that the metabolism 

of glycogen in the cytoplasm is disturbed in Pompe disease, ultimately favoring 

accumulation of cytoplasmic glycogen. These fi ndings also suggest two scenarios: 

that disturbances in glycogen metabolism could affect disease progression or 

response to ERT treatment, or the reverse; that disease progression or response to 

treatment may infl uence the metabolism of glycogen [10–12].

Figure 1. Schematic representation of the main steps in glycogen metabolism in liver and 
skeletal muscle. Arrows represent the direction in which each step takes place. Enzymes 
that catalyze each conversion are represented next to the arrows. GSDs caused by disease-
causing variants in the enzymes were included between parenthesis. 
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1Metabolic disturbances in GSDs other than Pompe 
disease
Disturbances in glycogen metabolism are not exclusive features of Pompe disease. 

Besides the main enzymatic defi ciency that characterizes most GSDs, abnormal 

metabolism of glucose and/or glycogen has been described in several disorders. 

In GSDIa, one of the subtypes from the disorder known as von Gierke disease 

and characterized by defi ciency of G6Pase activity (involved in the conversion of 

glucose-6-phosphate to glucose in the cytoplasm) in the liver, there is still a limited 

endogenous production of glucose despite the defi ciency in G6Pase activity. This 

could indicate that glucose can still be synthesized or taken up by an alternative 

mechanism or group of mechanisms not yet identifi ed [13]. Possibilities for glucose 

synthesis in this case include gluconeogenesis, uptake by the liver, or by degradation 

of glycogen via lysosomal GAA. A similar case may occur in GSD0, in which there 

is defi ciency of glycogen synthase but only slightly reduced glycogen deposits, 

suggesting potential alternative pathways that lead to glycogen synthesis [14].

Disturbed metabolic activity in GSDs extend beyond glucose and glycogen 

metabolism, affecting other important cellular metabolic functions such as lipid 

metabolism, oxidative stress, or autophagy. The metabolism of lipids has been 

shown to be dysregulated in GSDI and GSDIII, GSDVI, and GSD IX [15–18]. Similarly, 

alterations of oxidative stress have been described in GSDIa and were recently 

reported also in Pompe disease [19,20]. Autophagy disturbances are known in Pompe 

disease (see below), and have also been reported in GSDIa [21]. Similarly, in Danon 

disease, a metabolic pathology with similar symptoms as those from Pompe diseas 

characterized by loss of the lysosomal membrane protein LAMP2, autophagy is also 

impaired, further contributing to the clinical manifestations of the disease [22].

Autophagy
Autophagy is a process for lysosome-mediated degradation of cytoplasmic 

components such as damaged organelles and toxic protein aggregates. Together 

with the ubiquitin-proteasome system, the lysosomes are the major proteolytic 

systems in mammalian cells. Autophagy is a tightly regulated process, possibly with 

a narrow window of activity, as both inhibition and over-activation of autophagy 

are detrimental for muscle function [23]. Autophagy dysfunction is common 

among LSDs and GSDs, among them Pompe disease [24–26]. In Pompe disease, 

lysosomal dysfunction results in autophagic debris and a block of autophagic fl ux, 
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which could negatively affect endosomal trafficking, possibly influencing efficient 

delivery of ERT to the lysosomes [27,28].

Alternative therapeutic options for Pompe disease 
and other metabolic diseases
As mentioned before, ERT is the standard treatment for patients with Pompe 

disease since its approval in 2006. Enzyme replacement therapy was first proposed 

as a treatment option in the 60s, and was approved first as a treatment for 

Gaucher disease in 1991 [29–33]. Since then it has been successfully implemented 

as a treatment for seven lysosomal storage disorders, including Pompe disease [3–

5,34]. Although not curative, the success and effectiveness of ERTs is undisputable. 

However, inefficient targeting to target tissues such as skeletal muscle, and 

immunogenicity are current drawbacks of ERT.  

Next-generation ERTs
Similar as “classic” ERTs, next-generation ERTs are based on systemic delivery of 

the deficient enzyme. However, the use of new formulations, such as modification 

of the chemical structure of rhGAA to increase the levels of mannose-6-phopshate, 

and combination of rhGAA with pharmacological chaperons, showed improved 

tissue targeting, cellular uptake, and intracellular trafficking in mouse models of 

Pompe disease [35]. Similarly, chaperon therapy in combination with ERT showed 

promising results in Gaucher disease [36]. Next-generation ERT for Pompe disease 

is currently being tested in Phase III clinical trials (NCT03019406, NCT02782741).

Gene therapy
Gene therapy strategies aimed to introduce secretable forms of GAA have also 

showed promise to treat metabolic myopathies. Recent studies using AAV vectors 

showed promising data in Pompe disease models [37,38]. Early-phase clinical trials 

using AAV-mediated gene therapy have been conducted for the replacement 

of G6Pase in GSDI and GAA in Pompe disease, while two trials are currently 

ongoing (NCT02240407 and NCT03533673) [39]. Other gene therapy strategies 

using lentiviral vectors, which overcome some of the limitations inherent to AAV 

strategies, to target Pompe disease have shown great promise [39, manuscript 

submitted for publication].
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1Substrate reduction therapy
Although efforts have been mainly targeting the defi cient enzyme, other 

therapies, such as substrate reduction therapy, have been proposed for LSDs. 

Substrate reduction therapy (SRT) is based on preventing storage not by correcting 

the original enzyme defi ciency but by reducing the levels of biosynthesis of the 

accumulating substrate [41]. SRTs have successfully been approved such as 

miglustat and eliglustat tartrate for Gaucher disease [42,43]. The use of antisense 

oligonucleotide (AON)-mediated suppression of GYS1 in a mouse model of 

Pompe disease decreased the levels of lysosomal glycogen, and was suggested 

as an approach for SRT in Pompe disease [44]. Although they do not represent 

an alternative to ERTs, SRTs have proven able to overcome some challenges that 

ERTs could not, such as ability to cross the blood brain barrier, less immunogenicity 

issues, and ease of delivery through oral administration [45]. SRTs could have a 

synergic effect in combination with ERTs to maximize their effects and reduce 

disease progression.

Antisense oligonucleotides
One other promising therapeutic strategy for Pompe disease aim to modulate 

aberrant splicing through the use of chemically modifi ed AONs. Splice switching 

AONs can be designed to restore normal splicing, which results in translation of 

functional copies of GAA [46]. In addition, the use of AON-mediated suppression 

of GYS1 in a mouse model of Pompe disease decreased the levels of lysosomal 

glycogen, and was suggested as an approach for SRT in Pompe disease [44]. 

Modulation of splicing has been successfully brought to the market by regulatory 

agencies for the treatment of DMD and SMA in recent years [47,48]. 

Skeletal muscle
Skeletal muscle is one of the most dynamic tissues in the human body. It accounts 

for 40-50% of the total body weight and is the largest protein reservoir, containing 

50-75% of all proteins [49]. From a mechanical point of view its main function is 

to provide support and produce movement through the conversion of chemical 

energy into mechanical energy. Contraction capacity is what provides muscles 

with the ability and generate force and movement. Contractile systems based on 

actin-myosin mechanisms are a common feature of animal cells. However, these 
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systems are present in higher numbers, more complex, and in general more highly 

specialized in muscle cells. Mammals have four main types of muscle cells, all of 

them with contractile properties: skeletal muscle, cardiac muscle, smooth muscle, 

and myoepithelial cells. 

Skeletal muscle is also eminently an endocrine organ that supports metabolic 

functions. It serves as the major tissue for insulin-stimulated glucose uptake, 

amino acid storage, and thermoregulation. In addition, muscle is also responsible 

for the secretion of myokines, which regulate metabolism in muscle, but also in 

other organs such as liver, brain, and adipose tissue [50]. Overall, skeletal muscle’s 

central role in metabolic function highlights its relevance as an important organ 

for the prevention of common pathologic conditions and chronic diseases.

Muscle cells are highly specialized for rapid and efficient contraction. As a 

consequence of their specialization to perform contraction, muscle cells are post-

mitotic, i.e. do not have capacity to divide [51]. Warren and Margaret Lewis reported 

in 1917 that myofibers increased in size without further nuclear division within the 

myofibers [52]. This was further validated by the discovery that skeletal muscle 

fibers are syncytial multinucleated cells [53,54]. See for an excellent review on the 

early years of the skeletal muscle research field [55].

The many nuclei of each muscle fiber are contained within the sarcoplasm, 

but most of the cytoplasm is made up of myofibrils, the basic contractile elements 

of the muscle cell. A myofibril is formed by a long chain of contractile units called 

sarcomeres. Each sarcomere is formed by an organized array of actin and myosin 

filaments, which slide past each other, producing the shortening or elongation of 

the sarcomere. Synchronized shortening of the thousands of sarcomeres in each 

myofibril is what gives muscle the capacity to contract rapidly.

Skeletal muscle is composed of several cell types: differentiated muscle cells, 

formed by many myonuclei in a syncytium within each myofiber, non-differentiated 

muscle cells or muscle stem cells, and non-muscle cells – such as fibroadipogenic 

progenitors (FAPs), immune cells, and endothelial cells – (Table 1). Muscle-resident 

stem cells are called satellite cells, and they play a fundamental role in the biology 

of skeletal muscle.

Satellite cells, the skeletal muscle stem cells
Satellite cells are bona fide muscle stem cells (MuSCs) [56] responsible for skeletal 

muscle growth and regeneration in response to stresses such as exercise, injury, 



Introduction

19   

1or disease [51]. They are located surrounding each myofi ber, in a satellite-like 

position, between the sarcolemma and the basal lamina. Satellite cells were 

originally described by Alexander Mauro in 1961 by electron microscopy in muscle 

cells isolated from frog [57]. Satellite cells are characterized by the expression of 

transcription factors Pax7 – its most characteristic marker –, Pax3, and Myf5 (Figure 

2) [58,59]. While Pax7 and Myf5 are involved in quiescence and activation of muscle 

stem cells, Pax3, a paralogue of Pax7, is expressed during embryonic myogenesis 

and downregulated by most satellite cells before birth [60–62]. Satellite cells are also 

defi ned by expression of a specifi c set of membrane proteins: M-cadherin, CD34, 

c-Met, CXCR4, NCAM1, VCAM1, and integrinα7β1 [63] (Table 1). The fi rst indication that 

satellite cells were muscle stem cells capable of generating myogenic progenitors 

date from the 70s [64,65]. These studies were later confi rmed by experimentation 

using isolated fi bers in vitro, which demonstrated the generation of pure myogenic 

cultures consisting of proliferating myoblasts. These studies indicated that satellite 

cells could proliferate and give rise to myogenic progenitors that, in turn, could 

differentiate further into myotubes [66–69]. In 2005, transplantation of myofi bers 

into radiation-ablated muscles in mice with impaired regeneration proved that 

satellite cells were self-suffi cient stem cells for muscle regeneration, as they were 

able to generate hundreds of myofi bers, as well as new satellite cells that could 

regenerate muscle after subsequent rounds of regeneration [70].

Satellite cells lie in a quiescent state until they become activated in response to 

damage [64]. The specifi cation of satellite cells to the myogenic lineage is mediated 

by myogenic regulatory factors (MRFs), a family of transcription factors formed 

by Myf5, MyoD, Mrf4, and myogenin [71]. When quiescent, satellite cells express 

Pax7 [58]. Upon activation, MyoD and Myf5 become expressed (Figure 2) [59,72–75]. 

Activated satellite cells acquire capacity to divide. Importantly, a subpopulation 

of activated satellite cells will continue lineage specifi cation into proliferative 

myoblasts, progressively downregulating Pax7, while other subpopulation will 

regress to a quiescent state. The latter is termed self-renewal, the process by 

which stem cells generate other stem cells. The return to quiescence in satellite 

cells is characterized by Pax7 expression and absence of MyoD [71]. This process is 

infl uenced by MuSCs cell-intrinsic properties as well as by environmental cues. Self-

renewal in MuSCs is regulated by the MAPK pathway [76]; with particular relevance, 

Spry1, an inhibitor of receptor tyrosine kinase signaling becomes expressed upon 

return to quiescence, while Spry1 depletion prevents MuSCs to self-renew) [77,78]. 

Stem cells’ self-renewal also depends on a specialized environmental, called 
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stem cell niche, that supports self-renewing activity [79]. In MuSCs, this niche, 

or environment, is highly influenced by interactions, mainly paracrine, between 

MuSCs and extracellular matrix (ECM) components present in the basal lamina, as 

well as and cell-cell interactions with muscle fibers [80,81]. Division of satellite cells 

into cells that either differentiate or self-renew is a result of a combined process of 

symmetric division, a cell division in which daughter cells have the same fate – e.g. 

both daughter cells acquire a stem cell fate, or both daughter cells differentiate –, 

and asymmetric division, in which each daughter cell acquires a different cell fate – 

i.e. one cell differentiates and the other acquires a stem cell fate – [82–85]. Through 

this process, satellite cells can repopulate the stem cell niche after activation and 

guarantee availability of stem cells for future rounds of myogenesis. Effective 

equilibrium and transition between self-renewal and differentiation by satellite 

cells is essential for efficient muscle regeneration [86].

As myoblasts progress in the lineage to mark the onset of differentiation, 

MyoD expression is reduced and myogenin expression is increased [71]. Myogenic 

cells at this moment do no longer support proliferative capacity and receive 

the name of myocytes. Myocytes acquire spindle-shaped morphology in vitro 

and have capacity to fuse with each other and form myotubes, or to fuse with 

existing myotubes. Myotubes are syncytial multinucleated cells characterized 

by the expression of myosin heavy chain (MyHC). MyHC is the motor protein of 

muscle thick filaments, and is considered a marker of late-stage differentiation 

[87]. Myotubes eventually mature into myofibers, which express several forms 

of myosins and are characterized by the acquisition of contractile capacity [88]. 

Muscle growth will occur as a result of addition of new myonuclei to pre-existing 

fibers and increase of the sarcoplasmic region [51].

In the last years, more evidence supported the hypothesis that satellite cells 

are not a uniform population, but rather a heterogeneous population of cells with 

different gene expression that conditions fate choice and functional properties [89–

95]. This has been previously shown for other stem cell types, like hematopoietic, 

neural, and hair follicle specific populations [96–98]. In skeletal muscle, recent work 

showed satellite cell populations with distinct transcriptional profiles that are also 

functionally different [95,99,100]. Understanding the mechanisms that govern 

fate choices in skeletal muscle cells is paramount for their use for regenerative 

purposes.
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1

Figure 2. Schematic representation of myogenesis and characteristic markers during 
each stage. 

Skeletal muscle regeneration
Skeletal muscle has an outstanding regenerative capacity. Muscle regeneration 

occurs as a consequence of aging, trauma, acquired diseases, or inherited 

myopathies. Skeletal muscle possesses several repair mechanisms. Minor damage 

to the myofi bers’ surface can be restored by muscle’s membrane-patch repair, a 

surface membrane repair machinery [101–103]. Large damage or trauma to skeletal 

muscle is repaired in stem cell-mediated process, which is dependent on muscle 

resident stem cells or satellite cells. Satellite cells are essential for repair and 

regeneration of irreversibly damaged fi bers [104–106]. Upon damage, satellite cells 

become active and start the myogenic program, eventually leading to effi cient 

regeneration. Regeneration is, however, a complex process in which several other 

cell types intervene, such as infl ammatory cells, fi broblasts, and adipogenic cells 

[51] (Table 1).

Immune cells have an initial pro-infl ammatory response that eventually 

becomes a regenerative response through secretion of cytokines that promote 

myogenesis [107,108]. When injury occurs, immune cells such as monocytes and 

macrophages act synergistically with satellite cells to stimulate regeneration [109–

111]. FAPs also play an essential role by maintaining an equilibrium between fi brosis 

and myogenesis; and regeneration is severely compromised in the absence of 

FAPs [112–114]. Fibroblasts are reported to communicate with myogenic progenitors 

to modify the ECM and stimulate regeneration [115,116]. Other cell types, like 

mesoangioblasts and bone marrow-derived cell progenitors have been reported 

to be myogenic both in vitro and in vivo [117,118]. However, it is not clear how this 

occurs and whether they are sources of myogenic cells during development [71].
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Muscle regeneration is therefore better explained as a complex, orchestrated 

combination of multiple factors, involving several cell types, in which failure of 

any component will disturb muscle regeneration to varying degrees [86]. For this 

reason, in vivo models are usually most informative to understand the participation 

of other cell types and the role of the niche in muscle regeneration [119]. During 

disease, often one or several components of the regeneration machinery are 

compromised. Understanding these mechanisms is therefore essential to stimulate 

efficient regeneration in myopathies. 

Cell type Markers References

MuSCs Pax7, VCAM1, CXCR4, CD34, CD82, Itga7, 
Itgb1, SM/C2.6

[58,93,113,120–122]

FAPs Sca1, PDGFRα, Tie2 [112,113]

Fibroblasts αSMA, TCF4 [112,123,124]

PW1-interstitial 
cells (PICs)

PW1 [125]

Macrophages CD45, CD11b, CD68, CD163, CD206, Arg1 [126–128]

Motor neurons HB9, ChAT, VAChT [129]

Neutrophils Ly6C/G [107,130]

T cells CD4, CD8, CD25, Foxp3 [128,131–133]

Endothelial cells CD31, VE-Cad [80,134,135]

Pericytes NG2, ALP, PDGFRβ, Cspg4, CD146, MCAM, 
Rgs5, Kcnj8

[136–138]

Table 1. Cells and signature markers present in skeletal muscle in homeostasis and 
during regeneration. 

Skeletal muscle disorders
Although skeletal muscle has a remarkable capacity for regeneration in 

homeostasis, this function can be compromised as a result of physical inactivity, 

aging, trauma, or disease. These conditions are often characterized by muscle 

weakness, reduction in muscle elasticity, reduced protein synthesis, increased 

protein degradation, or impaired muscle regeneration; negatively affecting 

patients and causing personal, social, and economic burden [139]. Many efforts 

in research and industry are directed to understand the mechanisms of skeletal 

muscle regeneration in order to modulate them to fight disease.

The 2021 version of the gene table of neuromuscular disorders describes 1079 

diseases for which 608 different causative genes are known [140]. Neuromuscular 
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1disorders collectively impact 250,000 patients in the US only. Although together 

they affect a relatively large number of people, all neuromuscular disorders affect 

less than 40 patients per 100,000 persons in the EU (per 200,000 in the US), and are 

classifi ed in the group of rare disorders [141].

As it is often the case for rare disorders, clinical trials and the development of 

effective treatments are scarce. Current treatments for neuromuscular disorders 

are not curative and are often economically very costly, amounting to more than 

700,000$ per patient per year in some cases [142]. Additional to the burden in the 

health of patients with neuromuscular disorders, this poses considerable stress in 

healthcare systems worldwide. These effects are more pronounced in developing 

and third world countries, which do not share solid healthcare systems. The 

consequences of this ultimately fall upon patients, which in some cases cannot 

access treatments at all.

Innovative treatment strategies for neuromuscular 
disorders
The number of FDA (Food and Drug Administration)/EMA (European Medical 

Agency) approved treatments and candidate therapies in clinical trials for 

neuromuscular disorders is growing rapidly in the last years. To set an example, 

the fi rst treatment for spinal muscle atrophy (SMA), nusinersen, received FDA 

approval on 2016, while in 2020 two new treatments were approved for their 

commercialization [143]. Currently there are treatments approved by FDA and/or 

EMA for 6 neuromuscular disorders, including enzyme replacement therapy (ERT) 

for Pompe disease [144]. All of the treatments currently approved are disease-

modifying treatments. This implies that, while they partially alleviate disease 

symptoms, in some cases considerably prolonging life span, ultimately, they are not 

curative. Although a signifi cant improvement over the past, patients still require 

life-long treatments, suffer from treatment-associated side effects, and are often 

bound to regular visits to healthcare centers in order to receive their medication, 

negatively affecting their daily lives.

As a consequence, fi nding new, improved treatments becomes necessary. 

Currently, new treatments are reaching patients every year; however, the number 

of them is relatively low compared to the total number of patients and the need 

for new therapies. Research efforts around the globe have resulted in promising 

scientifi c discoveries, such as gene- and cell-therapies, and gene editing tools, 
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which hold great potential to develop curative treatments for some of these 

diseases in the future.

Gene therapy for muscle disorders
Gene therapy stands among the most promising treatments that are already 

reaching the market [145]. It relies on introducing a healthy copy of the disease-

affected gene using a vector, which usually has a viral nature. It is particularly 

amenable as therapy for monogenic disorders, since it has potential to replace 

disease causing variations in a specific gene by healthy copies. Regarding 

neuromuscular disorders, in 2019 FDA approved the first gene therapy treatment 

for children with SMA [146]. In the case of Pompe disease, since acid α-glucosidase 

(GAA) is excreted and can be taken up by other cells by endocytosis, induction 

of functional copies of GAA in a given set of cells or organs could lead to cross-

correction of the defective enzyme in other tissues. Currently, there are four 

candidate gene therapy approaches for Pompe disease in Phase I/II clinical trials 

that use adeno-associated virus (AAV) vectors (clinicaltrials.gov NCT02240407, 

NCT03533673, NCT04174105, NCT04093349). Similar approaches using lentiviral-

mediated targeting are at pre-clinical stage being developed in our group [39, 

manuscript submitted for publication].

Gene editing in muscle disorders
The advent of gene-editing technology such as zinc finger nucleases, TALENs, and 

CRISPR/Cas has opened a new range of opportunities to treat disease. Gene-editing 

relies on cell’s endogenous repair mechanisms to make very specific modifications 

in DNA, such as deletions, insertions, or gene knock outs [147]. As a consequence, 

it has potential to overcome some of the obstacles that other techniques such 

as ERTs and cell- or gene-therapies pose, such as safety and immunogenicity. 

Although clinical development of gene editing technology is progressing, it must 

overcome its own challenges, namely safety, especially regarding the presence 

of off-target effects, efficacy, and delivery. A number of clinical trials using gene-

editing technology have been initiated for cancer, HIV, and β-thalassemia. At 

the moment of writing this thesis, there are two clinical trials for the treatment 

of lysosomal storage disorders (LSDs): mucopolysaccharidosis (MPS) type I and 

II (NCT02702115 and NCT03041324), while no trials have been started for Pompe 

disease [148].
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1Cell therapy for muscle disorders
Cell therapy consists on the use of the intrinsic properties of cells to regenerate 

and repair damaged tissues. It represents a promising strategy for the treatment 

of myopathies and is central in regenerative therapy approaches [149]. Cell-based 

therapies were originally established with the use of bone-marrow transplantations, 

performed fi rstly in 1968 [150]. Since then, bone marrow transplantation constitutes 

standard practice in the treatment of several forms of leukemia, where success 

rates higher than 90% are reached, as well as a treatment for Hurler syndrome, the 

most severe form of MPS type 1 [151]. In addition, cell-based therapies have been 

successfully implemented for other conditions, like skin and corneal burns [152–154]. 

Skeletal muscle represents a good model for implementation of cell therapy, 

given that the fusion of gene-corrected muscle cells with damaged fi bers could, in 

principle, restitute the levels of defi cient protein reverting the course of the disease. 

In addition, if transplanted cells harbor stem cell capacity, this would ensure their 

replenishment, guaranteeing long-term effi cient regeneration. Currently, most of 

the data that discusses regenerative therapies for skeletal muscle disorders has 

been derived from in vitro studies or animal models.

Research on cell-based therapy for skeletal muscle started in the late 70s, 

when it was demonstrated for fi rst time that donor myoblasts could fuse with host 

fi bers [155]. A decade later, a series of studies showed engraftment of myoblasts 

and contribution to regeneration of dystrophin-positive muscle fi bers in a 

Duchenne muscle dystrophy (DMD) mouse model [156–158]. In the 90s, myoblast 

transfer therapy clinical trials were performed in patients. Despite initially showing 

promising results through presence of dystrophin-positive muscle fi bers, myoblast 

transfer therapy ultimately failed as a consequence of poor cell survival after 

transplantation, low migration capacity, production of immunogenic responses, 

low engraftment capacity, and lack of improvement of muscle function [159–166]. 

As a result of the low therapeutic effi cacy, the use of myoblasts as sources for cell-

based therapy for muscle disorders was abandoned.

After myoblasts failed for therapeutic use, satellite cells were subject of 

attention and were deemed better candidates as a source for regenerative therapy 

in skeletal muscle. In 2005 MuSCs were shown to be essential and self-suffi cient 

for skeletal muscle regeneration after damage and were found to be capable of 

replenishing the stem cell pool [70]. In 2008, highly effi cient functional engraftment 

of MuSCs was demonstrated in dystrophic mice [167,168]. Overall, satellite cells were 
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Study Study 
type

Cell type Donor Genetic 
correction

Administration 
route

Immune 
suppression

Reference Responsible
institution

Transplantation 

of Myoblasts to 

DMD Patients

Phase 

I/II

Myoblasts Allogeneic No IM Yes 

(tacrolimus)

NCT02196467 CHU de 

Quebec-

Universite 

Laval 

(Canada)

Mesoangioblast-

mediated exon 

51 skipping 

for genetic 

correction of 

dystrophin for 

DMD

Phase 

I/II

MABs Allogeneic Yes IM No EudraCT 

2019-001825-

28

The University 

of Manchester 

(United 

Kingdom)

Bone marrow-

derived 

autologous 

stem cells for 

the treatment 

of DMD

Phase 

I/II

MSCs Autologous ? ? ? NCT03067831 Stem Cells 

Arabia

(Jordan)

Autologous 

muscle stem 

cell therapy 

for treatment 

of congenital 

urinary 

incontinence 

in epispadias 

patients

Phase 

I/II

MuSCs Autologous No ? No NCT04729582 Charite 

University, 

Berlin 

(Germany)

Table 2. Summary of currently ongoing clinical trials using cell therapy to treat skeletal 
muscle conditions. MABs: mesoangioblasts; MSCs: mesenchymal stromal cells; IM: 
intramuscular.

better candidates than myoblasts for: 1) greater capacity to differentiate and self-

renew; 2) improved migration; 3) better survival after transplantation; 4) higher 

engraftment capacity (reviewed by [169]). A list of current clinical trials involving 

cell therapy for skeletal muscle is summarized in Table 2.

Satellite cells are, however, relatively scarce; accounting for 2-4% of total 

myonuclei. As mentioned above, often there is severe loss of muscle-regenerative cells 

soon after transplantation [170,171]. Consequently, in order to obtain clinically relevant 

numbers for therapy, muscle-regenerative cells need to be expanded. Expansion of 

satellite cells induces rapid loss of their regenerative properties soon after culture, 

which poses a major obstacle for the development of cell therapies to treat skeletal 

muscle disorders [168,172,173]. The main problem to date is the requirement of highly 

engraftable muscle regenerative cells that can be generated at sufficient numbers 
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1for therapeutic application, which so far remains elusive. Expansion of stem cells 

that retain functional capacities is not solely a challenge in the skeletal muscle fi eld. 

Similar efforts to achieve successful expansion of engraftable cells are also being 

done in other stem cell fi elds such as for the hematopoietic system [174]. 

In order to overcome this burden, research efforts have focused on fi nding 

methods to expand MuSCs with regenerative properties, and to fi nd alternative 

cell types that retain MuSC-like properties, mainly: 1) capacity to contribute to fi ber 

regeneration; 2) capacity to repopulate the stem cell niche to guarantee successive 

rounds of regeneration.

Sources of cells in cell therapy for skeletal muscle
Myoblasts/satellite cells
In order to maintain or re-induce regenerative properties in satellite cells and myoblasts 

expanded ex vivo, research efforts aim to faithfully recapitulate the MuSC niche. Efforts 

towards this aim include a variety of techniques: using extracellular matrix compounds 

[175,176], artifi cial elaboration of substrates that mimic the physiological rigidity of the 

MuSC environment [177,178], or creation of micropatterns [179]. 3D printing to design 

scaffolds to promote muscle regeneration is currently being explored [180]. Other 

approaches simulate the infl ammatory milieu to stimulate muscle regeneration or 

muscle differentiation by using combined cultures of myogenic cells and other cell 

types such as macrophages [181], and fi bro-adipogenic progenitors [113,182]. A number 

of methods aim to modulate myogenic cell fate with pharmacological treatments, for 

example, by using small molecules that target key signaling pathways for myogenesis, 

like inhibition of the p38/MAPK pathway [173,183,184], stimulation of the Wnt pathway 

[185] or stimulation of Notch signaling [186].

iPSCs
Induced pluripotent stem cells (iPSCs) can be generated from adult somatic cells 

after reprogramming with a cocktail of transcription factors that sets them into 

a pluripotent, embryonic-like state [187]. An advantage of these cells is that they 

can be indefi nitely expanded, while maintaining their pluripotency. Through 

combination of several compounds in culture and isolation steps, these cells can 

then be effi ciently converted into myogenic progenitors with capacity to engraft 

and regenerate skeletal muscle [188]. However, safety issues, particularly regarding 

transgene integration sites during the generation of iPSCs or myogenic progenitors 
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(e.g. transgene expression) should be addressed before they can be used in clinical 

trials [147,189].

Other cell types
Side population
The search for cells suitable for cell-therapy application resulted in the identification 

of a muscle side population (SP) distinct from the main population of muscle cells. 

Muscle SPs resemble bone marrow SPs in Sca1 expression and the capacity to 

efflux Hoechst 33342 dye, as well as the capacity to populate the hematopoietic 

compartment in irradiated mice. However, differently to bone marrow SPs, muscle 

SPs do not express c-Kit and CD45 [190]. In vitro, muscle SPs have low adhesion 

capacity compared to the main population of muscle cells and differentiate both 

into myotubes and fibroblasts [190]. In vivo, SP cells have capacity to reach skeletal 

muscle, contribute to fiber regeneration, and give rise to MuSCs after systemic 

delivery [191,192]. In addition, in combination with myogenic cells SP populations 

have also been shown to stimulate their regenerative properties [193]. Nevertheless, 

their regenerative capacity is limited to be considered optimal candidates for 

therapy [191]. 

Mesoangioblasts/Pericytes
Mesoangioblasts are mesodermal progenitors that in human express typical 

pericyte markers NG2 and ALP (Table 1). Mesoangioblasts are able to proliferate and 

differentiate into MyHC-positive myotubes when co-cultured with myogenic cells. 

Similarly to SP cells, upon systemic transplantation these cells had capacity to cross 

the vessel barrier, reach and regenerate skeletal muscle, and colonize the MuSC 

niche, expressing typical MuSC markers [117,136]. Despite the versatility of systemic 

administration, the capacity of pericytes to differentiate into non-myogenic cells 

upon transplantation and low dystrophin production upon transplantation in 

phase I/II clinical trials in DMD patients raised questions regarding their suitability 

for cell-based therapy for skeletal muscle [194,195]. 

Reserve cells
Reserve cells are a small subset of muscle cells that under differentiation conditions 

escape from terminal differentiation. These reserve cells downregulate MyoD 
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1expression, express Pax7, and stop cycling, resembling a state of quiescence [196–

202]. Reserve cells, have been identifi ed in chick, mouse, and human [80,196,203]. 

Upon culture under proliferative conditions, these cells regain capacity to 

divide and form myotubes when differentiated [69]. Reserve cells have been 

partially characterized in vitro [199,202,204]. Although previous studies showed 

regenerative capacity of reserve cells upon transplantation, they did not study 

reserve cells’ in vivo properties in detail, only showing limited engraftment effi cacy 

and not showing capacity for stem cell engraftment and regeneration [170,203]. 

While the mechanisms by which reserve cells choose a stem cell fate instead of 

a differentiation fate have not been deciphered, evidence suggests that it could 

be infl uenced by factors such as cell cycle state at the moment of switch from 

proliferative to differentiating conditions [69], environmental cues, like membrane 

proteins and microenvironment signals [84], interaction of reserve cells with 

myotubes [178,205,206], and cell adhesion properties [78,179,207]. Pre-plating cells 

to select those with lower adhesion capacity was originally used to purify myogenic 

progenitors from heterogeneous cell populations [208–210]. In addition, previous 

studies showed that cells with reduced adhesion properties have increased stem 

cell properties [198,211–213]. 

Intramuscular delivery of muscle regenerative cells is not feasible for those 

disorders that affect a large collection of muscle groups, like Pompe disease. 

The current requirements for such therapy would imply to individually inject 

regenerative cells intramuscularly in each affected muscle, implying a surgical 

procedure, which would need to be periodically repeated in the case of limited 

stem cell function of transplanted cells. Nevertheless, targeting muscle groups that 

are severely affected, like diaphragm in Pompe disease, which has already been 

pursued for delivery of AAV-associated GAA [214], or in disorders that affect very 

localized muscle groups, such as the sphincter in the case of urinary incontinence, 

could be of higher relevance.

Regenerative defects in skeletal muscle pathology
In addition to a source of regenerative cells, the endogenous mechanisms of 

regeneration in skeletal muscle must be effective to develop a functional cell-

based therapy. These mechanisms are often compromised in muscle-degenerative 

conditions. The cause for regenerative defects varies widely between different 

myopathies. In some disorders, such as DMD, successive rounds of degeneration 
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and regeneration as a consequence of dystrophin deficiency are thought to 

eventually exhaust the stem cell pool and replace muscle tissue with large 

numbers of fibroblasts and collagen deposits that prevent efficient myogenesis. 

This ultimately results in loss of proliferation by resident muscle stem cells, causing 

impaired regeneration [215]. Similar mechanisms have been proposed for other 

myopathies, like myotonic dystrophy and Emery-Dreifuss dystrophy [216,217]. 

Differently, in Pompe disease regeneration defects are caused by inefficient 

activation of the regenerative response, possibly due to the lack of robust 

sarcolemmal damage [218–220]. Thus, it is thought that the regenerative defect in 

Pompe disease is reversible and that successful activation of regeneration through 

external cues, such as exercise, could lead to improved myogenesis. Thus, in order 

to effectively develop new therapies, it is essential to understand the pathology 

behind the diseases, paying special attention to the regenerative response in the 

case of disorders that directly affect skeletal muscle.

Aims and scope of this thesis
Overall, this thesis explores pathology and metabolism of glycogen in Pompe 

disease. Furthermore, the work on this thesis aims to provide a deeper view of the 

regulation of skeletal muscle function at the cellular and molecular level, with a 

focus on the generation of expandable regenerative muscle cells towards a muscle 

regenerative therapy.

In chapter 2, the metabolism of glycogen in skeletal muscle of Pompe 

disease was analyzed in mouse and human patients. We found upregulation of 

enzymes involved in glycogen buildup in skeletal muscle, heart, and brain of mice 

with Pompe disease. In addition, changes were already present before onset of 

muscle pathology, while others developed through the life course of mice. Results 

in patients suggested that dysregulation of glycogen metabolism could also occur 

in humans, while ERT treatment resulted in a decrease in enzyme levels.

In chapter 3, we reviewed the literature on the role of satellite cell-mediated 

repair in neuromuscular disorders, with an emphasis in Pompe disease. We 

highlighted the differences between muscle dystrophies and Pompe disease and 

discussed potential targets for therapy, such as autophagy and satellite cell activation.

In chapter 4, we described a protocol that allows assessment of satellite cell 

activation ex vivo using isolated muscle fibers. Satellite cell activation – which is 

disturbed in several neuromuscular conditions including Pompe disease - is largely 
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1dependent on signals from the satellite cell niche. An important aspect of the 

isolated fi ber model is the preservation of the niche-satellite cell interaction, which 

is disrupted in virtually any other ex vivo model. We optimized the experimental 

parameters and show that the suggested approach preserves the satellite cell 

activation response to known muscle mitogens.

In chapter 5, we investigated the role of autophagy dysregulation – which is 

well-recognized to contribute to cellular pathology in Pompe disease- in muscle 

regeneration and satellite cell activation under GAA-defi cient conditions. We found 

that dysregulation of key autophagy proteins occurs before the onset of muscle 

pathology, confi rming a causative role in development of cellular pathology. 

Modulation of autophagic activity – as assessed in an ex vivo satellite cell activation 

assay – was not suffi cient to restore the regenerative response. Alternatively, 

forcing muscle regeneration by inducing experimental muscle injury in the Pompe 

disease mouse model transiently restored muscle function and histology and 

concomitantly reduced the lysosomal load. These data suggest that modulating 

autophagy is not suffi cient to overcome the satellite cell activation threshold that 

we observed in Pompe disease. However, the reverse appears possible, strategies 

to force satellite cell activation and initiation of muscle regeneration can overcome 

the autophagic block that characterizes Pompe disease.

In chapter 6, populations of muscle regenerative cells cultured in vitro were 

identifi ed and studied. We described a new method to isolate and expand these 

cells, named reserve cells; a population of fast-adhering cells displayed a highly 

myogenic profi le in vitro, while a population of slow-adhering cells showed 

increased properties associated to muscle stem cells. In vivo, fast-adhering reserve 

cells preferentially contributed to direct muscle regeneration after transplantation 

in pre-injured immunodefi cient hosts. Slow-adhering reserve cells primarily 

engrafted as skeletal muscle cells, displaying enhanced regeneration properties 

after a second injury. In addition, we characterized the transcriptome of these 

fractions, and found signature markers for both populations, as well as differential 

regulation of pathways associated with promotion of stemness and myogenic 

properties.

Overall, this thesis presents new fi ndings and developments in the fi eld of 

Pompe disease and skeletal muscle regeneration, as well as an updated analysis of 

the current state-of-the-art and the future challenges of the fi eld.
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Abstract
Pompe disease is an inherited metabolic myopathy caused by deficiency of acid 

α-glucosidase (GAA), resulting in lysosomal glycogen accumulation. Residual GAA 

enzyme activity affects disease onset and severity, although other factors, including 

dysregulation of cytoplasmic glycogen metabolism, are suspected to modulate the 

disease course. In this study, performed in mice and patients, we found elevated 

protein levels of enzymes involved in glucose uptake and cytoplasmic glycogen 

synthesis in skeletal muscle from mice with Pompe disease, including glycogenin 

(GYG1), glycogen synthase (GS), glucose transporter 4 (GLUT4), glycogen branching 

enzyme (GBE1), and UDP-glucose pyrophosphorylase (UGP2). Expression levels 

were elevated before the loss of muscle mass and function. Quantitative mass 

spectrometry in skeletal muscle biopsies from five adult patients with Pompe 

disease showed increased expression of glycogen branching enzyme protein 

relative to healthy controls at the group level. Paired analysis of individual patients 

who responded well to treatment with enzyme replacement therapy (ERT) showed 

reduction of glycogen synthase, glycogenin, and glycogen branching enzyme 1 

in all patients after start of ERT compared to baseline. These results indicate that 

metabolic changes precede muscle wasting in Pompe disease, and imply a positive 

feedforward loop in Pompe disease, in which lysosomal glycogen accumulation 

promotes cytoplasmic glycogen synthesis and glucose uptake, resulting in 

aggravation of the disease phenotype.

Keywords:
Skeletal muscle, lysosomal storage disorder, metabolic myopathy, Pompe disease, 

glycogen metabolism.
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Highlights
• Elevated levels of enzymes involved in glycogen biosynthesis in tissue of 

Pompe disease mice.

• Expression levels in mice were increased before loss of muscle mass and 

function.

• GBE1 protein expression was elevated in muscle biopsies from Pompe disease 

patients compared to healthy controls

• GS, GYG1, and GBE1 protein expression was reduced in muscle biopsies from 

patients in response to ERT

List of abbreviations:
BR: brain

DP: diaphragm

ERT: enzyme replacement therapy

GAA: acid α-glucosidase

GBE1: glycogen branching enzyme

GLUT4: glucose transporter 4

GMA: glycolmethacrylate

GS: glycogen synthase

GSD: glycogen storage disorder

GYG1: glycogenin

GYS1: glycogen synthase (muscle isoform)

HHD: hand-held dynamometry

HRT: heart

IVS1: c.-32-13T>G disease associated variant

MRC: Medical Research Council

MS: mass spectrometry

QF: quadriceps femoris

UGP2: UDP-glucose pyrophosphorylase
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Introduction
Glycogen biosynthesis is largely dependent on: 1) glucose entry into the cell, 

and 2) the action of glycogen biosynthetic and degradative enzymes. While 

most glycogen is stored in the cytoplasm, part of it is located inside lysosomes. 

Degradation of glycogen in the cytoplasm takes place via degradative enzymes, 

while in the lysosomes it is hydrolyzed by GAA under acidic conditions. Glycogen 

metabolism is therefore the result of a delicate balance between biosynthesis and 

degradation, which is disturbed in glycogen storage disorders (GSDs). 

Pompe disease is a rare metabolic myopathy characterized by acid α- 

glucosidase deficiency caused by disease-associated variants in the GAA gene. As 

a consequence, glycogen cannot be degraded and accumulates in the lysosomes 

[1–3]. In the most severe classic infantile form of Pompe disease, GAA enzyme 

activity is virtually absent and symptoms manifest shortly after birth, consisting 

of generalized skeletal muscle weakness and a hypertrophic cardiomyopathy. In 

patients with symptom onset at childhood or adulthood (late-onset patients), a 

more slowly progressive skeletal muscle weakness develops resulting in impaired 

motor and respiratory function that can lead to wheelchair and ventilator 

dependency at any age [2,4]. Since 2006 enzyme replacement therapy (ERT) using 

alglucosidase alfa (Lumizyme/Myozyme, Sanofi Genzyme) is available for Pompe 

disease. ERT improves survival of classic infantile patients and largely normalizes 

hypertrophic cardiomyopathy [8–11] and improves muscle strength and stabilize 

respiratory function in patients with onset at childhood or adulthood, albeit with 

considerable inter-individual variability in treatment response [5,6].

Previous studies found a number of enzymes involved in cytoplasmic glycogen 

metabolism that are dysregulated in a mouse model of Pompe disease. Surprisingly, 

the effect of this dysregulation suggested increased cytoplasmic glycogen levels in 

Pompe disease, increasing the availability of substrate for lysosomal glycogen and 

generating a predicted positive feed forward loop for cellular glycogen accumulation 

[7,8]. Treatment of mice with ERT resulted in reversal of the levels of these enzymes 

[8]. A multi-center study found extra-lysosomal glycogen accumulation in muscle 

biopsies from late-onset patients [9], in agreement with the predicted feed forward 

loop [8]. Notably, extra-lysosomal glycogen accumulation was not cleared by ERT [9], 

consistent with the optimal enzymatic activity of recombinant human GAA used in 

ERT to degrade glycogen at an acidic pH that is found in lysosomes but not in the 

cytoplasm.
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 In this study, we extended these observations in a mouse model of Pompe 

disease with a different genetic background. We included skeletal muscles, 

heart, and brain, and determined the timing of metabolic changes relative to the 

development of muscle wasting. In addition, we identifi ed additional enzymes 

involved in glycogen metabolism to be dysregulated in mice with Pompe disease. 

Disturbances were found mainly in skeletal muscle, although heart or brain were 

also affected. Interestingly, dysregulated glycogen metabolism was detected 

before loss of muscle function, suggesting that metabolic changes precede 

the onset of muscle loss. We analyzed skeletal muscle biopsies from 5 mildly 

affected patients with symptom onset at adulthood that were treated with ERT. 

We found large variability between patients in expression of enzymes involved in 

glycogen metabolism. Comparison of individual patients before and after start of 

ERT indicated a downregulation of candidate enzymes involved in cytoplasmic 

glycogen metabolism, suggesting that Pompe disease in humans may disturb 

cytoplasmic glycogen metabolism, and that ERT could reverse this dysregulation.

Results
Cytoplasmic glycogen metabolism in Gaa-/- mice
Glycogenin is encoded by the Gyg1 gene. It participates in the initiation stage of 

glycogen synthesis acting as a primer to form glycogen (Figure 1A) [10,11]. Western 

blot analysis indicated a >2-fold upregulation of GYG1 levels in quadriceps and 

diaphragm, and a slight (1.3-fold) upregulation in brain of 34-week old Gaa-/- mice 

(a time point at which Pompe disease induced muscle weakness is evident as 

measured with histochemical and functional analyses [18]), whereas no signifi cant 

difference was detected in heart (Figure 1 B-E). 

GYS1 is the isoform of glycogen synthase (GS) expressed in skeletal muscle 

and other tissues, and takes part in the elongation stage of glycogen biosynthesis 

(Figure 1A) [12,13]. No signifi cant differences in GS expression were observed in 

quadriceps, heart, and diaphragm between age-matched WT and Gaa-/- animals 

(Figure 1F-H). GS was not detected in the brain (data not shown). 

GLUT4 mediates glucose uptake into skeletal muscle (Figure 1A) [14,15]. GLUT4 

levels were found to be upregulated >2 fold in quadriceps of Gaa-/- mice compared 

to WT. There were no differences in GLUT4 levels between Gaa-/- and WT mice in 

heart, diaphragm, and brain tissues (Figure 1I-L). 
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UGP2 UGPA

GLGB

-

-

- Gyg1 (mouse)
GYG1 (human)

Gys1 (mouse)
GYS1 (human)

Slc2a4 (mouse)
SLC2A4 (human)

Gbe1 (mouse)
GBE1 (human)

Ugp2 (mouse)
UGP2 (human)

Accesion

Q9R062 (mouse)
P46976 (human)

Q9Z1E4 (mouse)
P13807 (human)

P14142 (mouse)
P14672 (human)

Q9D6Y9 (mouse)
Q04446 (human)

Q91ZJ5 (mouse)
Q16851 (human)

B
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◀Figure 1. Expression of glycogen metabolizing enzymes in skeletal muscles, heart, and 
brain of adult Gaa-/-mice. (A) Diagram representing metabolic steps and enzymes involved 
in glycogen biosynthesis in skeletal muscle. (B) Summary of the nomenclature and accession 
numbers of the enzymes used in this study. (C-F) Western Blot analyses and quantifi cation 
of GYG1 in WT and Gaa-/- mice at 34 weeks in QF, HRT, DP, and BR lysates respectively. To 
quantify GYG1 levels, all bands between 50 and 30 kDa were used, as GYG1 is known to 
have a heterogeneous molecular weight due to its association to glycogen [8]. Values from 
three independent mice were normalized to total protein and averaged. Data are shown as 
mean ± SE. n=3. **p≤0.01; ***p≤0.001. (G-J) Western Blot analyses and quantifi cation of GS in 
WT and Gaa-/- mice at 34 weeks in QF, HRT, and DP lysates respectively. Values from three 
independent mice were normalized to total protein and averaged. Data are shown as mean 
± SE. n=3. (K-M) Western Blot analyses and quantifi cation of GLUT4 in WT and Gaa-/- mice at 
34 weeks in QF, HRT, DP, and BR lysates respectively. Values from three independent mice 
were normalized to total protein and averaged. Data are shown as mean ± SE. n=3. *p≤0.05. 
(N-P) Western Blot analyses and quantifi cation of GBE1 in WT and Gaa-/- mice at 34 weeks in 
QF, HRT, and DP lysates respectively. Values from three independent mice were normalized 
to total protein and averaged. Data are shown as mean ± SE. n=3. **p≤0.01. (Q-T) Western 
Blot analyses and quantifi cation of UGP2 in WT and Gaa-/- mice at 34 weeks in QF, HRT, DP, 
and BR lysates respectively. Values from three independent mice were normalized to total 
protein and averaged. Data are shown as mean ± SE. n=3. *p≤0.05

Glycogen-branching enzyme is encoded by the Gbe1 gene. GBE1 enables 

the generation of branches during glycogen biosynthesis (Figure 1A) [16]. GBE1 

was expressed at signifi cantly increased levels in Gaa-/- quadriceps (>4-fold) and 

heart (~2-fold) compared to WT. Slightly increased GBE1 levels were observed in 

Gaa-/- diaphragm although this was not statistically different (Figure 1M-O). GBE1 

was not detected in brain tissue (data not shown). GBE1 enzyme activity was also 

increased in Gaa-/- quadriceps and heart (Supplementary Figure 2). Interestingly, 

GBE1 activity was also signifi cantly increased in Gaa-/- diaphragm compared to WT 

(Supplementary Figure 2), despite similar GBE1 protein levels between Gaa-/- and 

wild type mice (Figure 1O). 

UDP-glucose pyrophosphorylase (UGP2) catalyzes the conversion of glucose-

1-phosphate to UDP-glucose (Figure 1A) [17]. UPG2 levels were slightly (~1.3 fold) 

but signifi cantly upregulated in quadriceps of Gaa-/- mice, whereas its levels were 

unchanged in Gaa-/-heart, diaphragm, and brain tissues (Figure 1P-S). 

Together, these results indicate that protein expression of enzymes involved 

in glycogen synthesis/glucose uptake including GYG1, GLUT4, GBE1, and UGP2 

but not GS is upregulated in selected skeletal muscles in adult mice with Pompe 

disease-induced loss of muscle mass and function.
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Timing of disturbed cytoplasmic glycogen metabolism in 
Gaa-/- mice
We previously reported that loss of muscle mass and function in Gaa-/- mice (FVB/N) 

start between 15 and 25 weeks of age [18]. To determine the timing of metabolic 

changes relative to the development of functional changes, we analyzed expression 

of the above enzymes in quadriceps and heart of mice before onset (at 10 weeks) 

and during advanced muscle loss (at 60 weeks). 

Western blot analysis of GYG1 in quadriceps revealed increased expression in 

Gaa-/- versus WT mice at both 10 (7-fold) and 60 weeks (~4.8 fold) of age. In addition, 

GYG1 expression increased with age in both wild type and Gaa-/- mice (Figure 2A). In 

the heart, GYG1 expression was elevated in Gaa-/- mice at 10 weeks (>5-fold) but not 

significantly at 60 weeks (Figure 2B). GS levels were unchanged in Gaa-/- quadriceps 

at 10 weeks, but were increased 1.5-fold in Gaa-/- quadriceps at 60 weeks (Figure 

2C). GS levels were equal in heart of both genotypes and at both ages (Figure 2D). 

GLUT4 expression was similarly low in quadriceps muscles for both genotypes at 10 

weeks, while at 60 weeks the levels were increased 3-fold in Gaa-/- mice compared to 

WT mice (Figure 2E). In heart, there was no difference between Gaa-/- and WT mice 

at any age (Figure 2F). GBE1 levels in Gaa-/- quadriceps were upregulated ~4-fold 

compared to WT at both 10 weeks and 60 weeks (Figure 2G). GBE1 differences in 

heart were similar at both ages between both genotypes (Figure 2H). UGP2 levels 

were increased 2-fold at 10 weeks, but not at 60 weeks, in quadriceps of Gaa-/- mice 

compared to age-matched WT counterparts (Figure 2I). In heart, UGP2 levels were 

similar between WT and Gaa-/- mice at both ages (Figure 2J). 

Taken together, in Gaa-/- quadriceps, UGP2 was strongly upregulated at 

10 weeks of age, before onset of loss of muscle function, while this upregulation 

attenuated with progression of pathology at 34 and 60 weeks; GYS1 and GLUT4 

were upregulated at 34 and/or 60 weeks but not at 10 weeks; and GBE1 expression 

was upregulated at all ages analyzed. Results of this and previous studies were 

summarized in Table 2.
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Figure 2. Timing of disturbed expression of glycogen metabolizing enzymes in Gaa-/- 

mice. 

(A-B) Western blot analyses and quantifi cation of GYG1 in WT and Gaa-/- mice at 10 and 60 
weeks in QF and HRT respectively. To quantify GYG1 levels, all bands between 50 and 30 kDa 
were used. (C-D)  Western blot analyses and quantifi cation of GS in WT and Gaa-/- mice at 
10 and 60 weeks in QF and HRT respectively. (E-F) Western blot analyses and quantifi cation 
of GLUT4 in WT and Gaa-/- mice at 10 and 60 weeks in QF and HRT respectively.

(G-H) Western blot analyses and quantifi cation of GBE1 in WT and Gaa-/- mice at 10 and 60 
weeks in QF and HRT respectively. (I-J) Western blot analyses and quantifi cation of UGP2 
in WT and Gaa-/- mice at 10 and 60 weeks in QF and HRT respectively. In all quantifi cations 
values from three independent mice were normalized to total protein and averaged. Data 
are shown as mean ± SE. n=3. *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001.
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Cytoplasmic glycogen metabolism in human patients
To assess whether these findings observed in Gaa-/- mice could be extended to 

human patients with Pompe disease, we analyzed muscle biopsies from patients 

who were mildly affected at baseline and who showed a positive response to ERT 

within 2-3 years after start of treatment. The reasons for this selection were 1) that 

it would most resemble the phenotype in the Gaa-/- mice, which develop a muscle 

phenotype at adulthood; 2) that biopsies with a very strong muscle pathology 

would have excessive loss of muscle tissue and possibly replacement with fat. 

Age-matched healthy control biopsies were included in the analysis. To this end, 

biopsies taken from the vastus lateralis of late-onset compound heterozygous c.-

32-13T>G (IVS1) patients (i.e. that carry the IVS1 variant on 1 allele and a disease-

associated GAA variant on the 2nd allele) were selected (Table 3). 

Pompe Control

Gender
Male 20% 50%

Female 80% 50%

Age
≤49 20% 0%

50-80 80% 83%

≥81 0% 17%

Follow-up (months)
20-30 60% N/A

31-36 40% N/A

Reduced muscle function (MRC score)
75-80% 40% N/A

≥81% 60% N/A

Table 3. Distribution and characteristics of patient and control groups

Histopathological changes were analyzed using HE- and PAS- stained muscle 

sections from patients at baseline as well as after start of ERT (Figure 3A). This revealed 

in patients at baseline the presence of vacuolar myopathy, alterations in fiber 

size and structure, disruption of cross striation, lysosomal enlargement, increased 

presence of round-shaped glycogen-filled lysosomes, and fat tissue replacement 

(Supplementary Figure 3). These parameters were scored as described in Table 4. 

On average all patients scored higher for disruption of cross-striation at baseline (1.5 
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Figure 3. Histopathological and clinical evaluation of patient analyzed in this study. 
(A) H&E and PAS staining of biopsies from QF in patients at baseline and after start of ERT 
treatment. Scale bars 100 µm. (B) Quantifi cation of histological parameters by 2 independent 
researchers to assess muscle damage. HE and PAS stainings of patients at baseline and 
after start of ERT were used. * Baseline image of Patient 2 (Pompe 2) at baseline was not 
available. (C) MRC and HHD scores of patients. Percentage of maximum force is represented 
in Y-axis. Age in years is represented in X-axis. Black vertical lines with a red dot indicate the 
start of ERT. The second red dot indicates the time of the follow-up biopsy. 
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± 0.6) compared to ERT treatment (0.2 ± 0.4), indicating a recovery of cross-striation 

after start of ERT treatment (Figure 3B). The intensity of PAS staining was overall 

reduced after start of ERT comparted to that at baseline (1.8 ± 0.5 at baseline vs. 1 ± 

0.7 at ERT) (Figure 3B). There were no changes in vacuolar density (1.5 ± 0.6 vs 1.2 ± 0.4) 

or the percentage of affected fibers before and after start of ERT, except for patient 1, 

who showed a reduction of damaged fibers after start of ERT treatment (Figure 3B). 

Muscle damage was calculated as the sum of all scores for each patient at baseline 

and after start of ERT, with higher scores indicating increased muscle damage. 

Overall, all patients analyzed scored lower for total muscle damage after treatment 

with ERT (4.8 ± 1.5 at baseline vs. 2.4 ± 1.5 at ERT) (Figure 3B). All patients showed 

improvement or stabilization of muscle function. MRC sum-scores at baseline were 

on average 80.8% ± 4.7, and this value was increased to 86.8% ± 6.5 upon treatment 

with ERT (Figure 3C). For HHD sum-score baseline values were at 66.8% ± 10.5, which 

were increased to 84.8 ± 13 after start of ERT (Figure 3C).

Score Cross striation PAS intensity Vacuolization

0 Normal None None

1 ≥75% normal Little in most or all Little in all and/or 
significant in some

2 25-75% normal Significant in all and 
strong in some; significant 
or strong in most

Significant in all and/or 
many in some

3 ≤25% normal Very strong in all Many in all

Table 4. Muscle damage scoring system based on tissue pathology

Expression of metabolic proteins in patient and healthy control biopsies was 

assessed using quantitative mass spectrometry (MS) employing TMT labelling 

followed by LC-MS/MS. Out of the 5 human orthologs of the mouse proteins 

studied here, 4 (GYS1, GBE1, GYG1, and UGP2) reached significant expression levels 

to be detected by mass spectrometry, leaving GLUT4 undetected. Considerable 

differences between individual expression levels of these proteins were found in 

both healthy controls and patients that ranged up to 3-fold (Figure 4). The average 

expression levels of GYS1, GBE1, GYG1, and UGP2 were not statistically different 

between patients at baseline and healthy controls. However, paired analysis 

of baseline vs ERT-treated for each individual patient indicated that all patients 

downregulated GYS1 (FC 0.78 ± 0.2), GBE1 (FC 0.8 ± 0.05), and GYG1 (0.76 ± 0.29), 

and all but one patient downregulated UGP2 (FC 0.9 ± 0.21) in response to ERT. 
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This suggests that expression of human GYS1, GBE1, GYG1, and UGP2, all of which 

are involved in cytoplasmic glycogen biosynthesis, is responsive to ERT in skeletal 

muscle of late-onset Pompe disease patients.
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Figure 4. Quantitative mass spectrometry analysis of muscle biopsies from Pompe 
disease patients.
(A-D) Normalized expression of GYS1, GBE1, GYG1, and UGP2 in Controls, Baseline, and ERT 
groups. Horizontal bars represent the mean for each group. * q=0.15.

Discussion 
In the present study, we extended previous observations indicating that cytoplasmic 

glycogen metabolism is altered in Pompe disease towards increased glycogen 

biosynthesis in skeletal muscle of Gaa-/- mice. These effects were less pronounced 

in heart and brain of Gaa-/- mice. We found differential regulation of glycogen 

synthesis and glucose transport enzymes depending on the onset of functional 

changes in the muscle of mice. UGP2 was preferentially upregulated before the 

loss of muscle mass and function, GYG1, GLUT4, and GBE1 during progression of 

loss of muscle function, and GS only when muscle loss was already advanced. 

In human patients that responded well to ERT, 4 enzymes involved in glycogen 

synthesis (GYS, GBE1, GYG1, and UGP2) were found here to be downregulated upon 

ERT treatment in skeletal muscle biopsies, suggesting that cytoplasmic glycogen 

metabolism is sensitive to ERT treatment, similarly to mouse models.

Previous work found dysregulation of enzymes involved in glucose metabolism 

and/or transport (see Table 2 for an overview). In a publication from Taylor et al, 16-

week old mice were used in the Bl6/129 mixed background [8]. The same mouse 

model has been analyzed more recently by Meena et al. GYS levels were strongly 

elevated in Gaa-/- triceps and quadriceps in Taylor et al., but not in Gaa-/- quadriceps 

in Meena et al., and also not in Gaa-/- quadriceps in our study at 10 and 34 weeks, 

but was elevated in Gaa-/- quadriceps in our study at 60 weeks of age [8,19]. This 
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may indicate that the genetic background may influence the timing by which GS 

expression is elevated in muscle of Gaa-/- mice. GYG1 was strongly elevated in triceps 

in Taylor’s study, as well as in our study in quadriceps femoris at all ages analyzed. 

Dysregulation of GLUT4 has also been found in tibialis anterior muscle of Gaa-/- (Bl6-

129) mice by Douillard-Guilloux et al., and in human skeletal muscle biopsies from 

late-onset patients by Orth and Mundegar [7,20]. Other evidence for dysregulated 

cytoplasmic glycogen metabolism in Gaa-/- (Bl6/129) mice includes elevated activity 

of hexokinase and its activator glucose-6-phosphate in triceps and heart, reduced 

levels of phosphorylase-b (which degrades cytoplasmic glycogen at high AMP 

concentrations), and increased levels of UDP-glucose [8,19]. In addition, ERT has 

been shown to revert dysregulation of GS, hexokinase, and glucose 6-phosphate 

levels in skeletal muscles of Gaa-/- mice [8]. The current study complements these 

previous observations by establishing that glycogen metabolism is dysregulated 

early during disease progression predominantly in limb skeletal muscle and to a 

lesser extent in heart, diaphragm and brain.

In the present study two new enzymes were identified that showed 

dysregulated expression in skeletal muscle of Gaa-/- mice, GBE1 and UGP2. Together 

with GS and GYG1, GBE1 regulates the last step of glycogen biosynthesis. GYG1 

functions as a protein primer that initiates glycogen synthesis, GS elongates the 

growing chains, and GBE1 inserts side chains to branch the glycogen molecule [16]. 

All these enzymes were upregulated in skeletal muscle of Pompe disease mice, 

suggesting enhanced cytoplasmic glycogen build-up, as reported previously [9]. In 

addition to increasing glycogen levels, GBE1 may affect the structure of glycogen. 

It is known that reduced levels of GBE1, as observed in glycogen storage disorder 

IV (Andersen disease), alters the structure of glycogen, affecting its solubility and 

resulting in accumulation of insoluble glycogen [21,22]. 

The increased levels of UGP2 would also promote glycogen synthesis. UGP2 

is the only enzyme that catalyzes the conversion of glucose-1-phosphate to UDP-

glucose [23]. The importance of correct UGP2 expression for the regulation of 

glycogen metabolism was recently highlighted by study reporting the development 

of a severe epileptic encephalopathy due to loss of UGP2 in the brain [17]. Insufficient 

UDP-glucose levels in the brain compromised the synthesis of glycogen in these 

patients. Furthermore, UDP-glucose is crucial for the synthesis of glycolipids, 

glycoproteins, and proteoglycans indicating that the dysregulation of UGP2 may 

affect biological processes other than glycogen metabolism as well [24]. 
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The Gaa-/- (FVB/N) mouse model that was used for this study starts to 

accumulate biochemically detectable glycogen in tibialis anterior at least at 2 

weeks of age [18,27]. Previous studies show that the lysosomal muscle phenotype 

developed between 15 and 25 weeks in GAAKO mice.  GYG1, GBE1, and UGP2 

were already upregulated in quadriceps muscle at 10 weeks of age in the present 

study. This indicates that a subset of enzymes involved in cytoplasmic glycogen 

metabolism is already dysregulated at the onset of loss of muscle mass and 

function in skeletal muscle of Gaa-/- mice. It remains to be determined to what 

extent cytoplasmic glycogen levels are elevated in Gaa-/- mice, and what their 

possible contribution to the Pompe disease phenotype is. The experiments in 

the present study indicate that cytoplasmic glycogen metabolism continues to 

increase during disease progression. This might contribute to the Pompe disease 

phenotype in two ways: 1) by increasing the availability of glycogen substrate for 

entry into the lysosomes; 2) by causing cytoplasmic glycogen accumulation. Indeed 

it has been demonstrated that glycogen synthesized in the cytoplasm can be taken 

up in the lysosomes by autophagy, in a process termed glycophagy [28]. Further 

support for this mechanism has been obtained by Douillard-Guilloux who showed 

that inhibition of cytoplasmic glycogen synthesis by knock down or knock out of 

GYS1 in a mouse model of Pompe disease results in reduced lysosomal glycogen 

accumulation [7]. Cytoplasmic glycogen accumulation in  human muscle biopsies 

from late-onset patients with Pompe disease has been reported previously [9]. 

This study has identifi ed for the fi rst time that the cytoplasmic glycogen 

metabolizing enzymes GYG1, GYS, GBE1, UPG2 are dysregulated in human patients 

with Pompe disease. The analyses pointed towards large individual variation in 

gene expression, as noted before. This remains an obstacle for the study of human 

phenotypes using patient-derived material. Paired analyses, in which samples 

before and after treatment are compared per patient may help to minimize 

individual variation caused by differences in genetic backgrounds. In the current 

study, ERT was able to decrease the expression levels of GYG1, GYS, GBE1, UPG2 in all 

patients (except patient 5 for UGP2). The patients that were selected for this study 

had a mild muscle phenotype, and also responded well to ERT treatment within 

1-3 years. This suggests that mild changes in cytoplasmic glycogen metabolism in 

human patients are reversible. We speculate that the effect of ERT on cytoplasmic 

glycogen metabolism is indirect by decreasing lysosomal glycogen levels, although 

we did not explore the mechanism involved. It is unlikely that recombinant human 

GAA used in ERT acts directly on cytoplasmic glycogen, as it is only active at acidic 
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pH in lysosomes. When muscle pathology has advanced beyond a certain stage, 

it might be difficult or impossible to revert cytoplasmic build up [9]. This study 

was limited by the small sample size of patient biopsies. Future studies should 

investigate a larger cohort of patients, including good and poor responders to ERT. 

Remaining questions include: how is cytoplasmic glycogen metabolism affected 

in classic infantile and severely affected late-onset patients, and what is the effect 

of ERT treatment on glycogen metabolism in these patients?

Methods
Collection of mouse tissue
Mice were sacrificed by cervical dislocation according to institutional regulations. 

Quadriceps femoris (QF), heart (HRT), diaphragm (DP), and brain (BR) tissue was 

obtained from wild type FVB/N (Envigo, the Netherlands) and Gaa-/- (in the FVB/N 

background) animals at 10, 34, and 60 weeks [18,27]. Animals were housed at the 

Erasmus MC Animal Facility under a light-dark cycle of 12 hours and with access to 

food and water ad libitum.

Tissue handling
Mouse tissues were dissected and flash-frozen in liquid nitrogen-cooled isopentane 

(Honeywell, Germany). All samples were stored at -80°C until analysis. To obtain 

tissue lysates, dissected tissues were kept at -20°C and cut with a cooled scalpel 

(Swann-Morton). Tissues were then transferred to 2 mL round-bottom Safe-Lock 

Eppendorf tubes (Eppendorf AG, Hamburg, Germany) and stored at -80°C until 

generation of lysates.

Muscle biopsies and patient selection 
Muscle biopsies were taken from vastus lateralis from patients and controls using 

a standard open surgery or needle biopsy procedure as described previously [29]. 

Selected patients were diagnosed with Pompe disease with confirmed GAA enzyme 

deficiency and had symptom onset at adulthood. All patients carried the c.32-13T>G 

(IVS1) variant on one allele and a disease-associated variant on the other. Patients 

showed disease-associated histological changes in muscle biopsies and reduced 

scores on clinical assessments regarding muscle function and strength at baseline. 
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Histological features in patients’ muscle biopsies – as evaluated (see below) by 

two researchers, including an experienced neuropathologist – included increased 

vacuolization, increased PAS-positive staining, cross-striation, and a reduced 

number of healthy fi bers. Skeletal muscle strength was measured using the Medical 

Research Council (MRC) grading scale and by hand-held dynamometry (HHD, Cytec 

dynamometer, Groningen, the Netherlands) [30]. The following muscle groups were 

tested for either method: neck extensors, neck fl exors, shoulder abductors, elbow 

fl exors, elbow extensors, hip fl exors, hip abductors, knee fl exors, and knee extensors. 

In addition, the MRC grade was determined for shoulder adductors, shoulder 

exorotators and endorotators, hip extensors, and hip adductors. This was expressed 

as the percentage of the maximum possible score for MRC sum scores, and as the 

percentage of the median strength of healthy males and females for HHD sum 

scores. Selected patients scored <90% on manual muscle testing function using 

MRC grading and <80% in HHD score at baseline. Patients were selected based on 

a positive response to ERT within 2-3 years after start of treatment as refl ected by 

stabilization or improvement of histological and functional parameters.

Histology
Hematoxylin and eosin (HE) and periodic acid Schiff (PAS) stainings were 

performed on muscle sections that were processed into glycolmethacrylate (GMA), 

as described [31]. The sample from Patient 2 at baseline for HE and PAS stainings 

was not available.

Histological evaluation of muscle biopsies
Scoring of histological changes in muscle biopsies was previously described [32]. In 

short, all sections were evaluated by two researchers (RCF and RV) who were blinded 

to the identity and clinical details of each patient. Vacuole density was assessed in HE 

and PAS stainings. The changes in cross-striation, PAS intensity, and tissue damage 

were assessed using PAS stainings. These levels were scored using a scale from 0 to 

3 (Table 4). The percentage of damaged fi bers was expressed as a percentage of the 

total number of fi bers present in the section. The overall muscle damage score was 

expressed as the sum of cross-striation, vacuole density, and PAS intensity.
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Protein isolation and Western Blot analysis
20 µg of protein was processed for Western Blot analysis as described before [33] 

(Supplemental Methods). Equal loading was determined by scanning gels using a 

GelDoc EZ (Bio-Rad Laboratories B.V., Veenendaal, Netherlands) and quantification 

of the stain-free signal using Image Lab (v.6.0.1.34) software (Bio-Rad Laboratories 

B.V., Veenendaal, Netherlands). Nitrocellulose membranes were incubated with 

respective antibodies as delineated in the text. See Table 1 for antibodies and 

dilutions). Western Blot membranes were read on an Odyssey CLx reader (Li-Cor).

Enzyme activity assay for GBE1
Further detailed in Supplemental Methods

Image acquisition and analysis
Western Blot images were analyzed using Adobe Photoshop CS6 and FIJI (fiji.

sc/Fiji). Histological sections were scanned on a Hamamatsu NanoZoomer 2.0 

(Hamamatsu Photonics). Images were analyzed using NDP view software (v.2.5.19) 

(Hamamatsu Photonics). 

Antibody Dilution Info

Mouse anti-GYG1 1:500 Novus Bio (Cat#: H00002992-M07).
RRID: AB_539428

Rabbit anti-GS 1:1000 Cell Signaling (Cat#: 3886S)
RRID: AB_2116392

Rabbit anti-GLUT4 1:1000 Abcam (Cat#: ab654)
RRID: AB_305554

Rabbit anti-GBE1 1:1000 Atlas Antibodies (Cat#: HPA038074)
RRID: AB_10672403

Mouse anti-UGP2 1:250 Santa Cruz (Cat#: sc-514174)
RRID: N/A

Goat anti-Rabbit IRDye 800CW 1:5000 Li-Cor (Cat#: 925-32211)
RRID: AB_2651127

Goat anti-Mouse IRDye 800CW 1:5000 Li-Cor (Cat#: 925-32210)
RRID: AB_2687825

Goat anti-Rabbit IRDye 680RD 1:5000 Li-Cor (Cat#: 925-68071)
RRID: AB_2721181

Goat anti-Mouse IRDye 680RD 1:5000 Li-Cor (Cat#: 925-68070)
RRID: AB_2651128

Table 1. Antibodies and dyes.
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Mass Spectrometry
Details are thoroughly described in Supplemental Methods.

Statistics
Data are expressed as means  ± SE. Data from two independent groups was tested 

using two-sided t-tests. Data from paired groups was tested using two-sided paired 

t-tests. Normally distributed data for experiments with three or more independent 

groups was tested with one-way ANOVA followed by post-hoc Tukey or Games-

Howell correction for multiple tests (depending on homogeneity of variance). Non-

normally distributed data for experiments with three or more independent groups 

was tested with Kruskal-Wallis test. A p-value of less than 0.05 was considered 

signifi cant. Data was analyzed using IBM SPSS Statistics (version 26).

For the analysis of quantitative mass spectrometry data, only proteins that 

registered an expression value for all the individuals were used. Paired t-tests were 

conducted to analyze Baseline vs ERT samples. Unpaired t-tests were conducted 

to analyze Healthy vs Baseline. Proteins were then fi ltered using the GO term 

“Glycogen metabolic process” (GO:0005977). Multiple testing correction was 

calculated using the Benjamini-Hochberg method. A q-value of 0.2 was used as 

cut-off.

Study approval
Animal experiments were approved by the local (Animal Experiments Committee 

(DEC) and national (Central Committee for Animal Experiments (CCD) animal 

experiment authorities in compliance with the European Community Council 

Directive guidelines (EU directive 86/609), regarding the protection of animals 

used for experimental purposes.

The Ethical Committee of the Erasmus MC University Medical Center 

approved the use of the biopsies for research purposes (MEC 2007-103). Written 

informed consent was obtained from all patients and control subjects or their 

legal guardians. Control biopsies were obtained from healthy subjects for which a 

progressive neuromuscular disorder was ruled out by medical history.
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Supplementary Information

Supplementary Figure 1. Western Blot analyses and quantifi cation of GYG1, GS, GLUT4, 
GBE1, and UGP2 to determine the range of detection of the antibodies. Protein lysates 
from QF of Gaa-/- mice at 40 weeks were used. In order to determine the optimal protein load 
for quantifi cation of Western Blot data, the linearity of the antibodies was fi rst assessed. 5, 
10, 20, and 40 µg of protein from mouse lysate were loaded in gels and blotted. The intensity 
of the signal was quantifi ed and plotted. 20 µg were taken as the optimal amount of protein. 

Supplementary Figure 2. Enzyme activity assay of GBE1 in WT and Gaa-/- mice at 34 
weeks in QF, HRT, and DP lysates respectively. Values from three independent mice were 
normalized to total protein and averaged. Data are shown as mean ± SE. n=3. *p≤0.05; 
**p≤0.01; ****p≤0.0001.
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Supplementary Figure 3. Analysis of HE and PAS stainings allows evaluation of total 
muscle damage. 
Representative images are shown. * shows cross striation; # shows fiber myopathy, 
characterized by 
disorganized fiber architecture; ^ shows vacuolization; % shows areas of intense PAS positive 
staining and round-shaped glycogen-filled lysosomes.
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Supplementary Methods
Protein isolation and Western Blot analysis
Tissues were lysed in RIPA buffer (50 mM Tris.HCl pH 7.4, 150 mM NaCl, 2 mM EDTA, 

1% Triton X-100) supplemented with a phosphatase inhibitor cocktail (10 mM NaF, 

60 mM β-glycerolphosphate, 2 mM Na-orthovanadate) and cOmpleteTM protease 

inhibitor cocktail (Sigma-Aldrich). Total protein concentration was determined 

using PierceTM BCA Protein Assay Kit according to manufacturer’s instructions 

(Thermo Scientifi c, Rockford IL, USA). 

Enzyme activity assay for GBE1
10% (w/v) muscle homogenates in 50 mM aquous NaF were prepared using an 

ultrasonic homogenizer (VCX 130, Sonics, Newtown CT, USA). Samples were 

centrifuged 10 minutes at 10000 rpm at 4°C. Pellets were discarded. Total protein 

concentration was determined using PierceTM BCA Protein Assay Kit according 

to manufacturer’s instructions (Thermo Scientifi c, Rockford IL, USA). Lysates 

were diluted in 50 mM NaF to a concentration of 2 mg/ml. 10 µl of 2x lysate were 

diluted in 100 µl of reaction mix (25 µg/ml glycogen; 18.5 mM glycine buffer (0.2 

M glycylglycine/NaOH, pH 6.4); 5 mM AMP; 50 mM 2-mercapto ethanol, 50 mM 

glucose-1-phosphate (G1P); 0.3 mg/ml phosphorylase B). Samples were incubated 

at 30°C for 90 minutes. Reactions were stopped by incubation on ice. Free inorganic 

phosphate was measured in a spectrophotometer (Cary 300, Varian/Agilent 

Technologies) using MoFe-reagent (144 mM FeSO4.7H2O).

Mass Spectrometry
Sample preparation and quantitative mass spectrometry

Human skeletal muscle biopsies were cut and lysed in 1 ml 50 mM Tris/HCl pH 

8.2, 0.5 % sodium deoxycholate (SDC) and MS-SAFE™ protease and phosphatase 

inhibitor using a Bioruptor ultasonicator (Diagenode). Protein concentrations 

were measured using the BCA assay (Thermo Scientifi c). Proteins were reduced 

with 5 mM DTT and cysteine residues were alkylated with 10 mM iodoacetamide. 

Protein was extracted by acetone precipitation at -20 °C overnight. Samples were 

centrifuged at 8,000 g for 10 min at 4 °C. The acetone was removed and the pellet 

allowed to dry. The protein pellet was dissolved in 1 ml 50 mM Tris/HCl pH 8.2, 0.5 

% SDC and proteins were digested with LysC (1:200 enzyme:protein ratio) for 4 h 
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at 37 °C. Next, trypsin was added (1:100 enzyme:protein ratio) and the digestion 

proceeded overnight at 30 °C. Digests were acidified with 50 μl 10 % formic acid (FA) 

and centrifuged at 8,000 g for 10 min at 4 °C to remove the precipitated SDC. The 

supernatant was transferred to a new centrifuge tube. The digests were purified 

with C18 solid phase extraction (Sep-Pak, Waters), lyophilized and stored at -20 °C. 

Proteolytic peptides were labeled with TMT 10-plex labeling reagents (Thermo 

Scientific) allowing for peptide quantitation. Peptides were mixed at the 10-plex 

level and further fractionated by HILIC chromatography. Fractions were collected 

and analyzed by nanoflow LC-MS/MS. nLC-MS/MS was performed on EASY-nLC 

1200 coupled to an Orbitrap Lumos Tribid mass spectrometer (Thermo) operating 

in positive mode and equipped with a nanospray source. Peptides were separated 

on a ReproSil C18 reversed phase column (Dr Maisch GmbH; column dimensions 

15 cm × 50 µm, packed in-house) using a linear gradient from 0 to 80% B (A = 0.1 % 

formic acid; B = 80% (v/v) acetonitrile, 0.1 % formic acid) in 70 min and at a constant 

flow rate of 200 nl/min using a splitter. The column eluent was directly sprayed into 

the ESI source of the mass spectrometer. Mass spectra were acquired in continuum 

mode; fragmentation of the peptides was performed in data-dependent mode 

using the multinotch SPS MS3 reporter ion-based quantification method.

Data analysis
Data were analyzed with Proteome Discoverer 2.3. The Mascot search algorithm 

(version 2.3.2, MatrixScience) was used for searching against the Uniprot database 

(taxonomy: Homo sapiens, release version October 2019). The peptide tolerance was 

typically set to 10 ppm and the fragment ion tolerance was set to 0.8 Da. A maximum 

number of 2 missed cleavages by trypsin were allowed and carbamidomethylated 

cysteine and oxidized methionine were set as fixed and variable modifications, 

respectively. Typical contaminants were omitted from the output tables.
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Abstract
Skeletal muscle is capable of efficiently regenerating after damage in a process 

mediated by tissue-resident stem cells called satellite cells. This regenerative 

potential is often compromised under muscle-degenerative conditions. 

Consequently, the damage produced during degeneration is not efficiently repaired 

and the balance between repair and damage is lost. Here we review recent progress 

on the role of satellite cell-mediated repair in neuromuscular disorders with a focus 

on Pompe disease, an inherited metabolic myopathy caused by deficiency of the 

lysosomal enzyme acid alpha glucosidase (GAA). Studies performed in patient 

biopsies as well as in Pompe disease mouse models demonstrate that muscle 

regeneration activity is compromised despite progressing muscle damage. We 

describe disease-specific mechanisms of satellite cell dysfunction to highlight the 

differences between Pompe disease and muscle dystrophies. The mechanisms 

involved provide possible targets for therapy, such as modulation of autophagy, 

muscle exercise, and pharmacological modulation of satellite cell activation. Most 

of these approaches are still experimental, although promising in animal models, 

still warrant caution with respect to their safety and efficiency profile.

Keywords: Pompe disease, muscle regeneration, satellite cells, regenerative 

therapies
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Introduction
Pompe disease is an inherited metabolic disorder due to defi ciency in the 

lysosomal enzyme acid alpha glucosidase (GAA). Pompe disease is characterized 

by progressive degeneration of skeletal muscle in all patients. In classic infantile 

patients, development of hypertrophic cardiomyopathy [1] and involvement of the 

central nervous system [2,3] is observed. Enzyme replacement therapy (ERT) extends 

survival for classic infantile patients and improves motor function, although the 

heterogeneous response between patients remains challenging [4–6]. Together, 

with the cost of therapy and the burden of the regular infusions for patients and 

caretakers it is clear that novel treatment strategies are warranted. Such novel 

therapeutic opportunities include improved ERT, substrate-reduction strategies, the 

use of chaperone, antisense oligonucleotides, and gene therapy approaches [7,8].

Pompe disease is one of the almost 900 different conditions associated with a 

muscle wasting phenotype [9]. Although different muscle disorders are heterogeneous 

in disease mechanism and in pattern of progression, these conditions often share a 

defect in muscle regeneration. Muscle-regenerative pathways are common for all 

patients with neuromuscular disorders and may offer novel therapeutic opportunities 

to improve the muscle phenotype across the different diseases. Here, we review 

muscle regeneration defect(s) in neuromuscular diseases, focusing on Pompe disease. 

We will also discuss advances in the development of regenerative therapies and the 

feasibility of using these in the treatment of Pompe disease patients. 

1. Mechanism of the regenerative defect in Pompe 
disease
Muscle pathology in Pompe disease
Pompe disease is considered a clinical spectrum indicating that the disease can 

develop at any age and progress at any rate. The onset and progression of disease is 

roughly correlated with the genotype [10] with classic infantile patients harbouring 

severe GAA mutations and showing an aggressive course of disease. Defi ciency of 

GAA causes glycogen accumulation that is particularly damaging to skeletal muscle 

in all patients [11], and to the heart and central nervous system in classic infantile 

patients [3,12]. Skeletal muscles from Pompe disease patients are characterized by 

vacuolization, irregularly shaped myofi bers, and loss of cross-striation [1]. During 

disease progression the lysosomal compartment grows in size and number, replacing 

healthy cellular content [11]. The numerous glycogen-fi lled lysosomes rupture and 
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release glycogen into the cytoplasm. In the final stages cytoplasmic glycogen has 

replaced most contractile elements of the muscle cell, resulting in loss of myofiber 

function. Obviously, glycogen accumulation and lysosomal dysfunction affect other 

processes that contribute to the pathology, including disturbed macroautophagy 

(herein referred to as autophagy) and calcium homeostasis, oxidative stress, and 

mitochondrial abnormalities. Autophagy dysfunction, which is common among 

lysosomal storage disorders [13], contributes to sarcopenia during aging and will be 

discussed further below in the context of the muscle regenerative response. 

Pathological tissue remodeling, where myogenic tissue is replaced by fat 

or fibrotic tissue, is a frequent feature of neuromuscular disorders. Adipose 

deposition of certain muscle groups is observed in most Pompe disease patients 

at the macroscopic level, and is most prominent in axial muscles, scapular girdle 

muscles, thigh muscles and specifically tongue [14,15]. Pompe disease patients 

show a typical distribution of affected muscles, with shoulder abductors, abdominal 

muscles, paraspinal muscles, hip flexors, hip extensors, and hip adductors among 

the most affected muscles. Hip abductors were affected in more than 80% of all 

patients [16]. The quadriceps femoris was affected in little over half of the patients, 

while the hand and feet muscle were found to be relatively spared. 

The muscle damage in Pompe disease develops predominantly intracellularly, 

leaving the sarcolemma and basal lamina largely intact. This is in contrast to the 

increased sarcolemmal fragility, increased sensitivity for contractile damage, and 

myofiber rupturing that characterizes dystrophic muscle. Ruptured myofibers 

recruit immune cells that contribute to pathological deposition of adipose and 

fibrous tissue in dystrophic muscle. A robust intramuscular immune response 

to progressing disease is absent in Pompe disease, consistent with maintained 

sarcolemmal integrity. The ruptured and necrotic myofibers in dystrophic muscle 

also drive the muscle regenerative response and robustly activate MuSCs. Therefore, 

the lack of robust sarcolemmal damage in Pompe disease may contribute to 

satellite cell inactivity, as will be delineated further below. The comparison of Pompe 

disease and dystrophic muscle illustrates that differences in muscle pathology can 

have profoundly different effects on muscle regeneration.

The role of satellite cells in muscle regeneration
To understand the clinical consequences of distinct defects in muscle regeneration, 

we will first discuss the role of skeletal muscle stem cells and muscle regeneration 
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in healthy skeletal muscle. Skeletal muscle can regenerate damage by recruiting 

the activity of tissue-resident stem cells. Skeletal muscle stem cells (MuSCs) or 

muscle satellite cells are located at the myofi ber periphery underneath the basal 

lamina [17]. In homeostasis MuSCs are quiescent, but become rapidly activated 

after damage and proliferate to generate a large set of progeny that is capable of 

regenerating damaged myofi bers by fusion (Figure 1). Quiescent MuSCs express 

high levels of Pax7, a master regulator of postnatal myogenesis. Upon activation 

MuSCs downregulate Pax7 and upregulate the determination factor MyoD [18] 

that drives terminal myogenic differentiation. Part of the activated MuSCs return 

to quiescence in a process called self-renewal [19] to replenish the stem cell pool 

and secure long-term regenerative potential. The activated MuSCs proliferate and 

progress to become a population of myogenic progenitors that eventually start 

expressing myogenin. Previously, it was demonstrated that, after conditionally 

depleting MuSCs in a Pax7-dependent manner, skeletal muscle did not or hardly 

regenerate after damage [20,21]. In the absence of MuSCs, injured muscle became 

infi ltrated with infl ammatory cells and muscle tissue was replaced with fat and 

fi brotic tissue, further emphasizing the important role of MuSCs in mediating a 

healthy regenerative response. Earlier studies already found that skeletal muscle can 

still regenerate when MuSC numbers are at least 10% of the levels in healthy young 

animals [22], indicating a large “regenerative reserve” under healthy conditions. 

Vacuolization

MuSCs fail to activate

Intact sarcolemma

Intrinsic defect of MuSCs leads to exhaustion

Sarcolemmal
damage

Increased immune recruitment

Collagen deposition

Adipose in�ltration

Regenerating Pompe disease muscle Regenerating dystrophin-de�cient muscle

Myonuclei

Quiescent MuSC

Activated MuSC

Figure 1: Lack of satellite cell activation in Pompe disease. The fi gure depicts a cross-
sectional view of skeletal muscle in Pompe disease (left panel) and in dystrophic muscle 
for comparison (right panel). While dystrophin-defi cient muscle is characterized by MuSC 
hyperactivation, chronic infl ammation, and severe tissue remodeling, Pompe disease is 
characterized by a failing regenerative response.
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A defect in MuSC activation in Pompe disease
Defects in MuSC activity have been reported for various neuromuscular diseases. 

These comprise effects on their proliferative potential [23–27], changes in MuSC 

numbers [25,28–31], and alterations in their potential to properly activate [32] or 

differentiate [33] (Table 1). Animal models for these and other muscle-degenerative 

diseases were also found to have defects in MuSC activation, proliferation, self-

renewal, and differentiation potential [34–39] (Table 1). These effects of the failing 

MuSC population can be irreversible -as in certain dystrophies- or reversible as in 

Pompe disease.

The current dogma for Duchenne muscular dystrophy (DMD) is that affected 

muscles undergo continuous rounds of de- and regeneration -as result of contractile 

myofi ber damage - which is thought to eventually exhaust the MuSC pool (see 

for recent excellent reviews [40,41]). This proliferative/exhaustive phenotype 

was observed in myogenic progenitors explanted from dystrophic muscle, with 

the defect more pronounced in cells isolated from older patients [23,43]. Loss of 

proliferative potential has been attributed to attrition of telomere length [44], 

which was indeed demonstrated in samples from human DMD subjects [45]. The 

loss of proliferative potential of MuSCs is not restricted to DMD, but also described 

for other muscle disorders, including myotonic dystrophy (24) or sporadic body 

inclusion myopathy [25] (Table 1). Another mechanism for loss of MuSC function 

is through premature differentiation of MuSCs, resulting in depletion of the self-

renewing stem cell pool, such as has been reported for Emery-Dreifuss dystrophy 

[46,47]. In addition, as it was reported for Myasthenia Gravis, the differentiation 

potential of MuSC progeny may be compromised, so that muscle regeneration 

cannot be successfully completed [39] (Table 1). In these examples, the MuSC 

defect is cell-intrinsic and is likely to be irreversible. 

Our recent results show that the mechanism of MuSC inactivation in Pompe 

disease is different and, reversible. We previously described that MuSC numbers are 

stable in biopsies from Pompe disease patients across a large age-range (2 months 

– 71.7 years) [32] and we and others demonstrated that in mouse models of Pompe 

disease MuSCs are not exhausted [36,37] (Table 1). In fact, MuSC numbers were 

increased in Gaa-ko-mice in two different backgrounds – fvb/n and the mixed c57/

bl6 and 129sv background. Muscle biopsies from Pompe disease patients showed 

considerable muscle damage which is expected to elicit a robust regenerative 

response, but we found that MuSCs were not activated to repair the damage. 

Markers of active regeneration, which includes the expression of embryonic 
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myosin heavy chain, were absent [32]. Similarly, Gaa-deficient mice show muscle 

wasting, as reflected in decreasing muscle wet weight, and show limited MuSC 

activation and regeneration [36], reminiscent of the observations in human Pompe 

disease patients. Interestingly, Gaa-ko mice, despite completely lacking functional 

Gaa similarly as classic infantile patients, only develop a muscle phenotype from 

15 weeks onwards. At this age, an initial mild regenerative response observed in 

younger animals, reflected by a gradual increase in myofiber central nucleation 

and low-level MuSC proliferation, is lost. It can be hypothesized that in young Gaa-

ko mice the mild regenerative response delayed the onset of muscle wasting. 

To determine if the observed regenerative defect could be explained by 

compromised MuSC function, we as well as Lagalice and colleagues, performed 

muscle-injury experiments. Both these studies showed that Gaa-deficient muscle 

regenerated efficiently after chemical injury (i.e. using BaCl2 or cardiotoxin), 

excluding a cell-intrinsic defect of Gaa-deficient MuSCs. Moreover, we also showed 

that Gaa-ko muscle regenerated completely after serial injury, indicating that the 

Gaa-deficient MuSCs are also capable of self-renewal [36]. Our current work focuses 

on explaining this apparent paradox between MuSC inactivity during disease 

progression, while still capable of responding efficiently to exogenous damage. We 

hypothesize that the failing MuSC activation in Pompe disease may be explained 

by an inhibitory environment or by insufficient activation signals.

The role of autophagy in MuSC activation and muscle 
regeneration

In order to maintain the quiescent state, MuSCs require a basal level of 

autophagic activity [48,49]. Disruption of autophagy during aging is shown to 

affect homeostasis of MuSCs and results in reduction of the pool of quiescent 

MuSCs in aging individuals [49]. In fact, autophagic activity is one of the first 

processes to be upregulated during MuSC activation. While quiescent cells reside 

in a low metabolic and energetic state, autophagic activity is rapidly increased 

after damage to supply the increased demand for ATP, and reducing cofactors and 

amino acids needed to sustain proliferation [48]. Tang and colleagues identified 

SIRT1 as critical regulator of autophagic flux in activating MuSCs. Loss of SIRT1 

resulted in disturbed autophagic activity and delayed MuSC activation. Blocking 

autophagy disrupted MuSC activation [48,50]. Paolini and colleagues found in mice 

that were genetically modified to express reduced levels of autophagic activity - by 
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ablation of Atg16l1, a key component in autophagy - that the muscle regenerative 

response was delayed [51]. The regenerating muscle of these mice contained 

increased levels of uncommitted MuSCs (Pax7+/MyoD-) and less activated/

committed muscle progenitors that expressed MyoD. The authors concluded that 

failure to upregulate autophagic activity during the early stages of regeneration 

blocked full MuSC activation. While autophagic activity needs to be increased 

during the very early stages of MuSC activation, inhibition of autophagy in MuSC 

progeny is essential for completing regeneration [52]. These studies indicate that 

autophagic activity is tightly controlled during different stages of regeneration, 

and may even be differentially regulated in different states of MuSC activation. The 

role of autophagy in MuSC activation and muscle regeneration under diseased 

conditions is still not entirely clear and warrants more studies.  

Disruption of autophagic activity contributes to 
neuromuscular disease
Inhibition as well as excessive activation of autophagy is found to induce muscle 

atrophy [53,54], suggesting a narrow window of autophagic activity during 

muscle homeostasis. Genetic inhibition of autophagy was suffi cient to induce 

morphological features of myopathy, including myofi ber vacuolization and 

decreasing fi ber diameter [55,56]. Disrupted autophagic fl ux has been observed 

in biopsies from DMD patients [57], in X-linked myopathy [58], Danon disease 

[59] and Pompe disease [60,61]. Studies in animal models of these diseases 

support a prominent role of autophagic dysfunction in the disease development. 

Lysosomal dysfunction in Pompe disease results in accumulation of glycogen as 

well as autophagic debris, that eventually blocks autophagic fl ux [62] and disrupts 

endosomal traffi cking. Loss of endosomal traffi cking has dramatic effects on 

cellular health and might also adversely impact uptake of recombinant GAA that 

is used as ERT in Pompe disease. Defective autophagy also affects mitochondrial 

functioning, as damaged mitochondria are removed through autophagy – in a 

process called mitophagy [8]. In Pompe disease reduced autophagic activity may 

contribute to the mitochondrial abnormalities that are frequently observed in 

muscle biopsies [11,63]. Regulation of autophagy plays a prominent role in Pompe 

disease progression. More extensive reviews on the topic can be found elsewhere 

[64,65]. It is hypothesized that normalization of autophagy restores the potential to 

regenerate muscle damage. 
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The role of the MuSC niche in muscle regeneration 
Under homeostatic conditions the MuSC niche is defined by a) the myofiber that 

conveys chemical, electrical, and mechanical signals, and b) the basal lamina, 

which is largely composed of laminin, collagen, and proteoglycans (Figure 1). 
This polarized protective environment is completely remodeled after myofiber 

damage exposing MuSCs to several environmental factors that include chemical 

and electrical signals, auxiliary cells (reviewed in [66]) and matrix components. 

Interfering with the contact to either the myofiber and/or the basal lamina results 

in MuSC activation. 

The damaged myofiber has an important role in engaging repair after 

injury. The MuSC-activating potential harnessed within myofibers was already 

demonstrated by Bischoff in 1986 [67]. Bischoff described that exposure to saline 

extract from crushed myofibers pushed quiescent MuSCs into entering the 

cell cycle. It is now recognized that disruption of the sarcolemma induces the 

damaged myofiber to release signals that activate MuSCs, including nitric oxide 

(NO) [68] and matrix-remodeling proteins MMP-2, MMP-9 and MMP-10 [69,70]. 

The MMP remodeling proteases release growth factors -such as HGF- that are 

embedded in the matrix. NO that is released by the damaged fiber or by recruited 

macrophages that also play an important role in liberating HGF [71]. HGF binds to 

c-met -the receptor for HGF- that is expressed on quiescent MuSCs. MuSCs also 

express fibroblast growth factor receptors 1 and 4 [72], and respond to FGF2 that is 

expressed by the myofiber and accumulates under basal lamina during aging [73]. 

In fact, purified extracts from aged myofibers compared to those from adult fibers 

were found to stimulate MuSC proliferation more potently [73], indicating that the 

changing myofiber niche directly impacts behavior of MuSCs. 

The myofiber niche does not solely consist of chemical signals: resident 

and recruited cells play important roles in mediated muscle homeostasis and 

regeneration. Among the resident cells are fibro-adipogenic progenitors (FAPs), 

that are increasingly recognized for their crucial role in regenerative myogenesis 

[74,75]. The role of the immune response after damage has been known for much 

longer [76]. As mentioned above, damaged myofibers recruit immune cells, 

including neutrophils, eosinophils, and monocytes, that are crucial for proper 

muscle regeneration [77].

The niche is not only important during MuSC activation but also plays a 

pivotal role in maintaining quiescence under homeostatic conditions. For instance, 
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heparan sulfate is the glycosaminoglycan component of many proteoglycans in 

the basal membrane and is dynamically regulated during MuSC activation [78]. 

During aging 6-O sulfation specifi cally increased, augmenting FGF2-signaling, 

MuSC activation and age-dependent loss of MuSC quiescence [78]. These data 

show that the composition of the niche can determine and mediate the MuSC 

response and that the niche composition is responsive to changes in the host. 

The role of the niche in Pompe disease
Immunofl uorescence analyses of patient biopsies as well as those from Gaa-defi cient 

mice show that both the sarcolemma and basal lamina remain intact throughout the 

course of disease, although we did not analyze changes in niche composition. Also, 

we did not observe changes in recruitment of major immune populations, including 

macrophages and lymphocytes (unpublished observations). These fi ndings suggest 

that myofi ber rupturing and necrotic death do not seem to play a major role in Pompe 

disease muscle pathology. In light of the observed lack of MuSC activation, concomitant 

with the absence of cell-intrinsic defects (see above), it can be hypothesized that in 

Pompe disease the MuSC niche either fails to generate signals that activate MuSCs or 

that the niche actively suppresses MuSC activation. This may suggest that the niche 

could be a novel therapeutic target in Pompe disease. 

The effect of targeting the niche is illustrated in Merosin-defi ciency or 

congenital muscular dystrophy 1A (CMD1A). CMD1A is caused by mutations in basal 

lamina protein LAMA2. It has been demonstrated that expression of integrin A7 - 

that normally binds laminin - restores function and integrity of the basal lamina, 

and reduces muscle pathology in merosin-defi cient mice [79]. 

2. Muscle-regenerative therapies for Pompe 
disease
Various experimental approaches have been developed to target specifi c 

regenerative defects in animal models of different muscle disorders. As was 

discussed above, the regenerative defect in Pompe disease is distinct from that 

observed in DMD, with insuffi cient MuSC activation vs MuSC hyperactivation, 

respectively. The observed MuSC inactivity in Pompe disease suggests that 

focusing on safe and effi cient methods to activate MuSCs may have the potential to 

attenuate muscle pathology in Pompe disease. As possible targets for regenerative 

therapy we will discuss approaches to activate MuSCs directly – providing signals 
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that activate MuSCs – or indirectly, such as by restoring autophagic activity. Some 

of these approaches bypass the contribution of the endogenous niche, such as 

injecting growth factors, or involve the niche by inducing myofiber damage 

– as in the exercise approach. The aim of these strategies is not only to improve 

muscle morphology and function, but also to reduce the lysosomal damage and 

improve autophagic/endosomal activity. As a bystander effect, improving muscle 

morphology and function may positively affect the response to the current ERT 

therapy. 

Activating MuSCs by exercise
Activation of MuSCs and increase in MuSC numbers after resistance exercise are 

well-documented [80–82], and occur even after a single bout of exercise [83–85]. 

Several factors of the exercise program have been found to affect the MuSC response 

including mode of exercise -i.e. resistance vs endurance-, exercise intensity, 

duration of the program, age, and sex of the subjects (see also [86]). Exercise 

programs are being used and appear well-tolerated for patients with various types 

of neuromuscular diseases, including DMD [87], Becker muscular dystrophy (BMD) 

[88], Myasthenia Gravis [89] and myotonic dystrophy [90]. Beneficial effects of 

exercise have also been observed in patients with metabolic myopathies, including 

glycogen storage diseases [91,92]. In our center we performed a 12-week exercise 

programs with Pompe disease patients consisting of 36 sessions of standardized 

aerobic, resistance, and core stability exercises [93,94]. This study showed that 

exercise was well-tolerated by patients and improved endurance of patients’ 

muscles -as reflected by increased workload capacity, maximum oxygen uptake 

capacity and walking distance- and muscle function of hip flexors and shoulder 

abductors. It will be interesting to determine whether focused and safe exercise 

programs are capable of sufficiently activating MuSCs to restore the muscle 

regenerative response in Pompe disease patients. 

Concerns exists regarding the safety and potential harmful effects of 

exercise in patients with increased sensitivity for contractile damage, such as in 

DMD. Exercise programs for such patients should probably minimize inclusion 

of lengthening eccentric contractions, which produces greater sarcolemmal 

disruptions. It should be noted that eccentric, - but not concentric contractions - 

are associated with an efficient MuSC-mediated response [95]. Such concerns are 

not as relevant for Pompe disease patients because of the lack of sarcolemmal 
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fragility. Another concern is immobility of more advanced stage patients that 

may prevent participation in intensive exercise programs. Interestingly, pathways 

that were found to be affected by exercise, including AMPKA and PGC1a, can be 

activated by small molecule reagents - called exercise mimetics - and would offer 

the possibility of exercising less-mobile patients “pharmacologically”. Narkar and 

colleagues found that treating sedentary c57/bl6 mice with AICAR and PPARg 

agonist increased running endurance [96]. AMPK signaling as potential target 

in modulating MuSC activation is supported by observations from Fu et al., who 

showed that inhibition of AMPK severely impairs satellite cell-mediated muscle 

regeneration [97]. 

Exercise programs for neuromuscular patients constitute a minimally invasive 

therapeutic modality that can be combined with the current state of care or with 

future therapeutic interventions. As mentioned above, for Pompe disease improving 

condition of affected muscles may attenuate disease progression and could even 

positively affect the response to ERT. Obviously, nutrition plays a role in optimizing 

the response to exercise, although that is beyond the scope of this review.

Activating MuSCs by soluble factor
MuSCs respond to soluble signals that are released into their direct environment 

following damage, including FGF2, HGF, and NO. Intraperitoneal injection of 

HGF was found to reverse experimental atrophy in mice and activate MuSCs, as 

determined by an increase in the fraction of MuSCs that expressed the cell cycle 

marker Ki67 [98]. Interestingly, mTOR activity was reduced in muscle homogenates 

of treated animals, suggesting that changes in autophagic activity and protein 

synthesis may also be involved in the observed effect. 

Activating MuSCs by targeting autophagy 
Autophagic activity is a major determinant of MuSC activation and successful muscle 

regeneration, and is often dysregulated in neuromuscular patients, in particular in 

those with lysosomal storage disorders. The benefi cial effects of exercise are also 

mediated through changes in autophagic activity in the skeletal muscle of mice 

[99] and humans [100]. Exercise activates autophagy through increases in AMPK 

activity, which in turn inhibits mTORC1 -an inhibitor of autophagy [101]. The exercise 

mimetics that were discussed above activate AMPK signaling and function, at least 

partly, by increasing autophagic activity. 
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It is thought that glycogen traffics to the lysosome though autophagy 

[102] and as result of this process cellular debris is taken up as well. Disrupted 

autophagy as is observed in Pompe disease results in lysosomal accumulation of 

waste material that eventually terminates the autophagic flux. Based on this it has 

been proposed that blocking autophagy would prevent the buildup of autophagic 

waste material and glycogen in Pompe disease and as such improve the condition 

of Gaa-deficient muscle. Indeed, autophagic buildup and glycogen accumulation 

were reduced in fast muscle from autophagy-deficient Gaa-KO mice, where Atg7 

– a critical member of the autophagy pathway - was depleted. The Gaa-/-/Atg7cKO 

mice actually appeared healthier compared to, the “regular” Gaa-KO mice [103]. 

Interestingly, the Gaa-/-/Atg7cKO mouse model also showed increased lysosomal 

glycogen clearing after ERT [103] . A recent study showed different strategies 

targeting autophagy that resulted in removal of autophagic debris, reactivation of 

autophagic activity and restoration of the response to ERT in Gaa-KO mice [104], 

demonstrating the potential of autophagy as a therapeutic target.

Increasing autophagy activity was also found to improve the muscle 

phenotype in the mouse model of DMD [105]. In mdx mice autophagic activity is 

inhibited possibly as result of enhanced levels of oxidative stress, as determined 

using a Nox2-specific reactive oxygen species (ROS) biosensor. Oxidative stress 

was found to induce mTOR activity, which is a potent inhibitor of autophagy [105]. 

Genetic inhibition of Nox2, which was found to mediate ROS development in mdx 

mice, reduced oxidative stress levels, reversed autophagic activity, and resulted in 

improvement of muscle morphological abnormalities and muscle function [105]. 

A similar improvement of the condition of mdx mice was observed after a low-

protein diet, which was thought to be mediated by attenuation of autophagic 

dysfunction [57]. Together these and other studies suggested that autophagy may 

be a novel target in the treatment of DMD and Pompe disease and perhaps also for 

other neuromuscular diseases.

Cell-based therapies and ex-vivo gene therapy
The strategies described above harness the regenerative potential of endogenous 

muscle stem cells. Such strategies are feasible for Pompe disease where the 

endogenous MuSC population is retained and functional. However, activating 

MuSCs without gene correction will not constitute a permanent cure. 
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Advances in gene therapy strategies show promise of achieving gene 

correction. Current strategies are mediated through adeno-associated virus 

(AAV) and predominantly target the liver. Gaa expressed in the liver is excreted 

into the circulation and is then taken up by affected muscle in a process called 

cross-correction [106]. Intramuscular injection of AAV into the diaphragm has also 

been developed. In this regard, clinical trials using AAV-mediated gene therapy 

are currently ongoing and show a good safety profi le, as was recently reported in 

children [107].

AAV-vectors carrying truncated versions of dystrophin – microdystrophin - 

were found to be safe and seemed effective in dystrophic mice and dogs [108] and 

are currently being evaluated in clinical trials. A disadvantage of AAV-vectors is that 

they do not integrate into the host genome and may be lost on the longer term. 

Other vector backbones, such as lentiviral vectors [109,110] – that integrate –, are 

investigated for use in gene therapy strategies, including for Pompe disease and 

DMD. A more detailed discussion of these strategies is beyond the scope of this 

review and has been reviewed elsewhere [8,111]. 

Cell-based therapies offer potential to replenish the MuSC pool with gene-

corrected cells via ex vivo gene therapy. As during muscle regeneration muscle 

progenitors fuse to form new myofi bers, donor cells share their genetic content 

with affected fi bers. Furthermore, a major advantage of cell-based therapies is the 

opportunity for long-term improvement of affected muscles. In the 1990s major 

efforts were undertaken to explore myoblast transfer therapies, based on promising 

results obtained in the mdx mouse model [112,113]. Unfortunately, for a number of 

reasons the human trials all turned out negative and little if any effi cacy was shown 

[114]. In more recent studies, transplantation of MuSCs was found to be much more 

effective compared to myoblast transfer [115–117], at least in mouse studies. This 

reignited interest in the development of a cell-based therapy for muscle-wasting 

disorders. The major drawback still is that MuSCs lose most of their regenerative 

potential when expanded ex vivo [118]. The advent of induced pluripotent stem cells 

(IPSCs) [119] opened novel opportunities of generating tissue-specifi c progenitor 

cells without the problems associated with expansion. We have recently described 

a method to generate skeletal muscle progenitors from Pompe disease patient 

fi broblasts that retain large expansion potential while maintaining the capacity 

to differentiate effi ciently in vitro and engraft in vivo [120]. The advantage of iPS 

cells as cell source is that these are amenable for ex vivo gene correction using 

CRISPR-Cas9, for example, to generate gene-corrected myogenic progenitors. 
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Additionally, we used the IPS-derived muscle progenitor model to show the efficacy 

of an antisense oligonucleotide strategy to increase exon inclusion correcting a 

frequent splicing mutation found in the Pompe population [121–123]. Splicing-

targeted therapies for muscle disorders are a very fruitful and promising field and 

are recently reviewed elsewhere [124]. The use of IPS-derived muscle progenitors 

as sources for cell-based therapies is also considered for other muscle-wasting 

disorders, including DMD, and has much potential. However, it is currently difficult 

to fully assess the clinical potential using small animal models, and further studies 

into the safety of the reprogramming and gene-editing strategies are required. 

In vivo gene editing as a therapy 
The development of current gene editing tools, in particular CRISPR-Cas9 

technology, is rapidly moving forward the field of gene-correction strategies. 

Recently, this technology has been used to explore the efficacy of gene-editing 

the genetic defect in mdx [125–127]. In these studies, the CRISPR-Cas9 components 

were delivered using AAV vectors, and were delivered either directly intramuscularly 

or systemically. Long and colleagues showed by using this strategy in mdx mice 

that up to 25.5 % of TA fibers expressed dystrophin after intramuscular delivery as 

judged by immunofluorescent analysis. Systemic -intraperitoneal administration 

in this study- was less efficient [126.

Tabebordbar and colleagues isolated MuSCs from the mdx/ Pax7 zgreen+ 

compound reporter mouse, and demonstrated truncated DMD transcripts in 

MuSC-derived myotubes in vitro [127], suggesting that the MuSCs had indeed 

been targeted in vivo. Recently, early results -2 months follow-up- from an in vivo 

gene-editing study in a canine model of DMD using CRISPR/Cas9 technology 

were reported showing improved histology in four dogs. After systemic delivery 

dystrophin levels up to 90% of WT levels were found depending on the tissue 

analyzed [128]. 

A recent study in a DMD model in nonhuman primates also showed effectivity 

of in vivo gene editing [129]. Despite these encouraging early results, caution is 

warranted. In vivo gene-editing is still associated with safety concerns [130] and 

is still rather inefficient. Further study is required for the development of safe and 

efficient gene-editing method for future clinical implementation.  
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Conclusion
In this review we focused on the mechanism of the observed failing regenerative 

response in Pompe disease and conclude that the failure to effi ciently activate 

MuSCs contributes to ongoing muscle wasting. In the absence of muscle 

regeneration, muscle damage is not compensated by repair. To restore the 

regenerative balance, novel therapies may be directed to activate MuSCs directly - 

through direct administration of MuSC-activating agents - or indirectly, for instance 

by targeting autophagic activity. In particular, exercise therapy aimed to activate 

the inactive MuSC population is minimally invasive and has proven to be well-

tolerated by patients. Based on the safety profi le exercise therapy can be assumed 

to have clinical feasibility, although studies into their regenerative effi cacy are 

warranted.
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Summary
Isolated myofi bers offer the possibility of in vitro study of satellite cells in their niche. 

We describe a mouse myofi ber isolation assay to assess satellite cell activation by 

quantifying myofi ber-derived satellite cell progeny. The assay allows isolation of 

myofi bers from mouse using standard equipment and reagents. It can be used to 

compare satellite cells across different mouse models or to evaluate their response 

to treatments, offering a valuable complementary tool for in vitro experimentation. 

Before You Begin
Note: All animal experiments were approved by the local Animal Experiments 

Committee and national Central Committee for Animal Experiments (animal 

experiment authorities in compliance with the European Community Council 

Directive guidelines (EU directive 86/609), regarding the protection of animals used 

for experimental purposes. All procedures with the animals were performed with 

the aim of ensuring that discomfort, distress, pain, and injury would be minimal.

Prepare in advance
Timing: 1 – 2 hours (Optional: prepare one day before)

Note: Working under clean conditions is important to reduce the risk of 

contaminations. If possible work inside a laminar fl ow cabinet. As indicated below, 

EDL dissection and fi ber selection/purifi cation steps were performed outside the 

fl ow cabinet as the setup with the dissection microscope and plate warmer did 

not fi t inside the fl ow cabinet.  All other steps were performed inside a laminar fl ow 

cabinet. To allow working outside a laminar fl ow environment, clean all working 

surfaces and tools with 70% ethanol (EtOH) and desinfect pipet tips before use, 

sequentially in 70% EtOH, PBS, and horse serum (HS) (see Optional, below Step-by-

step Method Details Step 10c). The media used in this protocol contain antibiotics 

(10,000 units penicillin and 10 mg streptomycin per mL) to minimize bacterial 

growth.

1. Prepare digestion solution. Weigh collagenase type II (Col II; 1000 U/ml in 

dilution medium (see below); aliquot per ml; in our hands it can be stored at 

-80°C for up to 6 months with negligible loss of yield; 2x 1 ml Col II per mouse) 

(See Troubleshooting – Problem 1).
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Note: The use of collagenase is critical for correct tissue digestion. Other collagenase 

types have been reported to work (e.g collagenase type I) [1]. This protocol has been 

optimized using collagenase type II (see Key Resources Table).

Note:  Processing fibers from one mouse (i.e. 2 EDLs) takes 7-8 hours per researcher, 

including plating fibers under experimental conditions. 

2. Prepare media (use within 2 weeks after preparation) (See Troubleshooting – 

Problem 3). See Materials and Equipment for the procedures:

a. Fiber selection medium. 100 ml per mouse. Store at 4°C.

b. Proliferation medium. 10 ml per 96 well plate. Store at 4°C.

c. Experiment base medium. 10 ml per 96 well plate. Store at 4°C.

d. Dilution medium. 500 ml. Store at 4°C.

3. Coat 96-well plates with 5% ECM (v/v): 

a. Cover culture surface with cold ECM (typically 30 µl per well in 96 well format. 

Incubate at 4°C for 30 min. ECM can be re-used twice if kept cold through 

the whole process. Keep 5% solution on ice and store at 4°C.

b. Remove ECM solution and incubate coated plate(s) at 37°C for 30 min or 

12-16 hours at 18-22°C.

Optional: coat for 2nd time: Repeat 3a-b.

Note: Coating for a second time may improve the adherence of fibers. Its use is 

advised if fibers do not adhere well to the bottom of the plates.

Before the experiment
Timing: 1 hour

4. Incubate 4 x 100 mm cell culture dishes per EDL (8 dishes per mouse) with 

100% horse serum (HS) for 30 min at 37°C. This will prevent fibers adhering to 

the dishes during the purification procedure. 

5. Label dishes 1-1, 1-2, 1-3, 1-4 for EDL 1; and 2-1, 2-2, 2-3, 2-4 for EDL 2.

6. Replace HS with 10 mL of fiber selection medium for the first 3 dishes of each 

EDL (1-1, 1-2, 1-3, and 2-1, 2-2, 2-3).

7. Return the dishes to 37°C until use.

8. Replace HS with 10 mL of experiment base medium for dishes 1-4 and 2-4. This 

is done to prevent altering the experiment medium composition by mixing it 

with fiber selection medium (See Step-by-step Methods Details Step 11g-h).  
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9. Prewarm Col II solution to 37°C in Eppendorf tube heater.

10. Prewarm Slide Warmer.

Note: To calibrate the temperature settings of the slide warmer place a 6-well-

plate with medium and adjust temperature setting so that medium temperature 

remains 37°C. The slide warmer that was used in this protocol was set to 40°C. The 

slide warmer will be used to keep the dishes warm during fi ber selection or during 

medium changes to avoid fi ber contraction. Dishes with fi bers should not be kept 

outside of the incubators for longer than 10 min despite using the slide warmer.

11. Prepare a disinfected working space, work if possible in a laminar fl ow cabinet.

a. Spray surgical area with 70% EtOH.

b. Disinfect surgical tools using 70% ethanol: 1 x fi ne-tip forceps (Extra Fine 

#5, DBIO), 1x blunt serrated forceps (Standard Forceps, DBIO), 1x scissors 

(Standard Pattern - Sharp/Blunt, DBIO), 1x fi ne scissors (Slim iris, DBIO), 

1x surgical knife (Disposable Sterile Scalpel 11, Swann-Morton).

c. 4x 25G needles (Sterican 100, Braun).

12. Prepare experiment plates; time spent on this step is largely dependent on 

the number of plates and treatments (approximately 30-60 minutes for 2 EDL 

muscles when plating all viable myofi bers).

a. Coat 96 well plates (Corning 96-well fl at-bottom tissue culture plate) or 

polymer-based 96-well tissue culture plates allowing imaging (Nunc 

Nunclon 96-well plate with lid, Electron Microscopy Sciences) with 1:20 

diluted ECM. We recommend at least 10 wells per treatment/genotype 

myofi ber.

b. Dilute experiment additives (i.e. growth factors, inhibitors, agonists, 

SiRNA) in experiment base medium to twice the fi nal concentration (2x 

[Conc]fi nal) in sterile Eppendorf tubes. The correct concentrations will be 

achieved after adding the fi bers (See Note under Step-by-step Methods 

Details Step 12c). 

c. Distribute 50 ml/well of the prepared experiment media over the 

appropriate wells. Fill outer wells with PBS to minimize evaporation of 

medium from treatment wells.

d. Keep 96 well plate with pre-prepared experiment medium at 4°C until 15 

min before plating (See Step-by-step Methods Details Step 12a).

3. Collect equipment:
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a. Dissecting microscope (Olympus SZX16 was used for this purpose).

b. 20-200 ml and 100-1000 ml pipettes.

c. Sterile 200 and 1000 ml unfiltered tips and Eppendorf tubes.

d. Scissors (to cut tips, clean and EtOH sterilize).

e. Slidewarmer (Slidewarmer SW85 - Adamas Instruments or 

equivalent).

f. Eppendorf tube heater (Eppendorf Thermomixer R for this 

purpose).

Materials and Equipment 
Reagent Used in 

text
Final 
concentration

Solvent Storage

Phosphate Buffer Saline PBS N/A N/A 4°C; >1 year

DMEM DMEM N/A N/A 4°C; 1 month

Ham’s F10 Ham’s F10 N/A N/A 4°C; 1 month

Fetal Calf Serum FCS User-defined User-defined -20°C; 1-12 
months

Horse Serum HS User-defined User-defined -20°C; 1-12 
months

Penicillin-Streptomycin Pen-Strep 100 U/mL PBS -20°C; 1-12 
months

Chicken Embryo Extract CEE 1% (v/v) User-defined 4°C; 1-6 
months

Knockout Serum 
Replacement

KSR 5% (v/v) Experiment base 
medium

-20°C; 1-12 
months

Basic FGF FGF2 20 ng/mL PBA -80°C; 1-12 
months

Extracellular Matrix ECM 5% Dilution medium 4°C; 1 month

Collagenase Type II Col II 1000 U/mL Dilution medium -20°C; 1-12 
months

Paraformaldehyde PFA 8% (w/v), NaOH (to 
dissolve); pH 7.0

PBS -20°C; 1-12 
months

PBS-BSA PBA 0.1% BSA (w/v) PBS 4°C; 1 month

PBS-BSA-Tween 20 PBA-Tw 0.1% BSA (w/v)
0.1% Tw20 (v/v)

PBS 4°C; 1 month

PBS-Tween 20 PBS-Tw 0.1% Tw20 (v/v) PBS 4°C; 1 month

PBS-Triton X-100 Triton 0.5 Triton X-100 
(v/v)

PBS 4°C; 1 month

Hoechst Hoechst 1 µg/mL PBS 4°C; >1 year
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Fiber selection medium
Store at 4°C for maximum 1 month.

Solution Volume Final concentration

DMEM 445 mL -

FCS 25 mL 5%

HS 25 mL 5%

Penicillin-Streptomycin 5 mL 1%

Total 500 mL -

Proliferation medium
Store at 4°C for maximum 1 month.

Solution Volume Final concentration

Ham’s F10 390 mL -

FCS 100 mL 20%

CEE 5 mL 1%

Penicillin-Streptomycin 5 mL 1%

Total 500 mL -

Experiment base medium
Store at 4°C for maximum 1 month.

Solution Volume Final concentration

DMEM 440 mL -

HS 25 mL 5%

KSR 25 mL 5%

CEE 5 mL 1%

Penicillin-Streptomycin 5 mL 1%

Total 500 mL -
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Dilution medium
Store at 4°C for maximum 1 month.

Solution Volume Final concentration

DMEM 470 mL -

FCS 25 mL 5%

Penicillin-Streptomycin 5 mL 1%

Total 500 mL -

CRITICAL: Paraformaldehyde (PFA) is toxic after swallowing or inhalation, causes 

skin irritation, harmful to eyes and respiratory tract; a potential carcinogen. Use in 

a safety cabinet or with sufficient ventilation. Wear protective measures (gloves, 

protective eye wear, facemask).

Step-by-Step Method Details
Dissecting extensor digitorum longus 
Timing: 20 minutes per mouse

In this step of the protocol EDL muscles from a mouse will be dissected as source 

of myofibers. This protocol is optimized for muscles that have clear identifiable 

tendinous insertions at both ends. Recently, a method that allows isolation of fibers 

from sources without tendinous ends has been published [2]. We have successfully 

isolated fibers from soleus muscles using this protocol. Others have reported 

isolating myofibers from flexor digitorum brevis (FDB; [3], but we have not tried 

this. The surgery is a critical step; therefore, the strategy needs to be optimized for 

muscles other than EDL. Stretching the target muscles will significantly decrease 

the yield of viable fibers. In addition, speed is an important factor, since allowing 

the muscle(s) to cool excessively will also decrease yield. For those starting with 

this protocol, practice EDL dissections on surplus mice (i.e. mice euthanized in 

other experiments) prior to the experiment are advised. 

Note: These steps can be performed outside the laminar flow cabinet.
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1. Euthanize mouse in line with institutional regulations. Here animals were 

killed by cervical dislocation.

2. Disinfect the hindlimbs with 70% EtOH.

3. Open the skin of one of the hindlegs to expose the lower leg muscles.

4. Remove the fascia covering the TA muscle from knee to ankle using the fi ne-

tip forceps (Figure 1A).

Critical: Remove as much fascia as possible, as remaining fascia will complicate 

the next step. If fascia are not suffi ciently removed it will require more force to 

liberate the TA and EDL from the underlying bone and from each other. Applying 

too much force may damage or stretch the muscle and may decrease the yield and 

viability of isolated fi bers .

5. Free the TA/EDL muscles from the bone.

a. Insert the fi ne-tip forceps behind the ankle-tendons of both the EDL 

and TA (Figure 1B and 1F).

b. Liberate the EDL and TA muscles from the underlying tibial bone by 

moving the forceps behind the EDL/TA up and down from knee to ankle 

(Figure 1C and 1G).

6. Liberate the TA from the EDL.

a. Insert the fi ne tip forceps between the EDL and TA ankle tendons and 

lift up the TA and carefully move the forceps up towards the knee (Figure 

1H).

b. Expose the proximal EDL and fi bularis longus tendons by removing 

tissue around the patella.

c. Insert the fi ne tip forceps behind the proximal EDL and fi bularis longus

tendons.

d. Cut the proximal EDL tendon using a scalpel blade (Figure 1D and 1H).

7. Remove TA muscle.

a. Cut the TA distal tendon (near the ankle; Figure 1I).

b. Lift the TA at the distal tendon.

c. Cut TA proximal to the knee to remove it (Figure 1I). The EDL muscle is 

now exposed.

8. Remove the EDL muscle.

a. Carefully lift the EDL at the proximal tendon.
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Figure 1: Dissecting the EDL. (A) Removing fascia; (B) Inserting fi ne-tip forceps between 
distal tendons; (C) Liberate EDL/TA from tibial bone; (D) Cutting proximal EDL tendon; (E) 
Removing EDL; (F-J) Schematic representation of the dissection steps. (F) Inserting fi ne-tip 
forceps between distal tendons; (G) Liberating EDL/TA from tibial bone; (H) Liberating TA 
from EDL (1), inserting forceps behind proximal tendons (2), and sectioning cutting proximal 
EDL tendon with a scalpel (3); (I) Cutting distal part of TA muscle (1), cutting proximal part 
of TA muscle (2) and removing TA; (J) Transferring EDL to digestion solution. Lift EDL at 
proximal tendon (1) and cut distal tendon to release EDL (2). The number in the pictures 
indicate the order of events.

Critical: Prevent stretching the EDL during handling (See Troubleshooting – 

Problem 1).

b. Remove the EDL by cutting the distal (ankle) tendon (Figure 1E and J). 

Make sure to cut as distal as possible to ensure cutting the tendon, not 

the muscle .

c. Place the EDL into a 1.5 mL tube with 1 mL of prewarmed Col II solution 

and shake (500 rpm) at 37°C for 1.5 h. in an Eppendorf Thermomixer (See 

Troubleshooting – Problem 1).
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9. Repeat Step-by-Step Method Details Steps 3-7 for the remaining EDL.

Note:  For some steps it may be easier to turn the animal 180° (head facing towards 

you) for dissecting the contralateral EDL. 

Critical To increase the yield of intact myofi bers ensure to (See Troubleshooting – 

Problem 2):

b. Work fast to prevent excessive cooling of EDL

A B

C D*

*

*

Figure 2: Setup of the material for purifi cation. (A) Cutting and polishing pipet tips; (B) Fiber 
purifi cation setup with slide warmer (bottom), dissecting microscope and two sequential 
dishes containing fi ber medium; (C) fi bers in early dish (dish #1-1) with fi ber fragments and 
debris. Arrows indicate viable fi bers. Asterisks indicate non-viable fi bers/fi ber fragments; (D) 
purifi ed fi bers in late dish (dish #1-3). Arrows indicate viable fi bers. Asterisks indicate non-
viable fi bers/fi ber fragments. Scale bars, 2 mm. 

b. Avoid damaging the EDL when liberating the muscles at Step-by-Step 

Method Details Steps 5-6

c. Avoid stretching the EDL when removing it from the animal.
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Purifying intact myofibers 
Note: For adult FVB/N mice we usually get 150-250 fibers per EDL. Nevertheless, 

the yield of fibers per EDL will vary depending on the mouse model. For example, 

disease models with muscle damage may yield lower number of fibers compared 

with healthy mice (see Expected Outcomes).

Timing: 3 hours
In these steps the myofibers are liberated from the digested EDL muscle and 

subsequently purified by sequential transferring intact myofibers into clean dishes.

Note: These steps were performed outside a laminar flow cabinet. Prepare 3 x 15 mL 

conical tubes to disinfect and wash the utensils. 1 tube with 70% EtOH, 1 tube with 

PBS, and 1 tube with HS. For each use the pipet tips were cleansed by sequentially 

pipetting up/down 3 times in EtOH, PBS and HS. HS is to prevent fibers sticking to 

the walls of the pipet tips.

10. Liberate fibers from the digested muscles.

a. Take purification dish #1 (dish 1-1) for the first EDL (EDL1) from incubator 

and place on slide warmer.

b. Empty tube with EDL in dish #1-1.

c. Cut ±2 mm from the top of a sterile 1 mL plastic pipet tip (Fisher Scientific 

cat # 22170403) and polish by carefully passing the pipet tip through the 

flame (Figure 2A) (See Troubleshooting – Problem 1 and 2).

Optional: It may not be possible to fit the dissection microscope and the slide 

warmer inside the laminar flow cabinet. To work outside the laminar flow 

cabinet, prepare a clean curtailed/polished 1 mL pipet tip by pipetting 

up/down, respectively, EtOH, PBS and HS. The pipette is now ready to 

use. Repeat this step each time you insert the pipette tip in medium 

again.

d. Pipet up/down with HS before using a new tip to coat it and prevent 

adhesion of muscle fibers to the inside of the tip.

e. Release myofibers by pipetting EDL up/down using a P1000 pipette.

Critical: Aspirate and eject the EDL along the length axis; pipet in a smooth 

motion (Video S1: Liberating myofibers from digested EDL muscle). 

Too much force will damage the myofibers and decrease the yield and 
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viability of the isolated fi bers. After the EDL breaks down in smaller parts, 

move the EDL parts along the length axis through the pipette tip (Video 

S2: Liberating individual myofi bers from digested EDL fragments).

f. Continue for maximally 10 min., then place dish #1-1 back in the 37 °C 

incubator. Leave the dish for at least 15 min to recover (See Troubleshooting 

– Problem 2).

g. Perform Step-by-step Method Details Steps 10a-f for EDL2 in a new dish 

(dish 2-1).

h. While myofi bers released from EDL2 are recovering repeat Step-by-step 

Method Details Steps 10f-g for dish #1-1.

Alternate between dish #1-1 and #2-1 until no more fi bers release.

Note: Although isolated viable myofi bers can reach up to 5 mm in length, they 

are typically 1.5-3 mm long, transparent, with smooth sarcolemmal surface when 

visualized using phase contrast microscopy (Figure 2). However, it is unclear whether 

isolated fi bers are intact fi bers or whether they self-seal [4]. Cross-striations and 

protuberant peripheral nuclei are visible at 200x magnifi cation. Contracting, dying, 

and damaged fi bers are short, opaque and often curved. 

11. Sequentially select viable myofi bers. 

a. Place dish #1-1 (with fi bers) under the dissection microscope and dish 

#1-2 (empty dish with warm fi ber selection medium) on the slide warmer 

(Figure 2B).

b. Curtail and fl ame-polish a 200 mL tip (Fisher Scientifi c cat # 10739254).

Note: The sharp edges left after cutting the tips using scissors may damage the 

fi bers while pipetting up and down. Polishing using a fl ame will smoothen the 

edges of the tips for successful isolation of viable myofi bers.

Optional: When working outside a laminar fl ow cabinet clean pipet tip through 

EtOH, PBS, and HS as described above. Repeat this for each new pipette tip.

c. Transfer transparent, elongated, straight myofi bers from dish #1-1 to 

dish #1-2 using a P200 pipette (Video S3: Transferring myofi bers during 

purifi cation; and S4: Transferring a single myofi ber along the length 

axis). Avoid contracted and opaque fi bers, fragments, and adipose tissue 

(Figure 2C). 
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d. Continue selecting myofibers for maximally 10 min before returning the 

dishes to 37°C incubator. Leave the dishes for (at least) 15 min to recover.

e. In the meanwhile, perform Step-by-step Method Details Steps 11a-d for 

dish #2-1 and #2-2.

f. When dish #1-1 contains no more intact myofibers, repeat Step-by-step 

Method Details Steps 11a-d to transfer myofibers from dish #1-2 (under 

dissecting microscope) to dish #1-3 (on slide warmer). The same applies 

for EDL2: when dish #2-1 is empty, start transferring myofibers from dish 

#2-2 to #2-3.

g. When dishes #1-3 and #2-3 contain no more viable myofibers (Figure 

2D), move fibers to the dish with experiment base medium (dishes #1-4 

and #2-4, respectively). 

Note:  Experiment base medium is medium used for the actual experiment 

but without experiment additives such as growth factors, inhibitors, 

activators etc. These additives have been added to the respective wells 

during plate preparation (see Before you begin Step 12).

h. Continue transferring fibers to dish #1-4 and #2-4 until no more viable 

myofibers are detected in dish #1-3 and #2-3, respectively.

Note:  When the yield is high (>250 myofibers from 2 EDL muscles), dishes #1-4 

and #2-4 may still contain debris and fiber fragments. If necessary, add 

an extra purification step by introducing a fifth dish (dishes #1-5 and #2-

5) with experiment base medium and continue purifying intact viable 

fibers. A highly pure collection of myofibers is necessary to prevent 

transferring contaminants to experimental wells.

Optional: If proliferation of non-myogenic cells is observed using this culturing 

strategy, an alternative plating method can be used to ensure formation of pure 

myogenic fiber-derived cultures, as described in the Optional Step  below. 

Optional Step: Single fibers can be first cultured for 48 hours in experiment 

base medium in dishes coated with 20% HS. This promotes contaminating non-

myogenic cells to release from the fibers and to adhere to the dish, while at the 

same time preventing fibers to adhere to the bottom of the well. After this step, 

single fibers are replated in the experiment dishes and the protocol can continue 

as described below (Step-by-step Method Details 12a).
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12. Plating myofi bers for assessment of satellite cell activation.

a. Place the 96-well plate prepared at Before you begin Step 12 in an 

incubator at 37°C for at least 15 min to warm.

b. Place the 96-well plate on slide warmer.

c. Use a freshly cut and polished tip (cleaned with EtOH, PBS and HS as 

described at the note before Step-by-step Method Details Step 10) to 

select a single viable myofi ber in 50 mL experiment base medium from 

dish #1-4 (EDL1) or #2-4 (EDL2), and transfer to a 96-well containing 50 mL 

experiment medium (i.e. medium with 2x concentrated treatment). 

Note:  As mentioned in Before you begin Step 12b, the respective treatments in 

the 96-well plates are 2x concentrated and will be diluted to the appropriate 

concentration automatically by adding the myofi ber in medium.

Critical: Avoid transferring any debris with the myofi bers, as this may affect the 

experiment outcome [5].

d. Pick the next fi ber and allocate to a well containing the next treatment 

(i.e. next row in the plate layout).

Note:  We recommend adding a single myofi ber to the fi rst well of each treatment 

before transferring a myofi ber to the second well per treatment (fi rst well 

of next column). This approach allows equal and random distribution of 

myofi bers across all treatments and minimize selection bias (Figure 3).

e. After 10 min return the 96-well plate and fi ber-containing dish to the 

incubator.

f. Continue with a second set of dishes or wait 15 min before resuming 

picking intact myofi bers.

g. Incubate the myofi bers in the respective treatments for desired times. 

Typically, myofi ber-derived colonies can be observed within 72 h after 

start incubation. Treatment time depends on background strain and 

selected treatments (See Troubleshooting – Problem 3).
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Figure 3: Suggested fiber pipetting scheme. Treatments are arranged in rows. Start adding 
the first fiber to well A1 (treatment 1), the second to well B1, etc. The dashed red line indicates 
the order of adding fibers to the respective wells. 

Fixation and immunostaining myofibers
Timing: 5 hours
13. Fixing treated myofibers.

a. Pre-warm 8% PFA (v/v) at 37°C.

b. Place 96-well experiment dish with cultured fibers on slide warmer.

c. Add 100 ml of prewarmed 8% PFA (v/v) to each well and incubate for 15 min.

Critical: This step has to be performed inside a chemical safety cabinet to 

contain toxic fumes.

Note: After incubating 15 min in PFA, plates can be further processed at 18-22°C .

d. Aspirate PFA solution and replace with PBS.

Note: Fixed fibers can be stored at 4°C up to 2 weeks or stained directly.

Critical: Rinse wells thoroughly with PBS to remove all PFA. This is to prevent 

over-fixation, as this will compromise subsequent immunostaining and may 

require antigen retrieval approaches.

14. Immunostaining fiber-derived cells.

Note: Activation of myogenic cells can be measured assess in several manners. 
Here we describe a PAX7 and KI67 co-staining that allows to assess proliferative, 

thus activated, myofiber-derived cells. (Figure 4A). Additionally, we describe a 

PAX7 and MYOD co-staining that allows a complementary method to assess 

activation of myogenic cells (Figure 4B). Other combinations of antibodies are 

possible (See Troubleshooting – Problems 4 and 5).
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a. Permeabilize with 0.5% Triton in PBA (see Table Materials and Equipment 

for abbreviations; v/v) for 30 min at 18-22°C. 

b. Block 30 min with 20% HS (v/v).

c. Incubate with anti-PAX7 primary antibody (1 in 100 in PBA-Tw) for 1 h at 

18-22°C.

100 µm

*** *
### #

PAX7 MYOD Hoechst Merge

PAX7 KI67 Hoechst Merge

B

A

100 µm

* * * *

# # # #

Figure 4: Immunostaining of PAX7/KI67 and PAX7/MYOD in myofi bers: (A) Myofi bers were 
isolated from GAAKO donor animals and cultured for 72h in proliferation medium. * indicates 
a PAX7-low/KI67+ cell; # indicates a PAX7+/KI67+ cell; arrow indicates a PAX7+/KI67-low cell. (B) 
Myofi bers were isolated from WT FVB/N donor animals and cultured for 72h in proliferation 
medium. * indicates a PAX7-/MYOD- cell; # indicates a PAX7+/MYOD+; arrow indicates a PAX7-/
MYOD+ cell. Red indicates MYOD; green indicates PAX7; nuclei were counterstained with 
Hoechst.

Optional: Previous step may be performed 12-16 hours at 4°C in a humidifi ed 

chamber.

d. Rinse once with PBS-Tw.

e. Incubate with anti-KI67 primary antibody (1 in 100 in PBA-Tw) + 

biotinylated anti-mouse IgG (1 in 250 in PBA-Tw) for 1 h at 18-22°C .

Note: For PAX7-MYOD co-staining, incubate with anti-MYOD primary 

antibody (1 in 500 in PBA-Tw) + Biotin Anti-Mouse IgG1 (1 in 250 in PBA-

Tw) for 1 h at 18-22°C .

f. Rinse once with PBA-Tw.

g. Incubate with Streptavidin-AF647 (1 in 500 in PBA-Tw) + goat anti-rabbit 

AF488 (1 in 500 in PBA-Tw) 1 hour at 18-22°C .

Note: For PAX7-MYOD co-staining, incubate with Streptavidin-AF647 (1 

in 500 in PBA-Tw) + goat anti-mouse IgG2B-Cy3 (1 in 500 in PBA-Tw) 1 

hour at 18-22°C .
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h. Rinse once with PBA-Tw.

i. Incubate with Hoechst (at 1 mg/mL in PBS) for 15 min at 4°C.

j. Rinse once with PBS-Tw.

k. Add 100 ml PBS/well to keep cells moist.

l. Image immunostained cells as soon as possible for the best results, but 

at least within one week after finishing immunostaining.

Expected Outcomes
Myofiber yield:

The yield of viable myofibers is dependent on the age, background strain, and 

genetic makeup of the donor mice. The sex of the donor may affect myofiber yield 

as well, but we did not test this. Young adult FVB/N animals (8-12 weeks of age) will 

yield ±250 intact myofibers and the yield is reduced to <150 myofibers in FVB/N 

mice of ≥30 weeks. Myofibers from wild type FVB/N mice can be kept for a week 

in culture under the conditions described in this protocol. Maximum culture times 

should be tested for other genetic backgrounds and disease models.

Isolating myofibers from animals with a muscle-degenerative condition will affect 

the number and quality. We have wide experience with animals that are knockout 

for acid alpha glucosidase (GAA), i.e. the mouse model for Pompe disease that was 

generated in our laboratory [6]. GAAKO mice, which are on a FVB/N background, 

develop a muscle phenotype after 15 weeks of age [7]. Myofiber yield from young 

FVB/N and GAAKO animals is similar, but myofiber yield from GAAKO donor mice 

of 15 weeks and older is reduced compared to age-matched wildtype FVB/N donor 

mice. GAA-deficient myofibers have a fragile morphology and show accumulation 

of debris in the core of the fibers as result of distorted autophagy in GAA-deficient 

myofibers [8]. 
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Figure 5: Identifying conditions that activate satellite cells from specifi c donor 
backgrounds. Myofi bers were isolated from WT FVB/N donor animals and cultured for 72h 
under indicated conditions. PM: proliferation medium (Ham’s F10/20% FCS); SR: knockout 
serum replacement. Data is indicated as mean ± SE. Statistics by one-way ANOVA followed 
by Tukey correction for multiple testing. *p<0.05; **p<0.01. n=4-6.

Size of colonies of myofi ber-derived cells:
The formation of colonies from myofi ber-derived cells is dependent on host factors, 

such as age and genetic makeup of the donor, as well as on culture conditions that 

are used. The satellite cell response assessed with this assay is a relative measure, i.e. 

is compared to the colony size under basal conditions. Basal conditions are defi ned 

experimentally to use media formulations (i.e. experiment base medium) that limit 

colony formation (i.e. that keeps satellite cells quiescent), but that allow expansion 

of myofi ber-derived cells after adding supplements that stimulate proliferation, 

such as high concentrations of serum, FGF2 or HGF. Figure 5 shows the results 

from such an experiment defi ning the experiment base medium for myofi bers 

isolated from FVB/N donors. Using defi ned conditions, the relative potential of 

satellite cells from different disease models or treatments can be determined.
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Myogenic profile of myofiber-derived cells
All myofiber-derived cells are progeny of satellite cells and should express PAX7 

and/or the myogenic regulatory factors MYOD or MYOG in the first week of culture. 

Immunostaining of the colonies is then used to verify the myogenic identify of the 

cells and is valuable as a quality control of the purity of myofiber selection and plating. 

In order to ensure best results wells containing >10% non-myogenic cells should be 

excluded from analysis. Nevertheless, we can not rule out that this will be different 

in disease models. In our experience four rounds of purification are sufficient to 

ensure >90% pure myogenic cultures (Figure 4B). However, if necessary, additional 

purification steps can be added. In addition, as suggested as an optional step in 

Step-by-step Method Details 12, pre-culturing fibers in non-adhering conditions 

may increase the purity of myogenic colonies during the experiment.

Quantification and Statistical Analysis 
Quantifying myofiber-derived cells: After fixation, the immunostained myofibers/

cells are imaged. Exclude wells that contain short myofiber fragments, contracted 

or damaged fibers as these may affect the outcome through release of satellite 

cell activation signals [5]. The expression of myogenic markers is used to quantify 

colonies containing satellite cell progeny. The Hoechst (blue) signal is used to 

identify and count all nuclei. Our analyses indicate a purity >90% of myogenic 

colonies when the purification steps are followed as described in this text. It 

is advised to check contamination with non-myogenic cell types in the initial 

experiments, for instance, by immunostaining. Different markers can be used and 

are commonly described in the literature to detect fibroadipogenic cells (FAPS), 

endothelial cells, and pericytes. However, in order to reduce the possibility of 

including non-myogenic cells in the analysis, we typically include only those cells 

that are growing adjacent to the myofiber and exclude cells present at a distance 

farther of 200 µm from the fiber. As a rule of thumb, this is facilitated by including 

part of the myofiber in each image when using a 10x objective. Image the direct 

perimeter around the myofiber by taking sequential images. In this protocol 

a Nikon Eclipse Ti with a 10x objective was used, but equivalent setups may be 

used. Typically, 5-6 images per myofiber are taken to cover the whole length of 

the myofibers. For each condition myofiber-derived cells from at least 5 different 

intact myofibers are counted manually. Colony size is expressed as the number of 

myofiber-derived cells per myofiber.
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Alternatives: Image analysis software such as FIJI or Adobe Photoshop can be 

used to automate quantifi cation.

Limitations
The protocol described here is suitable to identify fi ber-derived myogenic cells and 

to assess their state of activation. However, this method is not suitable to determine 

the origin of the colonies. For such purpose, a lineage tracing strategy  would be 

more adequate.

Other strains or mice from other ages: we have used this protocol mainly for 

isolating myofi bers from adult mice aged between 8 and 40 weeks. We obtained 

reproducible yields of myofi bers also from 40 weeks GAAKO donor animals, which 

have already developed a considerable muscle phenotype at that age. Using the 

protocol for other strains, including transgenic lines, older/younger mice should be 

verifi ed and may require optimization of digestions parameters (collagenase type 

II concentration, digestion time, plating media). 

Other muscles: we did apply this protocol successfully to isolate myofi bers 

from soleus and diaphragm muscle (not shown), but cannot exclude that using 

the protocol to obtain myofi bers from other muscles require optimization. Most 

likely, it requires developing a dissection approach for the muscle of interest. The 

dissection strategy in this protocol is designed for muscles with easy identifi able 

tendons, such as the EDL. The EDL is then dissected at/through its tendons without 

damaging the myofi bers. Damaging myofi bers reduces the yield and viability of 

the isolated fi bers. 

Troubleshooting
Problem 1:
Few viable (transparent) myofi bers obtained (Step-by-step Method Details Step 11).

Potential Solution: 

Solution 1: Improve dissection technique: swift but careful dissection of the EDL 

muscles is key to the success of myofi ber isolation and   takes practice to master and 

produce consistent yields. Prevent stretching and damaging the muscles. Ensure 

cutting the tendons to release the EDL and not to damage the myogenic part of 

the muscle. Limit cooling the muscles by prewarming the digestion solution.
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Solution 2: Check digestion solution. The quality of collagenase type II batches may 

vary. Ensure to make sufficiently large stock solutions to finish the experiments 

dedicated to specific projects. Stock solutions can be stored at -80°C up to 6 

months in our hands with negligible loss of yield. We advise to try collagenase 

everytime a new stock is made in order to adjust calculations if myofiber yield was 

lower than expected.

Solution 3: Check digestion time: over/under digestion will result in variable 

myofiber yield and quality. The optimal time may differ slightly per collagenase 

type II stock solution.

Solution 4: Handle myofibers more carefully: make sure all pipet tips are polished 

properly, avoid forcing the fibers through the tips or bending fibers during handling.

Solution 5: If possible, preferentially select longer myofibers (>1.5 mm), as short 

myofibers are usually damaged and will not survive.

Problem 2:
Many contracted myofibers (Step-by-step Method Details Step 11).

Potential Solution: 

Solution 1: Practice to improve dissection technique. Success of myofiber yield 

(number and quality fibers) is largely determined during dissection.

Solution 2: Prevent cooling the myofibers by returning the dishes to the incubator 

within 10 min and allow to recover for at least 15 min between myofiber selection 

sessions.

Solution 3: Handle myofibers more carefully: make sure all pipet tips are polished 

properly, avoid forcing the fibers through the tips or bending fibers during handling.

Problem 3:
Few myofiber-derived cells (Step-by-step Method Details Step 12).
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Potential Solution: 

Solution 1: Optimize culture conditions, predominantly the media composition 

as described in Materials and Equipment. Defi ne media conditions to obtain a 

maximal increase in the number of myofi ber-derived cells after adding 20 ng/mL 

FGF2 for at least 72h.

Solution 2: Verify that viable myofi bers have been obtained. One could consider to 

add viability dyes such as trypan blue, but verify that these do not interfere with 

the experiment’s objective. A retrospective method entails staining myofi bers after 

PFA fi xation for Hoechst. Lack of nuclei staining indicates loss of myofi ber viability 

somewhere along the process. Optimize myofi ber isolation technique before 

planning a new experiment.

Solution 3: Extend culture time as satellite cells from some donor strains or genetic 

backgrounds, including wild type FVB/N, display slow/delayed activation response.

Problem 4:
Lack of staining for selected markers (Step-by-step Method Details Step 14).

Potential Solution: 

Solution 1: Verify critical steps of staining protocol: proper permeabilization (over/

under permeabilization negatively affect staining of nuclear proteins); (primary 

and secondary) antibody concentration. Optimize staining protocol on primary 

satellite cell-derived cultures.

Solution 2: Ensure using high-resolution optics to allow imaging low signals. This 

includes use of imaging-compatible culture plates (e.g. Nunc Nunclon 96-well 

plate) (see Key Resources).

Problem 5:
Weak PAX7 signal in immunostaining (Step-by-step Method Details Step 14).
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Potential Solution: 

Solution 1: Fix fibers as described for 15 minutes and not longer than this. 

Overfixation could lead to increased background in the immunostaining or even 

mask the antigens.

Solution 2: Incubate with primary antibody anti-PAX7 8-12 hours at 4°C. in a 

humidified chamber. Proceed with the rest of the immunostaining as described.

Solution 3: Culture fibers during different time points (e.g. 24, 48, 72, 96, and 120 

hours), fix, and stain in order to calculate the time window during which PAX7 is 

expressed and to prevent loss of PAX7 expression due to satellite cells transitioning 

into a myoblast state (PAX7-/MYOD+).

Solution 4: Culture fibers under different quiescence/activation conditions (e.g. 

varying the concentration of serum) to determine the most optimal for your 

desired experiment.
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Supplementary information

Video S1: Liberating myofi bers from digested EDL muscle. Related to Step-by-step Method 
Details Step 10. The video shows the fi rst aspirating and releasing steps with the digested 
EDL. This step is performed with the dish on the slide warmer.

Video S2: Liberating individual myofi bers from digested EDL fragments. Related to 
Step-by-step Method Details Step 10. The EDL has been broken down into smaller parts and 
fi bers are released from the individual parts. This step is performed with the dish on the slide 
warmer.

Video S3: Transferring myofi bers during purifi cation. Related to Step-by-step Method 
Details Step 11. Transferring myofi bers from the source dish (e.g. dish 1-1) to the next 
purifi cation dish (e.g. dish 1-2). The source plate is under the dissecting microscope at the 
top of the video, the next purifi cation dish is on the slide warmer at the bottom of the video. 

Video S4: Transferring a single myofi ber along the length axis. Related to Step-by-step 
Method Details Step 11.
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Abstract
Pompe disease is an inherited metabolic myopathy caused by deficiency of acid 

α-glucosidase (GAA). GAA deficiency results in lysosomal glycogen accumulation, 

an increase in lysosomal size and number, impaired autophagy, accumulation of 

autophagic debris, and muscle wasting. We previously found that in Pompe disease, 

muscle stem cells – termed satellite cells – are dormant but capable of efficient 

muscle regeneration when provoked experimentally. Here, we investigated the 

relationship between murine satellite cell activation, muscle regeneration, and 

autophagy in Pompe disease. We found that cultured isolated myofibers from 

GAAKO mice accumulated autophagic debris and displayed enhanced satellite 

cell activation in response to FGF2 treatment compared to wild type myofibers. 

Treatment of cultured GAAKO myofibers with rapamycin stimulated autophagic 

flux, normalized satellite cell activation to wild type levels, and improved myofiber 

morphology; although it failed to remove autophagic debris. Surprisingly, treatment 

of cultured myofibers with chloroquine, which further inhibited autophagic flux, 

worsened myofiber morphology; though it also normalized satellite cell activation 

to normal levels. We hypothesize that in Pompe disease, a critical level of autophagic 

flux is required for satellite cell activation. Experimentally induced muscle injury in 

vivo transiently reduced lysosomal size and restored muscle function in Pompe 

GAAKO mice, suggesting that provoked muscle regeneration could overcome the 

autophagic block in Pompe disease.
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Introduction
Pompe disease is a metabolic myopathy caused by defi ciency of acid alpha 

glucosidase (GAA), a lysosomal enzyme responsible for the degradation of glycogen 

[1]. Pompe disease patients develop progressive skeletal muscle weakness, followed 

by lysosomal disruption and myofi ber death. Affected muscles include those involved 

in mobility and respiration. As a result, Pompe disease patients become wheelchair- 

and ventilator-dependent [2]. In its most severe form, the classic infantile, GAA is 

completely absent, and results in death within the fi rst year of life if left untreated [3]. 

In milder forms of Pompe disease, residual GAA activity exists, and patients develop 

symptoms later in life [4,5]. A treatment for Pompe disease is available in the form 

of enzyme replacement therapy (ERT). Although ERT improves muscle function 

and prolongs survival, the heterogeneous response among patients has urged the 

development of alternative treatment options [6–15].

Skeletal muscle has an enormous capacity to repair damage, a process 

that relies on muscle stem cells, called satellite cells [16,17]. This has stimulated 

researchers to develop regenerative therapies for muscle disorders through 

modulation of satellite cell activity. However, under muscle-degenerative 

conditions muscle regeneration activity is often compromised [18]. This defect not 

only hampers the development of novel treatment strategies, but also contributes 

to the progression of muscle wasting, as the disease-mediated damage cannot be 

repaired. We and others have shown that satellite cell activation is compromised in 

Pompe disease, and that the regenerative response to the accumulating glycogen 

damage is lacking [19–21]. Notably, GAA-defi cient satellite cells are activated in 

response to BaCl2-induced muscle damage, indicating that GAA-defi cient satellite 

cells are functional stem cells [20]. These fi ndings suggest that activating signals 

are not generated or cannot reach muscle stem cells during disease progression. 

However, the mechanisms behind the satellite cell activation defects have not 

been yet identifi ed. 

The primary defect in Pompe disease is defi ciency to degrade lysosomal 

glycogen. Glycogen accumulation induces a progressive increase of the lysosomal 

compartment that eventually results in dysregulated autophagy [22–24]. 

Macroautophagy, hereafter referred to as autophagy, is a catabolic process to provide 

nutrients for the cell under stress situations, as well as to protect cells by removing 

damaged or potentially toxic cellular components and excreting cytoplasmic 

material [25]. Autophagy is dysregulated in several human pathologies, and its 



Chapter 5

140

critical role in satellite cell quiescence and activation and in muscle regeneration 

is becoming increasingly appreciated [26–28]. The importance of autophagy for 

cellular homeostasis has been demonstrated using autophagy-deficient satellite 

cells, which resulted in reduced regenerative capacity and satellite cell numbers 

[27]. In addition, satellite cells from geriatric mice showed impaired autophagic 

flux, resulting in loss of quiescence and induction of stem cell senescence [27]. 

Interestingly, rapamycin-treatment – which induces autophagy – restored 

regenerative capacity in both autophagy-impaired as well as in geriatric satellite 

cells, and prevented induction of senescence in the latter [27]. 

Based on these observations we investigated whether dysfunctional 

autophagy in Pompe disease contributes to the failing satellite cell response. We 

found that autophagy was dysregulated in limb muscle of GAA-knockout (GAAKO) 

mice before loss of muscle function was observed. Further inhibition of autophagic 

flux expanded the size of autophagic vacuoles in isolated GAAKO myofibers, 

accelerated myofiber death, and reduced FGF-2-mediated stimulation of satellite 

cell activation to wild type levels. Activation of autophagy improved autophagic 

flux but failed to resolve the autophagic vacuoles. Surprisingly it also restored the 

satellite cell response to wild type levels. Ex vivo FGF-2 treatment or BaCl2-induced 

muscle injury efficiently activated GAAKO satellite cells and mediated muscle 

regeneration in line with in previous results obtained in vivo [20]. The forced 

regenerative response transiently improved the lysosomal phenotype, reduced 

glycogen accumulation, and restored muscle function in vivo in GAAKO mice. 

Taken together, our results suggest that autophagy is dysregulated early during 

Pompe disease progression, which may contribute to the attenuated satellite cell 

response to the progressing muscle damage. However, the level of autophagic 

flux seems to remain sufficient to support forced satellite cell-dependent muscle 

regeneration. The observed improvement of the lysosomal phenotype and muscle 

function in regenerated GAAKO muscle justify further studies aimed at finding 

safe and efficient strategies to stimulate satellite cells activation.



Provoked muscle regeneration transiently rescues the Pompe disease phenotype: the role of autophagy

5

141   

Results
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Figure 1. The onset of muscle wasting in GAAKO mice starts at 15 weeks. (A) Experimental 
layout. (B) Loss of muscle function in GAAKO mice of 15 weeks and older as determined by 
the rotarod assay. Latency (s) of FVB wild-type (WT) (black line/symbols) and GAAKO (red 
line/symbols) mice was plotted (average ± SD). N=3 per genotype per timepoint. 

Previous fi ndings indicated that in GAAKO mice the muscle regenerative 

response to the progressive glycogen accumulation and lysosomal dysfunction 

in adult animals was lost between 11 and 25 weeks of age, which coincided with 

the development of muscle damage [19–21]. To better characterize the onset of 

functional muscle loss, we performed weekly muscle function tests in FVB wild-

type (WT) and GAAKO animals between the age of 11 and 20 weeks (Figure 1A-B). 

Rotarod performance was similar between WT and GAAKO mice up to 14 weeks. 

From 15 weeks and beyond, rotarod performance was sharply reduced in GAAKO 

animals compared to that in age-matched WT mice (latency at 15 weeks of 43,5 

± 19,3 s in GAAKO vs 81,4 ± 21,2 s in WT) (Figure 1B) and remained reduced at an 

average of 50,8% of baseline levels with increasing age. The average rotarod latency 

was 64,95 s in GAAKO animals from 10 to 14 weeks and 33,9 s from 15 to 20 weeks. 

These data indicate that muscle function in GAAKO animals starts to decline at 15 

weeks of age.

We and others found that glycogen accumulation develops early in the 

Pompe disease mouse model, starting already from birth [20,29,30]. It has been 

demonstrated both in Pompe disease patients and mouse model that glycogen 

accumulation affects autophagic function [23,31], but it has not been established 

when during disease progression autophagy becomes defective. To document 

this, we fi rst determined the expression of key autophagy-related enzymes Lamp1, 

Beclin1, P62, and LC3 during the natural course of disease in tibialis anterior (TA)

muscles of WT and GAAKO mice. 
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Figure 2. Autophagy is disrupted in GAAKO muscle before disease onset. (A) Western blot 
analysis of Lamp1, Beclin1, P62, and LC3 in WT and GAAKO tibialis anterior (TA) muscle at 
different ages during disease progression. The lower panel shows a representative image for 
equal protein loading. N=3 animals per genotype/timepoint. (B-E) Quantification of Lamp1 
signal (B), Beclin1 (C), P62 (D) and LC3 (E) signals, as shown in (A).

Western Blot analysis showed that Lamp1 – a lysosomal membrane protein 

as indicator of the size of the lysosomal compartment - was expressed at 2 weeks 
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at elevated levels in WT animals, while at 10, 25 and 40 weeks Lamp1 levels were 

increased in GAAKO TA muscle (Fig 2A-B). 

Beclin1, the mammalian orthologue of yeast Atg6, forms a core complex 

through interaction with other proteins including HMGB1, PINK and others, and 

initiates autophagy [32]. The expression pattern of Beclin1 in TA muscle during 

disease progression was similar to that of Lamp1, with slightly elevated expression 

in WT muscle at 2 weeks, while at 10, 25 and 40 weeks the levels of Beclin1 were 

increased in GAAKO TA muscle compared to that in WT TA, although the differences 

were not statistically signifi cant (Fig. 2A and C). 

P62 or sequestome1 (SQTM1) is a ubiquitin‐binding scaffold protein that targets 

specifi c cargo for degradation through autophagy [33]. P62 itself is degraded 

through autophagy, so that P62 accumulation suggests disturbed autophagic fl ux 

[34]. P62 levels were similar between the genotypes at 2 weeks. In WT muscle P62 

levels decreased and were barely detectable at 25 and 40 weeks. In GAAKO TA 

muscle P62 levels were increased at 10, 25 and 40 weeks compared to those in age-

matched WT counterparts, suggesting P62 was accumulating (Figure 2D). This 

may suggest that autophagic fl ux is decreasing in aging GAAKO. 

To further characterize autophagic fl ux we assessed the levels of LC3. 

Microtubule-associated protein 1A/1B-light chain 3 (LC3-I) is a soluble protein 

that becomes engulfed during autophagy and is integrated in the membrane 

of autophagosomes following lipidation into LC3-II. LC3-II is subsequently 

degraded in the lysosomes [35]. The levels of LC3-II are thought to refl ect increased 

autophagosome formation [34], while a change in the ratio of LC3-I and -II, in 

combination with P62 accumulation, may suggest changes in autophagic fl ux [36]. 

Our results show that the levels of LC3-I and -II were elevated in TA muscles from 

2 weeks WT and GAAKO animals compared to those in the older WT animals. The 

levels of LC3 steadily decreased in WT TA muscle, but remained high in GAAKO 

TA muscle of animals at 10, 25, and 40 weeks. In WT TA muscle both LC3-I and -II 

decreased simultaneously, while in GAAKO muscle the ratio of LC3-I/II increased 

to almost one at 40 weeks TA muscle, which was caused by a relative increase of 

LC3-I with ageing (Figure 2E). In conclusion, autophagic fl ux seems to be reduced 

already in GAAKO TA muscle at 10 weeks, before the onset of functional muscle loss 

at 15 weeks as was determined in Figure 1.
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◀Figure 3. Lysosomal defects in isolated GAAKO myofi bers. (A) Experimental layout. (B) 
Confocal images of isolated WT and GAAKO myofi bers stained with lysotracker. Upper 
panels: bright fi eld confocal images of WT and GAAKO myofi bers. Lower panels: lysotracker 
(in red) confocal images of WT and GAAKO myofi bers. (C) Representative still images from 
spinning disc video fi les of lysotracker-positive particles in isolated myofi bers of WT and 
GAAKO mice. The fi gure depicts confocal still-images with track-overlay. Tracks are colorized 
(white arrow). Spots are detected based on preset maximum spot size (indicated with purple 
circles, see zoom in lower image). The boxed area in the lower upper image is depicted as 
inset representing 4 selected spots. (D) Quantifi cation of the maximum distance travelled 
by the top 23 spots per sample (in pixels). For each genotype at least 2 different fi bers were 
imaged and/or at 2 locations along the length of the fi ber. ****p<0,0001; ns= not signifi cant. 
(E) Dextran (in green) lysosomal localization was determined by co-staining fi bers with 
lysotracker (in red). The picture shows confocal images of WT and GAAKO myofi bers from 
animal at ±25 weeks 72h after isolation. (F) Determination of endosomal pathway activity 
by dextran pulse-chase experiments in isolated myofi bers of WT and GAAKO mice. Dextran 
(in green) signal at indicated time-points after dextran-pulse. (G) Quantifi cation of D. The 
fi gures depict dextran signal in particles with size exceeding size threshold (> 10 pixels). (H) 
Myofi ber exocytosis was determined by measuring the activity of lysosomal B-GAL and HEX 
in the medium. (n= 3 fi bers from at least 2 independent experiments. Enzyme activity is 
expressed relative to activity in medium of WT myofi bers. Enzyme activity was measured as 
nmol/h and normalized from protein content.

To further characterize the lysosomal phenotype and autophagy defect, 

we isolated single myofi bers from 25-35 weeks WT and GAAKO mice, an age at 

which the muscle phenotype in GAAKO mice is well-developed. We fi rst imaged 

the lysosomal compartment by staining isolated myofi bers with lysotracker, a 

fl uorescent agent that accumulates in acidic vesicles such as lysosomes (Figure 3A-

B). GAAKO myofi bers accumulated lysotracker in large vesicles at the fi bers’ central 

core (Figure 3B). In addition, most of the lysotracker signal concentrated to the 

center-core of GAAKO fi bers, in line with previous reports of autophagic debris in 

the center core of myofi bers isolated from GAAKO mice kept on a different (mixed 

Bl6/129Sv) background [37,38]. These data are in line with dramatic expansion of 

the lysosomal compartment [24]. The striated pattern seemed disrupted in regions 

with expanded lysosomal compartment, although short stretches with intact 

striation were still observed (Figure 3B; Supplemental Figure 1). 

Large aggregates containing undegraded storage material have also 

been observed in other lysosomal storage disorders (LSDs), such as neuronal 

ceroid lipofuscinosis type 3 (CLN3) and mucolipidosis type IV (ML-IV) [39]. These 

aggregates were reported to form when lysosomes containing non-degraded 

material became mispositioned and/or changed motility, which eventually affected 

autophagic activity and fl ux [40]. To determine if the motility of lysosomes was also 

affected, we performed live-tracking experiments of lysotracker positive vesicles 

(Figure 3C). Many more lysotracker-positive spots were detected in the GAAKO 

myofi bers compared to those in WT fi bers, in line with expansion of the lysosome 
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compartment. Large vesicle-aggregates in GAAKO myofibers (average spot size 

24, 8 ± 0,78 pixels) moved significantly less within the imaged time-frame, (Figure 

3C and Supplemental Video 1) compared to small lysotracker-positive vesicles 

(average spot size 8.89 ± 1.44 pixels), some of which were located at the periphery 

of GAAKO fibers. Lysosomes are known to move along microtubule tracks [41].  

In skeletal muscle fibers microtubules are arranged along the longitudinal fiber 

axis [42]. Interestingly, the highly motile lysosome-like spots primarily moved 

along the longitudinal axis (Supplemental video 1). The small lysotracker-positive 

vesicles in GAAKO myofibers were also significantly more mobile than lysotracker-

positive vesicles in WT myofibers (average spotsize 7.55 ± 0,19). As the majority 

of the spots were hardly or not moving, the difference in lysosome motility was 

best visualized by plotting the track distances of the most-moving spots for each 

sample (Figure 3C). The lysotracker-positive vesicles in WT myofibers were barely 

visible, although detected by the tracking software. The WT lysosome-like vesicles 

were homogeneous in size and distribution. 

Glycogen is thought to reach the lysosome through autophagy in a process 

called glycophagy [43]. Glycophagy is dependent on adequate functioning of 

the endosomal and autophagic pathways. To characterize the early steps of the 

endosomal pathways we used fluorescently-labelled dextran (AlexaFluor488-

dextran; AF488-dextran) and performed dextran pulse-chase experiments 

(Figure 3A and 3D-F). Dextran is first taken up in cells by mannose receptor-

dependent endocytosis – a pathway with a critical role in myoblast fusion –, 

enters the endosomal pathway, and reaches the lysosome [44,45]. AF488-dextran 

accumulated in isolated myofibers in a dose- and time-dependent manner (data 

not shown). Competition experiments by co-incubation of fibers with AF488-

dextran and increasing concentrations of mannose reduced accumulation 

of dextran, indicating that dextran was endocytosed in a mannose receptor-

dependent manner (Supplemental Figure 2). To establish if dextran reached the 

lysosomes dextran-pulsed fibers were co-stained with lysotracker and imaged. 

AF488-dextran signal partially overlapped with lysotracker, indicating that dextran 

reached acidic vesicles, suggesting these represented lysosomes (Figure 3D). In 

GAAKO fibers some dextran-positive vesicles did not co-stain with lysotracker, 

which could indicate localization outside the lysosome or localization in less acidic 

lysosomes. It is known that peripheral lysosomes have increased pH [46]. 

To determine differential endosomal activity isolated WT and GAAKO 

myofibers were pulsed with AF488-labelled dextran and its distribution across 
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the myofi ber was chased by confocal imaging for 144h. Dextran pulse-chase 

experiments showed that dextran reached the highest concentration in both WT 

and GAAKO myofi bers within 40-60 hr and decreased afterwards, suggesting 

further distribution of dextran (Figure 3E-G). In addition, WT myofi bers showed 

equal distribution of dextran in small vesicles across the fi ber (Supplemental Figure 

3), in a pattern reminiscent of lysotracker stained myofi bers (Fig. 3B). GAAKO fi bers 

initially accumulated dextran in both small and large vesicles, while at later time 

points dextran was primarily detected in larger vesicles, which suggests reduced 

autophagic fl ux in larger vesicles (Figure 3E-G). 

Apart from its role in degrading cellular waste material the endosomal and 

autophagic pathways play a role in extracellular release pathways [47,48]. Waste 

material reaching the lysosome is either degraded by lysosomal hydrolases or 

processed for excretion through exocytosis. To determine if the excretory function 

of the lysosome was still functional in GAAKO myofi bers, we determined the 

exocytosis of lysosomal enzymes β-galactosidase (B-GAL) and hexaminidase 

(HEX). Figure 3H shows that exocytosis of these enzymes was signifi cantly reduced, 

indicating that autophagic fl ux is blocked and the last step of the autophagic 

pathway compromised in GAAKO fi bers. 

These fi ndings show that mannose receptor-mediated endocytosis and 

intracellular routing to the lysosomes are still functional in GAAKO myofi bers, but 

that extracellular release pathway (i.e. routing out) seem to be compromised.
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Figure 4. Modulation of autophagy does not contribute to clearance of autophagic 
buildup. (A) Effect of modulation of autophagic activity on myofi ber structure and viability. 
Brightfi eld confocal images from fi bers exposed to chloroquine or rapamycin for 24h 
(left panels) or 72h (right panels). (B) Quantifi cation of fi ber survival after 24h and 72h of 
treatment. Intact fi bers were counted and plotted as the percentage of total fi bers plated 
and treated. N=1-5. (C) Upper panel: Western blot analysis of LC3 in chloroquine- and 
rapamycin-treated GAAKO myofi bers. Lower panel: image for equal protein loading. (D) 
Quantifi cation of LC3 I/II ratio. N=1.

We asked if the disturbed autophagic fl ux in GAA-defi cient myofi bers described 

here and reported by others [23,31] could have contributed to the failing satellite 

cell response that we described previously [20,21]. To explore this, we modulated 

autophagic activity in isolated myofi bers and assessed the effects on satellite 

cell activation using a recently described ex vivo assay [49]. We either blocked or 

activated autophagy using chloroquine or rapamycin, respectively (Figure 4A). 

Chloroquine, which inhibits autophagy by increasing the pH of lysosomes, induced 

the formation of higher number and larger vacuole-like vesicles in GAAKO myofi bers 

within the fi rst 24h of treatment (Figure 4A-B), and caused a dose-dependent loss 

of fi ber viability (Figure 4C). Chloroquine-treated fi bers showed reduced lysotracker 
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signal, in line with neutralization of lysosomal pH (Supplemental Figure. 4) [50]. At 5 

µM, chloroquine treatment decreased the LC3-I/II ratio, indicating that phagosome 

formation was further inhibited by treatment [51]. This also seems to indicate that 

isolated GAAKO myofi bers displayed a residual level of autophagic fl ux that was 

reduced further by chloroquine treatment. At higher concentrations chloroquine 

was toxic and fi bers hypercontracted rapidly after exposure (Figure 4D). 

Rapamycin, a well-established inducer of autophagy through inhibition 

of mTOR, showed a decrease in both LC3-I and II levels consistent with active 

autophagy. (Figure 4D) [52]. Rapamycin-treatment did not reduce or remove the 

autophagic buildup observed in the fi ber center core (Supplemental Figure 4) or 

increase fi ber survival (Figure 4B). These data suggest that autophagic build up 

could be aggravated by inhibiting autophagy, but that once formed, it could not 

be removed following stimulation of autophagy.

To investigate the effect of modulating autophagic activity on the satellite 

cell response, we assessed satellite cell activation. First, we determined if the assay 

refl ected the differential satellite cell response observed in vivo (GAAKO satellite 

cells did not respond to disease-induced damage, while they rapidly responded 

to acute injury induced experimentally) (Figure 5A) [20]. To test this, we cultured 

WT and GAAKO-myofi bers under satellite cell activation- limiting conditions by 

culturing myofi bers with basal medium (BM), which was defi ned previously [49]. 

The formation of fi ber-derived cells was used as a parameter to measure satellite 

cell activation. Under BM conditions, fi ber-derived cell formation was limited, 

without differences between FVB and GAAKO myofi ber cultures (Figure 5B). To 

mimic satellite cell activation, myofi bers were treated with FGF-2, a potent satellite 

cell mitogenic ligand both in vitro and in vivo [53]. Exposing the isolated fi bers to 

FGF-2 for 72h resulted in a robust response in GAAKO fi ber cultures compared to 

GAAKO under BM conditions, as well as compared to FVB fi ber cultures exposed 

to FGF2 (Figure 5B), reminiscent of the rapid increase in KI67-positive satellite cells 

in vivo after induction of acute muscle injury [20]. The formation of fi ber-derived 

cells from FGF-2 stimulated WT myofi bers was more modest (Figure 5B), also in 

line with the reduced increase in KI67-positive satellite cells during injury-induced 

muscle regeneration in vivo [20]. We characterized the profi le of expanding 

fi ber-derived cells by staining with Pax7 and Ki67 (Figure 5C). 67% of cells were 

proliferative (KI67-positive) Pax7 cells, 25% were Ki67-negative Pax7 cells, while 3 % 

and 5% were negative for PAX7-only or for both markers (Figure 5C). This showed 

that the satellite cell response in GAAKO muscle could be assessed in vitro and was 

in agreement with the results obtained in vivo. 
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◀Figure 5. Ex vivo modulation of autophagy does not restore satellite cell activation. (A) 
Experimental layout. (B) Ex vivo satellite cell activation response to FGF-2 exposure. Isolated 
WT and GAAKO myofi bers were maintained under basal activation conditions (basal 
medium, BM) with and without FGF-2. Satellite cell-derived colonies were plotted. N=2-4. * 
p<0.05. (C) Left panels: immunostaining of fi ber-derived cells for PAX7 (red) and KI67 (green) 
72h after fi ber isolation and culture; nuclei counterstained with Hoechst (blue). Right graph: 
quantifi cation of left panels. N>3 fi bers/condition. (D) Quantifi cation of the number of fi ber 
derived cells after exposure of GAAKO myofi bers to chloroquine or rapamycin for 72h. Data 
was not signifi cantly different by Kruskal-Wallis test and after correction for multiple testing. 
(E) Upper panels: immunostaining of fi ber-derived cells for PAX7 (green) and MYOD (red) 72h 
after fi ber isolation and culture; nuclei counterstained with Hoechst (blue). Lower panels: 
quantifi cation. 

 We then used chloroquine and rapamycin to modulate autophagic activity 

and assessed the effect on the size of fi ber-derived mononuclear cell colonies. 

Inhibiting autophagic fl ux by treating fi bers with a low dose of chloroquine (5 µM) 

– that was found to increase the LC3-II/I ratio but not affect fi ber survival – reduced 

the numbers of colonies – (Figure 5D). This result suggested that a minimum level 

of autophagic fl ux was required for satellite cell activation and expansion in GAAKO 

fi bers. A higher dose of chloroquine (20 µM) induced excessive formation of vacuoles 

and rapid myofi ber death (Figure 5D and data not shown). The reduced formation 

of fi ber-derived cells after treatment with 20 µM chloroquine (p=0.071) may be due 

to chloroquine toxicity. Treating fi bers with the mTor-inhibitor rapamycin – which 

improved LC3 processing but did not remove the autophagic buildup in the center 

core – also reduced the colony-size of fi ber-derived cells to levels similar to those 

obtained in in WT fi bers (compare Fig 5D and 5B). We hypothesize that satellite cell 

activation is critically affected by a tight window of autophagic fl ux, and that this 

process is independent of the autophagic built up observed in GAAKO fi bers. 

We then assessed the myogenic state of fi ber-derived cells by co-staining for 

PAX7 and MYOD. The myogenic profi le of fi ber-derived cells from WT or GAAKO 

donors was similar (Figure 5E). Treatment with chloroquine or rapamycin did not 

change the myogenic profi le (i.e. percentages of cells expressing PAX7 and/or 

MYOD did not change) of fi ber-derived cells, suggesting that the myogenic profi le 

of fi ber-derived cells is independent of these treatments (Figure 5E).
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◀Figure 6. Inducing satellite cell-dependent regeneration through muscle injury 
improved lysosomal phenotype and muscle function. (A) Schematic layout of the 
experiment. (B) Immunostaining in cryosections of regenerated tibialis anterior (TA) muscle 
for Lamp1 (green) at the indicated time points after induction of injury. Laminin (red) 
indicates fi ber perimeter, nuclei were counterstained with Hoechst (blue). (C) Quantifi cation 
of B. Bars depict the average number of Lamp1-positive spots per myofi ber plotted as 
average ± SD. N=3 per genotype. (D) Glycogen levels during muscle regeneration. Glycogen 
levels were determined at indicated timepoints after inducing injury and plotted as average 
± SD. N=3 per genotype. (E) Effect of injury-induced muscle regeneration on muscle function 
determined by rotarod assay. The fi gure depicts the latency plotted as average ± SD. The 
green dotted line depicts the average latency of non-injured WT animals. The red dotted 
line depicts the average latency of non-injured GAAKO animals. N≥3 per genotype and time 
point.

The effect of modulating autophagy on the satellite cell response in vitro was 

not conclusive. We proceeded to test if direct satellite cell activation would “overrule” 

the autophagic block and reverse lysosomal pathology. To this end, we designed a 

muscle-injury experiment to induce traumatic muscle injury by injecting BaCl2 – an 

approach that induces massive myofi ber degeneration while effi ciently activates 

satellite cells – (Figure 6A) [54]. We analyzed the lysosomal phenotype by assessing 

the number of LAMP1-positive vesicles during the regenerative phase (i.e. in the 

fi rst 30 days after inducing injury) and after regeneration (from day 30 after injury) 

(Figure 6B). These data showed a decrease of LAMP1-positive lysosomes during 

the regenerative phase, indicating improvement of the lysosomal phenotype. After 

completion of regeneration, the number of LAMP1-positive spots progressively 

increased until returning to similar levels from uninjured muscle, indicating the 

improvement of the lysosomal phenotype was transient (Figure 6C). Similarly, 

muscle glycogen levels fi rst decreased up to 30 days after injury, and progressively 

returned to pre-injury levels between day 30 and 100 after injury (Figure 6D). 

Together, these fi ndings suggest a transient improvement of the disease 

phenotype, with a decreased lysosomal compartment and reduced glycogen 

levels. 

Finally, we assessed if the phenotypic improvement also translated to a 

functional muscle improvement. In parallel with the histological data, muscle 

function in GAAKO mice fi rst improved to WT levels up to 40-50 days after injury. 

Similarly, as the morphological parameters, it decreased towards preinjury levels 

from 50 days after injury onwards (Figure 6E). Taken together, these data indicate 

that a single induction of muscle regeneration through acute injury transiently 

improved the Pompe phenotype in GAAKO mice, both at the morphological and 

functional level, for a period of 40-60 days.
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Discussion
During Pompe disease progression satellite cells fail to activate and regenerate the 

progressive muscle damage. We have shown previously that GAA-deficient satellite 

cells are fully functional and capable of completing muscle repair, suggesting that 

the regenerative defect may be originated from the lack of signals from the satellite 

cell environment or from active inhibition [20]. Our data show that the autophagic 

flux becomes reduced- but not completely blocked- before the onset of functional 

muscle loss. Further Inhibition of autophagy in isolated myofibers blocked satellite 

cell activation and accelerated the myofiber pathology with rapidly expanding 

vesicles and rapid fiber death suggesting that a minimal level of autophagic flux 

in GAAKO muscle is needed to support an efficient satellite cell response. Our 

data with FGF-2-stimulated myofibers in vitro and muscle injury in vivo suggest 

that during Pompe disease progression the residual autophagic flux is sufficient 

for robust for satellite cell activation. Forcing muscle regeneration improved the 

lysosomal phenotype, decreased glycogen accumulation, and restored muscle 

function to that of WT counterparts. These data underscore the potential benefit 

of muscle regenerative therapies for patients with Pompe disease. 

Autophagy is dysregulated before onset of muscle 
wasting 
We observed increased levels of Lamp1, Beclin1 and LC3 in TA muscle at 2 weeks 

compared to the levels of these proteins in TA muscle of older WT animals. 

Moreover, the low levels of p62 suggest that autophagy is active in both WT 

and GAAKO neonatal TA muscle, in line with an important role for autophagy in 

neonatal myogenesis [55]. However, the situation changed with increasing age, as 

the expression of these autophagy-related proteins was reduced in WT TA muscle, 

while in GAAKO muscle their levels increased or remained high. LC3-I and BECLIN1 

levels were increased already at 10 weeks in GAAKO mice, suggesting increased 

autophagic activity, while elevated levels of LAMP1 indicate increased lysosome 

biogenesis [25,56,57]. However, the accumulation of p62 – which is degraded 

in the lysosome – is indicative of reduced autophagic flux, in line with previous 

observations [23,31]. The increase in LC3-I/II ratio suggests that lipidation of LC3 was 

reduced resulting in a relative increase in LC3-I levels. These changes were already 

observed in animals of 10 weeks of age, 5 weeks before we could detect an effect 

on muscle performance (see Figure 1). 
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Chloroquine treatment of myofi bers isolated from ±30week GAAKO animals 

further reduced autophagic fl ux � as indicated by the increase in LC3-II – and 

expanded the size of autophagic vacuoles with profound effects on myofi ber 

survival and satellite cell activation. This indicated that the autophagic fl ux 

– at least based on the isolated myofi ber model – was not completely blocked, 

even in mice that already developed a disease phenotype. The limitation of our 

approach includes the use of one agent to inhibit autophagy. The use of models 

with (inducible) genetic inactivation of key autophagy genes, such as Atg5 or Atg7, 

would help in further exploring the role of autophagy in satellite cell activation in 

Pompe disease.

Increasing autophagy with the mTor inhibitor rapamycin improved 

autophagic fl ux (visualized by increased processing of LC3), although it failed 

to resolve the autophagic vacuoles under the conditions tested. In Niemann-

Pick disease decreasing disease-specifi c lysosomal cholesterol-load resolved the 

accumulation of the autophagic vacuoles and improved survival of NPC1-/- cells [58]. 

A similar strategy for Pompe disease – using ERT treatment to decrease lysosomal 

glycogen accumulation – failed to reduce vacuoles and autophagic buildup [31]. 

Therefore, strategies that reverse autophagic buildup may be insuffi cient to restore 

regenerative activity in GAA-defi cient muscle, although additional strategies 

should be explored. 

Chronic and repeated mTor inhibition studies resulted in stem cell depletion, 

also in skeletal muscle; providing a possible explanation for the lack of effect of 

rapamycin treatment in the experiments conducted in our study [59]. Considering 

the importance of mTor signaling for muscle regeneration, strategies aimed 

to reverse autophagic buildup might need to be mTor-independent to avoid 

undesired interference with the regenerative process [60]. A good candidate for 

mTor-independent activation of autophagy is AMPK. Pharmacological stimulation 

of AMPK using AICAR was found to increase muscle regeneration as an exercise 

mimetic, as well as in a myopathy mouse model [61,62]. 

Satellite cell activation requires a minimal level of 
autophagic fl ux
The early occurrence of autophagy defects observed already in myofi bers from 

10-week-GAAKO mice, weeks before we detected reduced satellite cell activation 

[20,21] and loss of muscle function (Figure 1), raised the question whether reduced 
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autophagic flux and buildup of autophagic vacuoles contribute to the failing 

regenerative response. Satellite cell activation is dependent on signals from the 

niche as well as on paracrine signals derived from the associated myofiber [63–65]. 

The latter implies properly functioning endosomal pathways [66] that allow release 

of matrix remodeling enzymes such as MMP-2 and MMP-9, that mediate release 

of ligands that are embedded in the satellite cell niche [53,67]. Our data suggest 

that the inward endosome trafficking – i.e. uptake of extracellular material into the 

lysosome – is functional in GAAKO myofibers. However, our data suggests reduced 

excretion of lysosomal content – i.e. reduced outward signaling – that may affect 

the release of satellite cell activating signals. With respect to reduced autophagic 

flux, the increased motility of small-sized lysosomes in GAAKO myofibers that we 

observed was unexpected, and may be regulated by dysregulated Ca2+ homeostasis 

reported for Pompe disease muscle [68]. Lysosome motility has been suggested to 

be regulated by intracellular Ca2+ levels [69]. 

Not only are functioning autophagic pathways in the fiber important, but also 

those in the satellite cells. Autophagy was found to be upregulated by satellite cells 

to supply the bioenergetic demands for satellite cell activation [26]. Although we 

did not assess autophagic activity and flux in satellite cells, the robust response 

after FGF-2-stimulation ex vivo (Figure 5B) or following injury [20,21] suggest that 

autophagic flux remained sufficient to mediate satellite cell activation, even after 

the onset of muscle wasting.  

Improving the lysosomal phenotype and the autophagy 
defect by inducing muscle regeneration 
We demonstrated that stimulating satellite cell activation directly in vivo through 

induction of muscle injury improved the lysosomal phenotype and muscle 

regeneration. Moreover, in vitro we found that treatment of isolated myofibers 

with satellite cell ligand FGF-2 overruled the autophagic defect and stimulated 

satellite cell proliferation. This could indicate that satellite cells depend on either 

signaling from the damaged niche or from the associated fiber, as discussed 

above, to become fully activated. In contrast to dystrophic muscle, myofiber 

integrity is not affected in Pompe disease, and the pathology in develops mainly 

inside myofibers by the expansion of glycogen-filled vacuoles [24,70,71]. Analysis 

of Evans blue staining during disease progression in GAAKO animals revealed no 

increase in sarcolemmal damage (data not shown). Thus, probably the satellite cell 
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niche remains intact during disease progression. As discussed above, autophagic 

defects inside myofi bers prevent myofi ber-induced satellite cell activation, 

explaining the lack of satellite cell activation during Pompe disease progression. 

Our fi ndings suggest that exogenous signals are needed (and may be suffi cient) to 

induce satellite cell activation and muscle regeneration. Once induced beyond the 

“autophagic block” activated satellite cells are effective in regenerating damage 

in the context of Pompe disease. From a clinical perspective this may be achieved 

through pharmacological approaches (by activation satellite cells using mitogens) 

or by developing exercise programs that are safe for patients with neuromuscular 

disorders aimed to enhance satellite cell activation [72,73]. A past study showed 

that the widely described positive effects of exercise on satellite cell activation and 

muscle regeneration may also be achieved by pharmacological strategies (using 

exercise mimetics) by targeting AMPK signaling [61]. 

Overruling the blocked satellite cell response by inducing muscle regeneration 

directly improved the lysosomal phenotype and muscle function, although 

the benefi cial effect was only transient. Therefore, a satellite cell-dependent 

regenerative therapy is only clinically relevant for the longer term when combined 

with current ERT or future therapies that are aimed at correcting the genetic 

defect, such as gene therapy, that are in development for Pompe disease. 

In this report we have shown that autophagic defects are correlated to the 

regenerative defects that prevent repair of the progressive disease-mediated 

damage. Our data show that the satellite cell response may be restored by signals 

that do not depend on autophagic pathways but that activate satellite cells directly. 

The benefi cial effects of the resulting regenerative response warrant further study 

to fi nd approaches that can target the satellite cell compartment in a safe and 

effi cient manner. 

Material and methods
Mice and animal procedures
In vivo studies were performed in 10-30-week-old wild-type FVB/N (FVB) (Envigo, 

the Netherlands) and GAAKO (in the FVB/N background; generated in-house 

[29]) mice. Mice were housed at the Erasmus MC Animal Facility according to 

institutionally approved protocols. Through all experiments, mice were housed 

under a light-dark cycle of 12 hours and with access to food and water ad libitum. 

Muscle regeneration was induced by i.m. injection of 50 µl 1.2% w/v BaCl2
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(Sigma-Aldrich) into tibialis anterior (TA) muscles. Mice were pre-anesthetized with 

4% isofluorane with a vaporizer (Pharmachemie B.V., Haarlem, Netherlands). Mice 

were sacrificed by cervical dislocation according to institutional regulations. TA 

muscle tissue was obtained from WT and Gaa-/- mice at the specified time points. 

Motor muscle tasks were performed with the accelerating rotarod (from 4 to 

40 rpm in 5 minutes; model 7650, Ugo Basile Biologic Research apparatus). Mice 

were given 2 trials of 3 runs per time-point with a 15-minute break. Time to fall was 

recorded as measure of performance. 

All animal experiments were approved by the local Animal Experiments 

Committee (DEC) and national Central Committee for Animal Experiments (CCD), 

animal experiment authorities in compliance with the European Community 

Council Directive guidelines (EU directive 86/609), regarding the protection of 

animals used for experimental purposes. All procedures with the animals were 

performed with the aim of ensuring that discomfort, distress, pain, and injury 

would be minimal.

Western Blot analysis
TA muscle resected from WT and GAAKO animals sacrificed at indicated age 

was snap-frozen in liquid nitrogen. Frozen tissue was homogenized using a 

tissue sonicator [brand] in precooled RIPA buffer (50 mM TrisHCl pH 7.4, 150 mM 

NaCl, 2 mM EDTA, 1% Triton X-100) supplemented with a phosphatase inhibitor 

cocktail (10 mM NaF, 60 mM β-glycerolphosphate, 2 mM Na-orthovanadate) and 

cOmpleteTM protease inhibitor cocktail (Sigma-Aldrich). Total protein concentration 

was determined using PierceTM BCA Protein Assay Kit according to manufacturer’s 

instructions (Thermo Scientific, Rockford IL, USA). 

Samples were electrophoreses and blotted to nitrocellulose membranes as 

described before [74]. Membranes were developed with specific antibodies against 

LC3 (Sigma), Lamp1 (Abcam), P62 (Santa Cruz) and Beclin1 Membranes were read 

on an Odyssey reader (Li-Cor). 

Myofiber analysis and in vitro satellite cell activation
Individual myofibers were isolated from 20-30-week WT and GAAKO mice as 

recently outlined [49]. Isolated myofibers were cultured in basal medium (DMEM 

supplemented with penicillin-streptomycin (50 U/ml), 5% horse serum (v/v; Lonza), 

5% FCS (v/v, Lonza), chicken embryo extract (US Biologicals; 1 mg/ml) or activation 
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medium (Hams F10 (Lonza) supplemented with penicillin-streptomycin (50 U/ml), 

20% FCS (v/v, Lonza) and FGF-2 (20 ng/ml, PeproTech). For confocal imaging single 

fi bers were plated in 96-well optical bottom plates (Thermo Scientifi c). For analysis 

of in vitro satellite cell activation, single fi bers were plated on ECM-coated (50 µg/

ml Sigma) 96-well plates (Gibco) and treated as indicated. Fibers and fi ber-derived 

cells were fi xed with 4% (w/v) paraformaldehyde and stained as indicated in the 

fi gures. Fiber-derived cells were counted using Fiji software. 

Imaging experiments
For lysotracker staining myofi bers were treated as described and exposed to 70 

nM lysotracker (Lysotracker-Red; Molecular Probes) for 15 min at 37 C and then 

fi xed in 4% (w/v) paraformaldehyde. Lysotracker-staining was imaged on a Leica 

SP5 confocal laser scanning microscope or by wide-fi eld microscopy. Dynamic 

imaging of lysotracker-positive vesicles was performed by superresolution imaging 

using a spinning disc confocal microscope (Leica SD AF). For dextran pulse-chase 

experiments myofi bers were exposed to 0.5 mg/mL AF488-dextran for 1h or 3h. 

After wash-out of dextran myofi bers were cultured in proliferation medium and 

imaged at indicated timepoints on a Zeiss LSM 510 Meta confocal microscope 

equipped with a climate chamber supporting 37C and 5% CO2. 

Immunostaining analyses
In vitro cultured myofi bers were fi xed in 4% paraformaldehyde (PFA) and 

permeabilized with 0.5% Triton X-100%; 3% BSA in PBS for 30 minutes at room 

temperature (RT). Blocking was performed using 20% horse serum (Lonza) 

for 1 hour at RT. Antibodies were diluted in 0.1% BSA; 0.1% Tween 20 in PBS and 

incubated for 30 minutes at RT. Nuclei were counter-stained with Hoechst 33258 

(H3569; Life Technologies; 1:15000) for 10 minutes at RT in the dark. Stained samples 

were imaged on a Nikon Eclipse Ti-E Wide Field inverted microscope (Nikon 

Instruments Europe B.V. Amsterdam, Netherlands). Images were analyzed using 

Adobe Photoshops CS6 and FIJI (fi ji.sc/Fiji).

Immunostaining in murine muscle sections
Immunostainings on mouse muscle tissue was performed as described previously 

[20]. In short, fresh sections were cut, immediately fi xed in 4% EM-grade PFA 

(Electron Microscopy Sciences, Hatfi eld, PA) at RT for 5 minutes. Tissue sections 
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were permeabilized using 0.5% Triton X-100 in 20% goat serum 3% BSA in PBS for 

1 hour at RT. Primary antibodies were diluted in the permeabilization/blocking 

solution and incubated at RT for 2 hours. Sections were washed with 0.1% Tween20 

in PBS and secondary antibodies incubated in permeabilization/blocking solution 

for 1h at RT. Nuclei were counterstained with Hoechst. The slides were then 

mounted using Mowiol® (475904; Calbiochem) mounting solution and imaged on 

a Zeiss LSM700 microscope (Carl Zeiss B. V. Sliedrecht, The Netherlands) using tile-

scan modality with a 20x objective lens using Zen 2009 imaging software (Carl 

Zeiss B. V.). The respective fields were digitally stitched to obtain whole-section 

images. Image analysis and processing was performed using FIJI (fiji.sc/Fiji) and 

Adobe Photoshop CS6.

Enzymatic assays
All tissues were homogenized in water by sonication (MSE sonifier) on ice until 

completely lysed (medium level, amplitude 5 m). Glycogen content was determined 

as described [75] The resulting glucose was measured after conversion by glucose-

oxidase and reaction with 2,2-azino-di-(ethyl-benzthiazolinsulfonate). 

Statistical Analysis
Data are expressed as means ± SD. For all experiments normality of data was 

estimated based on calculated residuals. Normally distributed data from two 

independent groups was tested using two-sided t-tests. Normally distributed data 

for experiments with three or more independent groups was tested with one-

way ANOVA followed by post-hoc Tukey or Games-Howell correction for multiple 

tests (depending on homogeneity of variance). Non-normally distributed data for 

experiments with three or more independent groups was tested with Kruskal-

Wallis test. p-values were adjusted by the Bonferroni correction for multiple tests. 

A p-value of less than 0.05 was considered significant. Data was analyzed using 

IBM SPSS Statistics (version 26). Plots were generated in Graphpad prism (v9) or in 

Publishplot 9.
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Abstract
Loss of regenerative capacity during ex vivo expansion of muscle stem cells 

hampers the development of cell-based therapies for skeletal muscle disorders. 

During myogenic differentiation in vitro, reserve cells are formed that remain as 

mononuclear cells. However, their in vivo properties remain poorly understood. 

Here, we developed a method to isolate regenerative reserve cell fractions from 

expanded murine primary myoblasts using differential adhesion and sequential 

cycles of proliferation and myogenic differentiation. Fast-adhering reserve cells 

(FRCs) were enriched for cells expressing myogenin and contributed efficiently 

to muscle regeneration following transplantation to immunodeficient hosts. 

Slow-adhering reserve cells (SRCs) generated higher number of PAX7+ cells 

under differentiating conditions and predominantly regenerated muscle after a 

secondary injury, suggesting engraftment as muscle stem cells. Transcriptome 

analysis revealed that FRCs were enriched for myogenic differentiation genes, while 

SRCs showed increased expression of genes involved in cell migration and growth 

factor binding and decreased expression of genes involved in cell adhesion and 

cAMP phosphodiesterases. These results show that reserve cells display enhanced 

muscle regenerative capacity in vivo and provide insight in the molecular pathways 

involved.
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Introduction
More than 1000 conditions affecting skeletal muscle have been described, while 

only few therapies exist [1]. Currently, the available treatments are expensive, often 

not curative, and require life-long medication. The highly effi cient regenerative 

capacity of healthy skeletal muscle mediated by stem cells has urged researchers 

to investigate the development of cell-based therapies to treat muscle disorders 

[2]. Initial trials using muscle progenitors (myoblast transfer therapy) largely failed 

due to immunogenic responses, the lack of functional improvement associated 

with poor survival and negligible migration of transplanted cells, and low 

engraftment effi ciency [3–10]. More recent studies in mouse models suggested 

that freshly isolated satellite cells – muscle-resident stem cells located under the 

basal lamina [11,12] – are a better source for transplantation than myoblasts due 

to satellite cells’ greater capacity for self-renewal. Importantly, satellite cells allow 

for the replenishment of the stem cell pool to ensure continuous contribution to 

successive rounds of regeneration [13,14,15].

The success of clinically-proven stem cell therapies, including bone marrow 

transplantation and the use of ex vivo expanded limbal stem cells in the treatment 

of corneal burns highlights the importance of including self-renewing stem cells 

among the grafted cells [16,17]. However, satellite cells are rare, accounting only for 

2-4 % of all myonuclei. Consequently, extensive expansion of muscle stem cells is 

required to obtain clinically-relevant numbers for therapy. Unfortunately, ex vivo

expansion of satellite cells was found to induce rapid loss of regenerative potential 

presenting a major challenge in the development of cell-based therapies [15,18].

A novel perspective was offered by an observation from previous in vitro 

studies using muscle cultures, which showed that under differentiating conditions 

a population of cells, termed reserve cells, escape from differentiation, self-renew, 

and express features of stem cells. [19–22]. As such, reserve cells can be defi ned 

as the progeny of satellite cells that escape differentiation and express stem cell-

like features. The formation of muscle reserve stem cells has been identifi ed in 

cultures from different species including chick, mouse and human [19,23,24] as well 

as in studies using isolated myofi bers [25–28]. Reserve cells are characterized by 

increased expression of PAX7, decreased MYOD levels, and slow proliferation rates 

in vitro; properties that resemble those of muscle stem cells [29,30]. Despite reports 

on the in vitro characterization of reserve cells, limited information is available on 

their in vivo properties. Recently, Laumonier and colleagues transplanted the total 
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reserve cell population from human muscle cultures and found higher contribution 

to muscle regeneration, compared with transplantation of human myoblasts 

[24], suggesting that human reserve cells could possess enhanced regenerative 

properties in vivo. 

Stem cell populations, including satellite cells are highly heterogenous [31–

33]. Previous studies showed that a subpopulation of satellite cells with increased 

levels of PAX7 displayed enhanced self-renewal potential in vivo [34]. Here, we 

developed a method to enrich for subpopulations of murine reserve cells based 

on their differential adhesive properties. Analysis of in vivo muscle regenerative 

capacity revealed the identification of reserve cells fractions that either contributed 

primarily to direct muscle differentiation and/or to the muscle stem cell population. 

Genome-wide mRNA expression analysis identified cAMP signaling, cell adhesion, 

and growth factor binding to be associated with enhanced engraftment of 

fractionated reserve cells as muscle stem cells. These results demonstrate that the 

regenerative properties of myoblasts can be enhanced by reserve cell generation 

combined with fractionation, and provide insight in the underlying transcriptional 

mechanisms. 

Material and methods
Establishment of pure myogenic lines
Primary myoblasts were generated from 20 weeks-old adult wild type (WT) FVB/N 

or C57/BL6 mice using the pre-plating technique, reported elsewhere [35–37]. 

Myoblasts at passage 32 were used as parental populations to generate reserve 

cells. 

Cell culture
Myoblasts were cultured on dishes coated with 40 µg/ml extracellular matrix 

(ECM) in proliferation medium (GM) (Ham's F10, 20% fetal calf serum (FCS), 100 U/

ml penicillin/streptomycin (PS), and 20 ng/ml fibroblast growth factor 2 (FGF2)). For 

differentiation, confluent cultures were switched to differentiation medium (DM) 

(Dulbecco’s Modified Eagle Medium (DMEM); 2% horse serum (HS) and 100 U/ml PS). 
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Reserve cell isolation protocol
Myoblasts were grown to confl uency and differentiated for 5 days. Cells were 

trypsinized, strained through a 40 µm pore-sized fi lter, and resuspended through 

a 21G needle. Filtered cells were plated on an ECM-coated culture dish in GM. After 

one hour the non-attached cells were transferred onto a second ECM-coated dish 

and allowed to adhere during three hours. The adhered fraction was annotated 

as fast-adhering reserve cells; FRCs).  The non-adherent cells from the second 

dish were transferred to a third ECM-coated dish and the attached cells on the 

second dish were discarded. After incubation of the third dish overnight (16h), 

non-attached cell-containing medium was discarded, and the attached cells 

continued in culture, annotated as slow-adhering reserve cells (SRCs). FRCs and 

SRCs were cultured in GM and were passed twice after isolation before their use 

for experiments.

Mice and animal procedures
All animal experiments were approved by the local (Animal Experiments Committee 

(DEC)) and national (Central Committee for Animal Experiments (CCD)) animal 

experiment authorities in compliance with the European Community Council 

Directive guidelines (EU directive 86/609), regarding the protection of animals 

used for experimental purposes. 2-6 months old NOD.CB17-PrkdcSCID/NcrCrl mice 

(NOD-SCID) (Charles River Laboratory) were used as hosts for transplantation 

experiments. Mice were housed at the Erasmus MC Animal Facility under a light-

dark cycle of 12 hours and with access to food and water ad libitum. 

Transplantation of reserve cells
One day prior to cell transplantation tibialis anterior (TA) muscles of recipient NOD-

SCID mice were preinjured by intramuscular injection of 50 µl 1.2% w/v BaCl2 (Sigma-

Aldrich). The next day 20000 cells were suspended in 20 µl PBS supplemented with 

10% mouse serum (NOD-SCID derived) and injected directly into the preinjured 

TA muscles of host mice.  Mice were anesthesized with isofl uorane before each 

procedure and sacrifi ced by cervical dislocation during daytime 3 or 6 weeks after 

transplantation
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Analysis of transplanted muscles
Transplanted TA muscles and quadriceps femoris (QF) (non-transplanted) 

were dissected and processed for cryosectioning as described previously [38].  

Cryosectioned material not used for image analysis was processed for Western 

Blot analysis. 

Immunostaining analyses
Cells were fixed in 4% PFA and permeabilized with 0.5% (v/v) Triton X-100%; 3% BSA 

in PBS for 30 minutes at room temperature (RT). Blocking using 20% horse serum 

(Lonza) for 1 hour at RT. Antibodies were diluted in 0.1% BSA; 0.1% Tween 20 in PBS 

and incubated for 30 minutes at RT. Nuclei were counter-stained with Hoechst 

33258 (H3569; Life Technologies). Immunostainings on mouse muscle tissue was 

performed as described previously [39]. 

Image acquisition and analysis
Engraftment efficiency was determined by imaging GFP directly in sections 

of (unstained) transplanted muscles. Samples were imaged on a Zeiss LSM700 

microscope (Carl Zeiss B. V. Sliedrecht, The Netherlands) using Zen 2009 imaging 

software (Carl Zeiss B. V.). Image analysis and processing was performed using FIJI 

(fiji.sc/Fiji) and Adobe Photoshop CS6. Percentage of engraftment was calculated 

as the area occupied by GFP+ fibers relative to the total area of each muscle section.

Protein isolation and Western Blot analysis
Muscle transversal sections were homogenized using a tissue homogenizer and 

lysed in RIPA. Cell and tissue lysates were processed for Western Blot as described 

previously [39]. 

RNA Isolation and RNA-Seq
RNA was extracted using the RNeasy minikit with DNase treatment (QIAGEN). 

RNA-Seq libraries were prepared according to the Illumina TruSeq stranded mRNA 

protocol (www.illumina.com). Sequencing-by-synthesis was performed using the 

HiSeq 2500 with a single read 50-cycle protocol. Sequences were mapped against 

the GRCm38 mouse reference using HiSat2 (version 2.1.0) [40]. Gene expression 
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values were called using htseq-count (version 0.9.1) [41] and Ensembl release 91 

gene and transcript annotation. Normalization and expression value generation 

was done using DESeq2 (rlog). Visualization and analyses of RNA-Seq data and GO 

analysis were performed using R2: Genomics Analysis and Visualization Platform 

(http://r2.amc.nl). 

Accession numbers
RNA-Seq fastq fi les are accessible at GEO under GEO accession GSE161075.

RT-qPCR
cDNA was generated using the iScript cDNA synthesis kit (Bio-Rad) using 600 

ng of input per reaction. Amplifi cation was performed using iTaq universal SYBR 

Green Supermix (Bio-Rad) with a CFX96 RT-system (Bio-Rad). RT-qPCR data were 

normalized to Rps18 and Ppia. Intron-spanning primers were used to avoid gDNA 

amplifi cation. PCR primers are listed in Supplementary Table 2.

Gene ontology analyses
The differentially up- and down-regulated genes (DEGs) (≥1.5 fold-change; FDR 

≤0.05) were analyzed separately for gene ontology (GO) enrichment using the web-

tool PANTHER [42]. Statistical overrepresentation tests for PANTHER GO-Slim or 

GO Complete categories were performed. A cutoff of ≥5 input genes was used. 

Statistical Analysis
Data are expressed as means  ± SE. Statistical tests were performed with two-sided 

t-tests, one-way ANOVA followed by post-hoc Tukey or Games-Howell correction, 

and Kruskal-Wallis test followed by the Bonferroni correction. A p-value of less 

than 0.05 was considered signifi cant. Data was analyzed using IBM SPSS Statistics 

(version 26).

Supplemental Methods
Additional information on all procedures are described in the Supplemental 

information. 
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Results
Isolation of reserve cell fractions with differential 
adhesion properties
Historically, reserve cells have been defined as those cells that, under 

differentiation conditions in vitro, escape terminal differentiation, self-renew, 

and remain mononuclear, expressing stem cell markers including PAX7 possibly 

in combination with MYOD [21,43]. Cells that enter the myogenic differentiation 

program are characterized by expression of MYOD in the absence of PAX7, and 

later, by expression of MyHC and fusion into multinucleated muscle fibers. To 

exclude presence of non-myogenic cells, the purity of the original parental 

population of myoblasts obtained from an adult FVB/N mouse was confirmed. All 

cells were positive for MYOD and/or PAX7 when cultured in proliferation medium 

(Figure 1A). To induce reserve cell formation, myoblasts were differentiated in vitro 

and characterized by immunostaining for PAX7, MYOD, and MyHC (Figure 1B). 

The FVB/N myoblast cultures differentiated into MyHC-positive multinucleated 

myotubes, and generated 21.6% ± 2.7 reserve cells (3.8% PAX7+/MYOD- plus 17.8% 

PAX7+/MYOD+ (Figure 1C). 70.3% ± 4.3 of all nuclei were PAX7-/MYOD+, and 8% ± 2 

were PAX7-/MYOD- (Figure 1C). These data confirm formation of reserve cells in our 

cultures and indicate phenotypic heterogeneity in the reserve cell population.

Previous studies have shown that the satellite cell population in vivo is 

heterogeneous [44], and that myoblasts with stem cell phenotypic features adhere 

more slowly than more committed cells [22,45,78,79]. Based on these findings and 

on the observed heterogeneity of reserve cells (Figure 1C), we hypothesized that 

differential adhesion could be used to separate phenotypically and functionally 

distinct reserve cells populations from differentiated primary muscle cultures. 

To test this, proliferating primary muscle cultures (parental (PAR) cultures) were 

grown to confluency and differentiated for 5 days. The reserve cell isolation protocol 

was then applied to the differentiated cultures (Figure 1D). As a result, we isolated 

fast-adhering reserve cells (FRCs) – which adhered in the first hour after plating –, 

and slow-adhering reserve cells (SRCs) – which attached between 3 and 24 hours 

after plating (Figure 1D). FRCs and SRCs were expanded for two passages and 

maintained a PAX7/MYOD profile similar to PAR cells, indicating they were pure 

and myogenic (Figure 1E). 
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Figure 1. Isolation of reserve cell fractions from primary myoblasts based on differential 
adhesion properties. (A) Left panel, schematic representation of the experimental setup. 
Right panels, immunostaining of FVB/N parental (PAR) myoblasts for MYOD (red); PAX7 
(green) in proliferation medium; nuclei counterstained with Hoechst (blue). Scale bars, 50 
µm. Representative images are shown. (B) Upper left panel, schematic representation of the 
experimental setup. Upper right panels, immunostaining of FVB/N parental myoblasts that 
had been differentiated for 4 days for MyHC (red); nuclei counterstained with Hoechst (blue). 
Scale bars, 50 µm. Lower right panels, immunostaining of FVB/N parental myoblasts that 
had been differentiated for 4 days for MYOD (red); PAX7 (green); nuclei counterstained with 
Hoechst (blue). Scale bars, 50 µm. Representative images are shown. (C) Bar graph depicting 
the quantifi cation of the PAX7/MYOD profi le of (B). 3 independent experiments per group 
were performed (n=3). Data are expressed as mean ± SE. (D) Schematic representation of 
the reserve cell isolation protocol. Parental cells are differentiated for 5 days. Multinucleated 
fi bers are removed by straining. Mononucleated cells are plated and non-attached cells 
replated to new dishes sequentially after indicated adhesion times. Fast-adhering Reserve 
Cells (FRCs) adhere after 1 hour. Slow-adhering Reserve Cells (SRCs) adhere within 24 hours 
after plating. (E) Upper panel, schematic representation of the experimental setup. Lower 
panels, immunostaining of MYOD (red); PAX7 (green) in FVB/N reserve cells (FRCs and SRCs) 
cultured in proliferation medium; nuclei were counterstained with Hoechst (blue). Scale 
bars, 50 µm. Representative images are shown. (F) Bar graph depicting the quantifi cation 
of (E). 3 independent experiments per group were performed (n=3). Data are expressed as 
mean ± SE.
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Sequential cycles of reserve cell isolation result in 
enrichment of PAX7+ cells
Previous studies using a sequential subculturing approach showed that reserve cells 

could generate new reserve cells in vitro [19,43]; i.e. reserve cells can be expanded 

and redifferentiated to generate new reserve cells. To test this and to characterize 

the myogenic properties of newly in vitro generated reserve cells, we differentiated 

reserve cells (FRCs and SRCs) for 4 days and performed immunostaining for PAX7 

and MYOG, a marker of myogenic differentiation. PAR cells that were differentiated 

for 4 days were used as control (Figure 2A). Interestingly, reserve cells showed 

increased percentage of PAX7+ (14.2% ± 0.8 for FRCs and 17.9% ± 1 for SRCs) cells 

compared to PAR (7.5% ± 0.5) (Figure 2B). In addition, the percentage of MYOG+ cells 

was reduced in SRCs (69.5% ± 2.7) compared to PAR (82.9% ± 2.8) (Figure 2B). These 

results indicated that reserve cells can generate new reserve cells, and that SRCs 

have higher expression of PAX7 and lower expression of MYOG compared to FRCs. 

We next asked whether we could further enrich for reserve cells by combining 

sequential reserve cell isolation cycle and differential adhesion of reserve cells in 

vitro. To test this, FRCs and SRCs obtained after the first reserve cell cycle were 

expanded and differentiated again. The fast-adhering cells resulting from this 

differentiation were termed FRCs Cycle 2 and the slow-adhering cells isolated from 

this differentiated culture were termed SRCs Cycle 2. This process was repeated 

once more to obtain FRCs and SRCs Cycle 3 (Figure 2C). 

To characterize the myogenic properties of reserve cell after 3 cycles of 

isolation, we differentiated FRCs Cycle 3 and SRCs Cycle 3 for 4 days, followed by 

immunostaining for PAX7 and MYOG (Figure 2D). FRCs Cycle 3 showed an average 

percentage of PAX7+ cells of 29.5% ± 2.7, which was higher compared to FRCs Cycle 

1 (14.2% ± 0.8) (Figure 2B/E). SRCs Cycle 3 were also enriched for PAX7+ cells (40.9% 

± 3.2) compared to SRCs Cycle 1 17.9% ± 1.1) (Figure 2B/E). Furthermore, similarly as 

observed for FRCs and SRCs at Cycle 1, SRCs Cycle 3 were also significantly enriched 

for PAX7+ cells compared to FRCs at Cycle 3 (Figure 2E). These results indicated a 

reserve cell fraction- and cycle-dependent shift in the percentage of PAX7+ and 

MYOG+ cells, with the lowest percentage of PAX7+ cells and the highest percentage 

of MYOG+ cells in FRCs Cycle 1, and the highest percentage of PAX7+ and the lowest 

percentage of MYOG+ cells in SCRs Cycle 3 (Figure 2B/E). 



Ex vivo generation of reserve cell populations with enhanced muscle regenerative properties

6

179   

C

FRCs
Cycle 1

SRCs
Cycle 1

5 days 
di�erentiation

Filtering 
mononucleated 

cells

PAR

Differentiation
5 days

Expansion

FRCs
Cycle 2

SRCs
Cycle 2

Differentiation
5 days

SRCs Cycle n

FRCs Cycle n

A 

FRCs
Cycle 1

SRCs
Cycle 1

4 days 
differentiation

Analysis Analysis

D 

PAX7 Hoechst Merge MYOG Hoechst Merge

Expansion

4 days 
differentiation

SR
Cs

 
Cy

cl
e 

3
FR

Cs
 

Cy
cl

e 
1

FR
Cs

 
Cy

cl
e 

3
SR

Cs
 

Cy
cl

e 
1

SR
Cs

 
Cy

cl
e 

3
FR

Cs
 

Cy
cl

e 
1

FR
Cs

 
Cy

cl
e 

3
SR

Cs
 

Cy
cl

e 
1

B 

** *
****

*

PA
R

PA
R

E 

***

****

*

****
****

PA
R

PA
R

Figure 2. Sequential isolation of slow-adhering reserve cells in vitro enriches for Pax7+ 
reserve cells. (A) Upper panel, schematic representation of the experimental setup. FRCs and 
SRCs are fi rst expanded in proliferation medium to confl uence and then differentiated for 4 
days. Lower panels, immunostaining of FVB/N FRCs Cycle 1 and SRCs Cycle 1 for PAX7 (green); 
MYOG (red); nuclei were counterstained with Hoechst (blue). Scale bars, 50 µm. Representative 
images are shown. (B) Quantifi cation of (A). 3-4 independent culture experiments per group 
were performed (n=3-4). Data are expressed as mean ± SE (n=3-5). n indicates independent 
experiments. *p≤0.05; **p≤0.01; ****p≤0.0001. (C) Schematic representation of reserve cell 
cycling. After the fi rst cycle of reserve cell isolation (Cycle 1), FRCs and SRCs are expanded in 
ECM-coated dishes and differentiated again to isolate new reserve cells in a second cycle. 
Mononucleated cells are plated in a similar manner as described in Figure 1E in order to 
obtain FRCs Cycle 2. The process is repeated once more to obtain FRCs Cycle 3. SRCs Cycle 2 
and Cycle 3 are obtained in a similar approach. (D) Immunostaining of FVB/N FRCs Cycle 3 
and SRCs Cycle 3, fi rst expanded and then differentiated for 4 days, for PAX7 (green); MYOG 
(red); nuclei were counterstained with Hoechst (blue). Scale bars, 50 µm. Representative 
images are shown. (E) Quantifi cation of (D). 3-4 independent culture experiments per group 
were performed (n=3-4). Data are expressed as mean ± SE (n=3-5). n indicates independent 
experiments. *p≤0.05; ***p≤0.001; ****p≤0.0001
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Direct engraftment capacity of reserve cell fractions
To test if reserve cells could engraft in vivo and contribute to muscle regeneration, 

we performed transplantation experiments. FVB myogenic PAR cells were 

transduced with a lentiviral vector carrying eGFP to allow tracking their fate in vivo. 

The GFP+ PAR cells were used to generate fast and slow-adhering RC fractions 

undergoing a single cycle or three cycles as described in Figure 2. These fractions – 

FRCs Cycles 1 and 3 and SRCs Cycles 1 and 3 – were passaged twice in proliferation 

medium after isolation to allow recovery after the reserve cell isolation process 

and to verify that they remained as mononuclear cells. Cells were transplanted via 

intramuscular injection in tibialis anterior (TA) muscle of NOD-SCID hosts that had 

been preinjured using BaCl2 (Figure 3A). Primary cells that were normally expanded 

and not subjected to RC isolation, referred to as PAR, were used as controls. 

Analysis of cryosections from transplanted muscles 3 weeks after transplantation 

using direct imaging of GFP fluorescence showed that PAR cells had no or very 

limited contribution to muscle regeneration (0.72% ± 0.3 GFP+ cross-sectional area 

(CSA), in line with previous findings [15,18] (Figure 3B, left panel). In contrast, FRCs 

Cycles 1 and 3 significantly contributed to regeneration, forming 9% ± 3.2 and 8.6% 

± 2.2 GFP+ CSA, respectively (Fig 3B-C). SRCs Cycle 1 formed 7.3% ± 3.7 GFP+ fibers. 

Interestingly, SRCs Cycle 3, while having the highest number of PAX7+ cells (Figure 

2E), did not contribute much to muscle regeneration (1.6% ± 0.6 GFP+ CSA; Figure 

3B-C). Importantly, central nucleation was observed in GFP+ fibers, confirming that 

they had been formed by regeneration (Figure 4F). 

To further quantify engraftment and contribution to muscle regeneration, 

we determined GFP protein levels in lysates of transplanted muscles by 

immunoblotting. This confirmed the fluorescence imaging in cryosections of 

transplanted muscles, showing low GFP levels after transplanting PAR, increased 

levels of GFP (compared to PAR) after transplanting FRCs Cycles 1 and 3 and SRCs 

Cycle 1, and low GFP levels in muscle engrafted with SRCs Cycle 3 (Figure 3D-E). 

These data indicate that reserve cells generated in vitro have enhanced capacity 

to engraft in vivo and directly contribute to muscle regeneration compared to the 

parental cells used for their generation. 
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Figure 3. Reserve cell fractions engraft in vivo. (A) Scheme of the experimental design. 24 
hours before transplantation the TAs of NOD-SCID mice were injured with intramuscular 
injection of BaCl2. FVB/N PAR and reserve cells were transplanted by intramuscular injection 
of 2 X 104 cells. Three weeks after transplantation engraftment was quantifi ed. (B) Wide 
fi eld fl uorescence microscopy tile scan images of TA sections transplanted with PAR, FRCs 
and SRCs Cycles 1 and 3. GFP (green). The outline of the sections was drawn. Representative 
images for each group are shown. Scale bars, 500 µm. (C) Quantifi cation of (B). n=3-8. n 
indicates the number of mice per transplantation group. Data are shown as mean ± SE 
*p≤0.05. (D) Western Blot analysis of GFP in whole muscle lysates of PAR, FRCs and SRCs 
at Cycles 1 and 3. Lysates of muscles whose engraftment levels were closest to the mean 
for each group were used. An antibody to GFP was used. Vinculin was used as a loading 
control. Lysate from FVB-GFP PAR cells was used as positive control (Pos); lysate from non-
transplanted quadriceps femoris was used as negative control (Neg). Lysates of one mouse 
per group was used (n=1). Three different amounts of the same lysate were loaded per group. 
(E) Quantifi cation of (D). Values from the three different amounts of protein for each group 
were normalized to vinculin. These replicates were averaged per group and depicted as 
mean ± SE. *p≤0.05, **p≤0.005.

Engraftment capacity of reserve cell fractions after 
reinjury
To test the capacity of reserve cell fractions to engraft as stem cells, we performed 

re-injury experiments. We compared the reserve cells fractions that were most 

distinct in vitro with respect to expression of PAX7 and MYOG: FRCs Cycle 1 and 



Chapter 6

182

SRCs Cycle 3. PAR cells were used as negative controls. FRCs Cycle 1 and SRCs 

Cycle 3 were expanded for two passages after isolation and then transplanted 

by intramuscular injection in TA muscle of NOD-SCID mice that were injured 

with BaCl2 24 hours in advance. The transplanted muscles were re-injured three 

weeks after transplantation to test whether transplanted reserve cells had 

engrafted as stem cells capable of regenerating muscle (Figure 4A). Analysis of 

GFP fluorescence in cryosections confirmed that contribution to regeneration 

by PAR cells, transplanted as controls, was very limited or non-existent both after 

transplantation and after the secondary injury, in line with findings presented by 

others [15,18,46]. Transplanted FRCs Cycle 1 contributed to muscle regeneration at 

similar levels at 3 weeks after transplantation compared to 3 weeks after re-injury 

(9% ± 3.2 and 6.1% ± 2.6 GFP+ CSA, respectively). In contrast, SRCs Cycle 3 contributed 

very modestly at 3 weeks after transplantation (1.6% ± 0.6 GFP+ CSA), but strongly 

contributed to muscle regeneration after re-injury, increasing donor-mediated 

contribution ≈10-fold (16% ± 5.5 GFP+ CSA) (Figure 4B-C). 

To confirm these results, GFP levels in lysates of transplanted muscles were 

analyzed by Western Blot (Figure 4D). GFP levels were at or below the detection 

level in PAR-transplanted muscle both at 3 weeks after transplantation and at 3 

weeks after re-injury. The level of GFP in FRCs Cycle 1-transplanted muscle was 

increased compared to PAR-transplanted muscle at 3 weeks after transplantation, 

and was not significantly different at 3 weeks after re-injury, as observed in the 

image analysis. SRCs Cycle 3-transplanted muscle showed slightly, not significantly 

increased levels of GFP versus PAR-transplanted muscle at 3 weeks after 

transplantation. In contrast, at 3 weeks after re-injury SRC Cycle 3-transplanted 

muscle showed a strong and significant increase in GFP levels compared to PAR-

transplanted muscle (Figure 4E). 

To determine if engrafted reserve cells effectively contributed to myofiber 

formation, we performed costaining in cryosections of transplanted muscles for 

GFP, the myogenic differentiation marker MyHC, and laminin. This showed that 

GFP+ regions overlapped with MyHC+ areas, confirming that the transplanted 

RC fractions formed myofibers in vivo in both single- and re-injury experiments 

(Figure 4F-G). In healthy mice, adult skeletal muscle fibers are known to harbor 

PAX7+ satellite cells in between the basal lamina and the sarcolemma [33]. To 

test whether the regenerated (GFP+) areas hosted satellite cells, we performed 

costaining of transplanted muscles for GFP and PAX7 (Supplementary Figure 

2). This showed that both FRCs Cycle 1 and SRCs Cycle 3 formed myofibers that 
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contained PAX7+ satellite cells that were located at the typical sublaminar position. 

At this point it was unclear whether the satellite cells were host or donor-derived. 

Nevertheless, these results validated that reserve cells contributed to the formation 

of intact myofi bers.

Taken together, these results indicate that FRCs Cycle 1 preferentially 

contributed to myofi ber formation during muscle regeneration with limited 

capacity to engraft as stem cells, while SRCs Cycle 3 predominantly engrafted as 

stem cells that effi ciently generated myofi bers upon a secondary injury.

To confi rm these results using a primary myogenic line from a different 

genetic background, a myoblast culture from C57/BL6 mice was established and 

transduced with a lentiviral vector carrying eGFP (BL6-GFP). The regenerative 

capacity of BL6-GFP PAR, FRCs Cycle 1 and SRCs Cycle 3 in vivo was then tested in 

a re-injury experiment (Supplementary Figure 1A). Imaging of GFP fl uorescence in 

cryosections revealed that BL6-GFP PAR cells had a limited engraftment capacity at 

3 weeks after transplantation as well as after re-injury, generating 1% ± 0.3 and 1.4% 

± 0.8 GFP+ CSA, respectively. Transplantation of BL6-GFP FRCs Cycle 1 cells resulted 

in increased contribution to muscle regeneration at 3 weeks after transplantation 

(3.5% ± 1.75 GFP+ CSA), which was reduced to 1.2% ± 0.6 GFP+ myofi bers 3 weeks 

after re-injury. BL6-GFP SRCs Cycle 3 showed ineffi cient contribution to muscle 

regeneration at 3 weeks after transplantation (0.5% ± 0.4 GFP+ CSA). In contrast, 

at 3 weeks after re-injury BL6-GFP SRC Cycle 3-transplanted muscle showed 

≈20-fold increased contribution to muscle regeneration to 11.3% ± 2.2 GFP+ CSA 

(Supplementary Figure 1B-C). Taken together, these results are in agreement with 

the results obtained with reserve cells in the FVB background, ruling out genetic 

background-specifi c reserve cell properties.
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◀Figure 4. Cycled SRCs preferentially engraft as stem cells and strongly contribute 
to muscle regeneration after a second round of injury. (A) Scheme of the experimental 
design. 24 hours before transplantation, the TAs of NOD-SCID mice were injured with 
intramuscular injection of BaCl2. Reserve cells were transplanted by intramuscular injection 
of 2 X 104 cells. 3 weeks after transplantation, a new injury was performed. Three weeks after 
the second injury, engraftment was quantifi ed. (B) Wide fi eld fl uorescence microscopy tile 
scan images of TA cross sections of NOD-SCID mice from single and re-injury experiments 
upon transplantation of FVB/N PAR, FRCs Cycle 1, and SRCs Cycle 3. GFP (green). The 
outline of the sections is drawn. Representative images for each group are shown. (C) 
Quantifi cation of (B). n=5-8. n indicates the number of mice per transplantation group. Data 
are shown as means ± SE. *p≤0.05, **p≤0.005; ****p≤0.0001. Data for reserve cells Cycle 1 at 3 
weeks after transplantation were taken from Figure 3 to allow comparison to engraftment 
after second injury. (D) Western Blot analysis of GFP in whole muscle lysates of FVB/N PAR, 
FRCs Cycle 1, and SRCs Cycle 3 from single- and re-injury experiments. Lysates of muscles 
whose engraftment levels were closest to the mean for each of the groups were used. An 
antibody to GFP was used. Vinculin was used as a loading control. Lysates of one mouse per 
group was used (n=1). Three different amounts of the same lysate were loaded per group. 
(E) Quantifi cation of (D). Values from the three different amounts of protein per group were 
normalized to vinculin. These replicates were averaged per sample group and depicted as 
mean ± SE. *p≤0.05. (F) Immunostaining for MyHC/laminin in TA cross sections of NOD-SCID 
mice after transplantation of FVB/N PAR, FRCs Cycle 1, and SRCs Cycle 3 in single injury 
experiments. MyHC (red); GFP (green); laminin (grey); nuclei counterstained with Hoechst 
(blue). Scale bars, 100 µm. n=3. n indicates the number of mice analyzed per transplantation 
group. Representative images are shown. (G) Immunofl uorescence for MyHC/laminin 
in TA cross sections of NOD-SCID mice after transplantation of FVB/N PAR, FRCs Cycle 1, 
and SRCs Cycle 3 in re-injury experiments. MyHC (red); GFP (green); laminin (grey); nuclei 
counterstained with Hoechst (blue). Scale bars, 100 µm. n=3. n indicates the number of mice 
analyzed per transplantation group. Representative images are shown.

RNA-seq analysis indicates distinct transcriptional profi les 
of reserve cells
To determine the transcriptional signature of reserve cells we performed RNA-

sequence analyses of reserve cell populations in proliferation (two passages after 

isolation), at the same conditions as when they were transplanted, and PAR. 

Unsupervised hierarchical clustering indicated that FRCs Cycle 1, SRCs Cycle 3, and 

PAR formed distinct clusters and showed that the biological replicates grouped 

closely together within each population (Figure 5A). Principal component analysis 

(PCA) confi rmed the clustering pattern (Figure 5B). RT-qPCR analysis of several 

transcripts specifi c for each fraction validated the RNA-Seq results (Supplementary 

Figure 3). In addition, independent reserve cell isolations confi rmed gene 

expression profi les (Supplementary Figure 4). To further investigate changes 

in the transcriptional signature of reserve cell fractions, we performed pairwise 

supervised analyses to identify differentially expressed genes (DEGs) between 

groups. Pairwise supervised comparison of transcriptomes (≥1.5 fold-change; FDR 

≤0.05) revealed 40 DEGs between PAR and FRCs Cycle 1, 305 between FRCs Cycle 

1 and SRCs Cycle 3, and 713 between PAR  and  SRCs  Cycle  3  (Figure 5C-D).  Gene 
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◀Figure 5 – Reserve cell populations have distinct transcriptional profi les. (A) Unsupervised 
hierarchical cluster analysis of FVB/N PAR, FRCs Cycle 1, and SRCs Cycle 3 based on pairwise 
comparison of all samples. (B) Principal component analysis (PCA) of FVB/N PAR, FRCs 
Cycle 1, and SRCs Cycle 3. Each dot represents an independent biological replicate. Data 
were transformed to z-scores. (C) Upper panel, pairwise differential gene expression profi le 
analyses (FDR ≤0.05; fold-change ≥1.5 up/down) between sample groups. The number of 
differential expressed genes (DEGs) is indicated for each pairwise comparison. (D) Volcano 
plots of the three pairwise comparisons. X-axis represents logfold change. Y-axis represents 
log10 of -1 * FDR. Each dot represents a gene. DEGs (FDR ≤0.05; fold-change ≥1.5 up/down) 
are depicted as red dots. Data were log2 transformed. Statistics were performed by one-way 
ANOVA and FDR multiple testing correction. (E) Gene ontology (GO) analyses of DEGs (FDR 
≤0.05; fold-change ≥1.5) that were up and downregulated in SRCs Cycle 3 compared to PAR 
for the categories Molecular function (upper panel) and Biological processes (middle panel), 
and upregulated in FRCs Cycle 1 compared to PAR for the category Biological function (lower 
panel). The top list of GO terms are plotted based on fold enrichment. Upper x-axis (black 
bars) represents fold enrichment; lower x-axis (grey bars) represents -log10 of FDR.

ontology (GO) analyses were performed for up- and down-regulated DEGs between 

SRCs Cycle 3 and PAR and between FRCs Cycle 1 and PAR for the terms Molecular 

function and Biological process (Figure 5E). The most enriched terms upregulated 

in SRCs Cycle 3 were growth factor binding (GO:0019838) and cell migration 

(GO:0016477) in the categories Molecular function and Biological process, 

respectively (Figure 5E). The most enriched terms downregulated in SRCs Cycle 

3 were 3’-5’-cyclic-AMP phosphodiesterase activity (GO:0004115) and regulation 

of cyclin-dependent protein serine/threonine kinase activity (GO:0000079) in the 

categories Molecular function and Biological process respectively (Figure 5E). The 

most enriched term upregulated in FRCs Cycle 1 was skeletal muscle contraction 

(GO:0003009) (Figure 5E).

Next, we analyzed the gene expression profi les of both up and downregulated 

DEGs present in the most enriched GO terms. In the category cell migration and 

growth factor binding, members of the integrin family of proteins (Itgb5, Itgb7), 

FGFs and FGF-binding proteins (Fgf2, Fgf5, Fgfbp1), plexin/semaphorin members 

(Plxnb1, Plxna4, Sema5a), and IGF binding proteins (Igfbp3/4/6) were found 

overexpressed in SRCs Cycle 3 relative to PAR. Only some of these genes (Fgf2, 

Fgf5 and Plxnb1) were also overexpressed in FRCs Cycle 1. (Figure 6A-B). cAMP 

phosphodiesterase activity genes Pde1a/1c/4d/8a/4b/3b/10a were downregulated 

in both FRCs Cycle 1 and SRCs Cycle 3 compared to PAR, although this was much 

more prominent in SRCs Cycle 3 (Figure 6C). Analysis of cyclin-dependent kinase 

activity genes (also present in the terms related to G1/S transition of mitotic cycle) 

showed downregulation of genes in SRCs Cycle 3, and to a lesser extent in FRCs 

Cycle 1 compared to PAR (Figure 6D). DEGs in cell adhesion molecule binding and 

cadherin binding were strongly downregulated in SRCs Cycle 3 compared to PAR,
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consistent with the selection of SRCs based on their decreased adhesive properties 

(Figure 6E). Analysis of the term skeletal muscle contraction showed upregulation 

of genes involved in skeletal muscle specifi c function Acta1, Myh7, Myh3, Myh8, Myl1, 

Tnnc1, and Tnn1 in FRCs Cycle 1, and to a lesser degree in SRCs Cycle 3, compared 

to PAR (Figure 6F).

Overall, these data show that reserve cells have markedly distinct 

transcriptional signatures: cycling and selection based on adhesive properties 

yields fast-adhering reserve cells, which have increased expression of myogenic 

differentiation genes, and slowly adhering reserve cells, which have increased 

expression of growth factor and cell migration genes and decreased expression of 

cell adhesion, cAMP signaling, and G1/S transition genes. 

Discussion
In this study, we isolated reserve cells following repeated cycles of myogenic 

differentiation of primary myoblasts and fractionated reserve cell fractions based 

on their adhesive properties. Reserve cells maintained their myogenic properties in 

vitro, and upon increased cycling and selection of fractions for slow adhesion, the 

slow-adhering cells expressed the stem cell marker PAX7 more frequently at the 

expense of the differentiation marker MYOG. In vivo, reserve cells but not parental 

cells engrafted and regenerated muscle. Interestingly, fast-adhering reserve cells 

after one cycle of reserve cell isolation (FRCs Cycle 1) mainly contributed to muscle 

regeneration directly after transplantation, while slow-adhering reserve cells after 

3 cycles of reserve cell isolation (SRCs Cycle 3) preferentially engrafted as stem cells 

and contributed more effi ciently to muscle regeneration after a second injury. 

Gene expression analysis showed that SRCs Cycle 3 displayed increased expression 

of genes involved in cell migration and growth factor binding, and decreased 

expression of genes involved in cell adhesion, cAMP signaling, and G1/S transition. 

These results identify reserve cells with distinct transcriptional signatures and 

enhanced muscle regenerative capacities to either contribute to myofi ber 

formation or to the muscle stem cell population. 

Expansion of functional adult stem cells ex vivo remains a challenge for 

several tissues [47]. In skeletal muscle, freshly isolated satellite cells lose their 

regenerative capacity shortly after cell culture in vitro [15,18,48]. Available protocols 

for expansion do not allow long-term ex vivo maintenance of primary muscle cells 

with regenerative and stem cell capacity in vivo. It has been proposed that these 

protocols generated either stem cells with limited myogenic capacity or highly 
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myogenic post-mitotic cells with limited capacity to repopulate the stem cell niche 

in vivo [49,50]. The demonstration in the present study that reserve cell fractions 

that were generated from expanded myoblasts have enhanced regenerative 

capacity is therefore relevant for the development of muscle regenerative therapy 

[51,52]. 

The heterogeneity of reserve cell fractions in vitro and in vivo has remained 

largely unexplored. In vivo, satellite cells are heterogeneous [13,32,33,53,54]. A 

subset of satellite cells has been shown to be capable of self-renewal to maintain 

and replenish the stem cell pool to ensure long-term regeneration, while 

others become more committed progenitors and contribute to proliferation 

and differentiation, mediating direct repair of damaged tissue [26,28,55]. These 

properties are reminiscent of the muscle regenerative properties of SRCs Cycle 3 

and FRC Cycle 1, respectively. 

Cell adhesion has previously been shown to play a role in fate determination in 

satellite cells [56]. In this study, we introduced the concept of performing sequential 

reserve cell isolation “cycles” and showed that the percentage of PAX7+ reserve cells 

progressively increased with each cycle; i.e., there was a gradual enrichment for 

reserve cells with stem cell properties both in vitro and in vivo. Interestingly, the 

increase in PAX7+ reserve cells per cycle was also observed for the fast-adhering 

populations (FRCs), suggesting that the enrichment of reserve cells is not only 

dependent on differences in adhesion but is acquired by the cells going through 

cycles of expansion and differentiation. This finding suggests the possibility that 

interaction of reserve cells with myotubes could be a factor in the establishment 

of reserve cell phenotypes, which has been proposed before for other myogenic 

cell types [50,57,58]. Further studies are however required to identify the signals 

involved in reserve cell formation.

Genes overexpressed in SRCs Cycle 3 compared to PAR included several 

members of the FGF family including Fgf2, Fgf5, and Fgfbp1. In skeletal muscle, 

FGFs are essential for self-renewal of MuSCs and necessary for skeletal muscle 

regeneration [59]. This process is facilitated via FGFs by repressing terminal 

myogenic differentiation and enabling satellite cell proliferation [60,61]. FGF2 

expression is increased during muscle regeneration in mice, and enhanced FGF2 

sensitivity has been linked with improved muscle regeneration [62,63]. Increased 

FGF2 sensitivity was also reported during aging due to increased FGF2 levels and 

loss of Spry1 expression, and was associated with loss of quiescence and reduced 

self-renewal capacity. However, overexpression of Spry1 rescued the phenotype 
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and allowed preservation of stem cell features [64]. In line with this, Spry1 was 

elevated in SRCs Cycle 3, which may allow maintenance of stem cell properties in 

response to increased FGF2 signalling (data not shown). In addition, FGF2 regulates 

satellite cell function through activation of myogenic pathways – ERK/MAPK and 

Akt, among others – [63,65]. It is therefore possible that increased FGF signalling 

contributes to the regenerative properties of SRCs Cycle 3. 

Integrins function as adhesion receptors involved in ECM-cell signaling 

[66]. Stem cell fate choices in skeletal muscle are determined by the interaction 

between cell surface proteins and niche signals, among them, integrins [26,63]. 

In SRCs Cycle 3, ITGB5 and ITGB7 were upregulated. Although its role in skeletal 

muscle has not been elucidated, ITGB7 was overexpressed in muscle cells during 

cell cycle arrest in vitro [67]. Similarly, ITGB5 – also overexpressed in SRCs Cycle 3 

– has previously been proposed as a molecular marker for mononuclear skeletal 

muscle cells in vitro [68]. It will be interesting to investigate the possible role of 

ITGB5 and ITGB7 in muscle regeneration and to assess whether they contribute to 

the stem cell regenerative properties of SRCs Cycle 3. 

IGF binding proteins (IGFBPs) were upregulated in SRCs Cycle 3 and are known 

to act as modulators of the IGF-1 pathway [69]. IGF-1 signaling promotes muscle 

regeneration by supporting proliferation and differentiation of satellite cells [70]. In 

addition, upregulation of Ngfr was observed. Ngfr was recently identifi ed [71,72] as a 

cell surface molecule expressed by iPSC-derived human muscle progenitor cells, and 

was previously found to be functionally relevant for the survival and maintenance 

of stemness of murine satellite cells during regeneration [73,74]. Enrichment of the 

muscle progenitors based on NGFR resulted in increased engraftment following 

transplantation to immunodefi cient hosts [72]. Thus, although further research 

is necessary, increased activity of pathways mediated by IGFBPs or NGFR could 

contribute to the regenerative properties of SRCs Cycle 3.  

Seven genes in the cAMP/cyclic nucleotide phosphodiesterase pathway were 

downregulated in SRCs Cycle 3. The superfamily of phosphodiesterase enzymes 

(PDEs) modulates the strength and duration of cAMP activity by degrading it. 

PDEs act therefore as drains of cAMP activity [75]. Previous work showed that 

inhibition of phosphodiesterase activity resulted in increased muscle stem cell 

marker expression in myoblasts in vitro and led to more effi cient regeneration 

and increased engraftment as satellite cells after transplantation in a dystrophic 

mouse model [76]. Furthermore, stimulation of cAMP levels has been shown to 

promote direct engraftment of cultured satellite cells upon transplantation [77]. 
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The decreased expression of PDE activity is therefore consistent with the stem cell 

regenerative properties of SRCs Cycle 3. 

Cell adhesion participates in stem cell behavior. In myoblasts, slow cell 

adhesion has been associated with increased stem cell properties [22,45,78,79]. As 

expected, several cell adhesion genes were downregulated in SRCs Cycle 3. These 

included Vcam1 and Cdh15 (M-cadherin), which are also expressed in satellite cells, 

but are not required for skeletal muscle regeneration [80,81]. The downregulation 

of Vcam1 and Cdh15 in SRCs C3 therefore suggested that these genes are also not 

essential for the stem cell regenerative properties of reserve cells.

Genes involved in skeletal muscle function were overexpressed in FRCs Cycle 

1 reserve cells. These genes included Myh7 (type I adult fibers) and Myh8 (fetal 

fibers) and titin, which are hallmarks of developing and mature muscle. This shows 

that FRCs Cycle 1 already has increased expression of genes that are expressed in 

differentiating muscle, even when these are cultured in proliferation medium. In 

agreement, expression of these genes has been observed previously in proliferating 

myoblasts [82]. Overall, our data indicate that pathways involved in regulation of 

myogenic fate and niche interactions are differentially regulated in reserve cells, 

and may contribute to their enhanced regenerative properties in vivo. 

Conclusion
Using a protocol to generate reserve cells in vitro from myoblasts, combined with 

fractionation based on adhesive properties, we generated reserve cell fractions with 

enhanced regenerative capacities in vivo. We characterized their transcriptional 

profile and identified molecular pathways in reserve cells that engraft as stem cells 

involving enhanced expression of cell migration and growth factor binding genes, 

and decreased expression of cell adhesion and cAMP phosphodiesterase genes.
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Supplementary Figure 1. Engraftment of C57BL/6 reserve cells upon injury and re-injury. 
(A) Scheme of the experimental design. (B) Wide fi eld fl uorescence microscopy tile scan 
images of TA cross sections from injury and re-injury experiments after transplantation 
of C57/BL6 PAR, FRCs Cycle 1, and SRCs Cycle 3. Green, GFP. The outline of the sections 
was drawn. Representative images of mean engraftment for each group are shown. (C) 
Quantifi cation of the engraftment levels from (A). n=3-6. n indicates the number of mice per 
transplantation group. Data are shown as means ± SE.
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Supplementary Figure 2. Muscle regenerated by reserve cells hosted stem cells in 
vivo. (A) Immunostaining for PAX7/laminin in TA cross sections of NOD-SCID mice after 
transplantation of FVB/N PAR, FRCs Cycle 1, and SRCs Cycle 3 in single injury experiments. 
PAX7 (red); GFP (green); laminin (grey); nuclei counterstained with Hoechst (blue). White 
arrows indicate the location of sublaminar PAX7+ nuclei. Scale bars, 100 µm. n=3. n indicates 
the number of mice analyzed per transplantation group. Representative images are shown. 
(B) Zoom in image of immunostaining for PAX7/laminin in TA cross sections of NOD-SCID 
mice after transplantation of FVB/N SRCs Cycle 3 in single injury experiments. PAX7 (red); 
GFP (green); laminin (grey); nuclei counterstained with Hoechst (blue). Arrows indicate 
the location of sublaminar PAX7+ nuclei. Representative images were used. Scale bars, 
20 µm. (C) Immunostaining for PAX7/laminin in TA cross sections of NOD-SCID mice after 
transplantation of FVB/N PAR, FRCs Cycle 1, and SRCs Cycle 3 in re-injury experiments. PAX7 
(red); GFP (green); laminin (grey); nuclei counterstained with Hoechst (blue). White arrows 
indicate the location of sublaminar PAX7+ nuclei. Scale bars, 100 µm. n=3. n indicates the 
number of mice analyzed per transplantation group. Representative images are shown. (D) 
Zoom in image of immunostaining for PAX7/laminin in TA cross sections of NOD-SCID mice 
after transplantation of FVB/N SRCs Cycle 3 in re-injury experiments. PAX7 (red); GFP (green); 
laminin (grey); nuclei counterstained with Hoechst (blue). Arrows indicate the location of 
sublaminar PAX7+ nuclei. Representative images were used. Scale bars, 20 µm
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Supplementary Figure 3. Validation of RNAseq by RT-qPCR analysis
mRNA expression levels of Wnt7b, Ly75, Kremen1, Camk2d, and Ccnd3 in FVB/N PAR, FRCs 
Cycle 1, and SRCs Cycle 3 populations. Coloured panels show total read count from RNA-Seq 
data. Each dot represents an independent replicate. P values of the RNAseq analysis are 
indicated above each gene. Black and white graphs show RT-qPCR analysis of the same 
markers. Data were normalized to Ppia and expressed as means ± SE. n=3. N indicates 
independent replicates. *p≤0.05, **p≤0.005; ***p≤0.0005.
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Supplementary Figure 4. RNAseq and mRNA expression of DEGs in independently 
generated reserve cell and PAR fractions
mRNA expression levels of Myh10, Ly75, and Cd24a in PAR, FRCs Cycle 1, and SRCs Cycle 
3 populations. Left panels show total read count from RNA-Seq data. Middle and right 
panels show RT-qPCR transcript levels from alternative, independent experiments. Each dot 
represents an independent replicate. Data are expressed as means ± SE. *p≤0.05; **p≤0.01; 
***p≤0.001; ****p≤0.0001.
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Supplementary Table 1

Antibody Dilution Info

Mouse anti-PAX7 1:20; 1:100 Bioceros B.V. (3.1 mg/ml)

Rabbit anti-MYOD 1:500 Santa Cruz (sc-304)

Mouse anti-MYOD 1:100 Santa Cruz (sc-377460)

Rabbit anti-MYOG 1:500 Santa Cruz (sc-576)

Rabbit anti-Laminin 1:100 Sigma (L9393)

Rabbit anti-MYF5 1:500 Santa Cruz (sc-302)

Horse Biotin anti-mouse 1:250 Vector Laboratories (BA-2000)

Biotin anti-mouse IgG2B 1:250 BD Biosciences (#553393)

AlexaFluor-488® Goat anti-mouse 1:500 Life Technologies 

AlexaFluor-488® Goat anti-rabbit 1:500 Life Technologies (A11307)

AlexaFluor-594® Goat anti-mouse 1:500 Life Technologies

Streptavidin, Alexa Fluor 647 
conjugate

1:500 Thermo Fisher (S21374)

AlexaFluor-647® Goat anti-chicken 1:500 Life Technologies (A21449)

Goat anti-mouse IgG2B Cy3 1:500 Jackson ImmunoResearch (115-165-207)

Goat anti-mouse IgG1 Cy3 1:500 Jackson ImmunoResearch (115-165-205)

Supplementary Table 1. List of antibodies used for immunofl uorescence staining

Supplementary Table 2

Gene Forward (5’-3’) Reverse (5’-3’) Amplifi cation 
product (bp)

Myh10 CATTCAGTACCTTGCCCACG AAAGCTGCCGTTCAAGTTCC 83

Ly75 TGAAATGCAAAGCCTTCGGT AACTTCCGTTCCGTCCGAC 167

Cd24a AACATCTAGAGAGTCGCGCC CCTCTGGTGGTAGCGTTACT 197

Wnt7b TCCGAGTAGGGAGTCGAGAG CCTTCCGCCTGGTTGTAGTA 148

Kremen1 CCGAGTGCAATAGTGTCTGC TCAGGGAAGTCAGGGGAGTA 145

Camk2d CAGTGACACCTGAAGCCAAA GCATCATGGAGGCAACAGTA 129

Ccnd3 CGAGCCTCCTACTTCCAGTG AGCCAGAGGGAAGACATCCT 123

Ppia TGCACTGCCAAGACTGAATG GCTTCCACAATGTTCATGCC 80

Rps18 TCAACACGGGAAACCTCAC ACCAGACAAATCGCTCCAC 201

Supplementary Table 2. List of primers
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Supplementary Methods
Cell culture
Myoblasts were cultured on culture dishes coated with 40 µg/ml extracellular 

matrix (ECM) (Sigma-Aldrich, Missouri, USA) in proliferation medium (GM; Ham’s 

F10 (Lonza, Basel, Switzerland) supplemented with 20% fetal calf serum (FCS) 

(Lonza), 100 U/ml penicillin/streptomycin (PS) (Lonza), and 20 ng/ml fibroblast 

growth factor 2 (FGF2) (PeproTech, New Jersey, USA)). For differentiation, myoblasts 

or reserve cells were grown to 90-100 % confluency, after which the medium was 

switched to differentiation medium (DM), Dulbecco’s Modified Eagle Medium 

(DMEM) (Lonza) supplemented with 2% horse serum (Lonza) and 100 U/ml PS. 

During differentiation, medium was not refreshed. As is known in the field, the 

efficiency of myogenic differentiation can vary between experiments, likely due to 

technical differences related to the exact cell density and medium composition. 

To minimize this experimental variation, the plating and differentiation conditions 

within experiments were identical for all biological replicates, making a direct 

comparison possible. 

FVB-GFP murine primary muscle cells (FVB-GFP) were obtained after 

transduction of myoblasts obtained from a FVB/N mouse with a lentiviral vector 

carrying an eGFP lentiviral construct under the control of the ubiquitous SF promoter 

(pRRL.cppt.SFFV.eGFP.WPRE4*.SIN) (Van Til et al. 2010). After transduction close to 

hundred percent of cells were GFP positive, as judged by microscopic examination 

of GFP fluorescence. The FVB-GFP murine muscle primary cell line was used for all 

in vitro experiments as well as for transplantations in vivo. BL6-GFP murine primary 

muscle cells (BL6-GFP) were obtained after transduction of primary myoblasts 

established from a C57/BL6 mouse donor with the same lentiviral vector as used 

for FVB/N myoblasts. 

Reserve cell isolation protocol
Murine primary myoblasts at passage 32 were grown to 90-100% confluency. After 

48 hours, differentiation was induced replacing GM with DM. Cultures were left in 

DM for 5 days at 37° in a humidified air incubator containing 5% CO2. After 5 days of 

differentiation, DM containing detached cells was kept and cells were trypsinized 

as described previously. Cell-containing medium was then filtered through a 40 

µm pore-sized filter to remove large myotubes (Falcon cell strainer 40 µm nylon). 
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The fi ltered cell-containing solution was resuspended through a 21G needle in 

order to disaggregate small myotubes that were able to pass through the fi lter in 

the previous step. Next, fi ltered cells were centrifuged at 1000 rpm for 5 minutes. 

The remaining pellet was resuspended in proliferation medium and plated on a 

ECM-coated culture dish during one hour at 37°C, 5% CO2. After adhesion of the 

fraction 1 (annotated as fast-adhering reserve cells; FRCs) (cells that attached 

within one-hour), non-attached cells were transferred onto a new ECM-coated 

dish and allowed to adhere during three hours at 37°C, 5% CO2. The non-adherent 

cells were transferred to a third ECM-coated dish and the attached cells (Fraction 

2) were discarded. After incubation overnight (16h), non-attached cell-containing 

medium was discarded, and the attached cells (Fraction 3) continued in culture, 

annotated slow-adhering reserve cells (SRCs). FRCs and SRCs received fresh GM + 

20 ng/mL FGF and were incubated at 37°C in a humidifi ed air incubator containing 

5% CO2. In order to eliminate the possibility of including residual small myotubes 

and differentiated mononuclear cells, reserve cell cultures were passaged twice in 

growth conditions before their use for experiments.

Transplantation of reserve cells
After isolation, reserve cells were passaged twice before transplantation. One 

day prior to cell transplantation tibialis anterior (TA) muscles of recipient NOD-

SCID mice were preinjured by intramuscular injection of 50 µl 1.2% w/v BaCl2

(Sigma-Aldrich). Mice were pre-anesthetized with 4% isofl uorane with a vaporizer 

(Pharmachemie B.V., Haarlem, Netherlands). The next day cells were harvested 

by trypsinization and suspended in 20 µl PBS supplemented with 10% mouse 

serum (NOD-SCID derived). Cell suspensions for transplantations were kept on 

ice and transplanted within 30 minutes. Cells were injected in pre-anesthetized 

mice through intra-muscular injection into the pre-injured TA muscle. After each 

animal procedure – i.e. inducing injury and transplantation – mice were injected 

subcutaneously with 10 mg/kg enrofl oxacin (Baytril®, Bayer, Germany) and 0.1 mg/

kg buprenorphine (Temgesic®). Both male and female recipient mice were used for 

the experiments. Mice were anesthesized with isofl urane and sacrifi ced by cervical 

dislocation during daytime 3 or 6 weeks after transplantation. 

Immunostaining analyses
In vitro cultured cells were fi xed in 4% paraformaldehyde (PFA) and permeabilized 
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with 0.5% Triton X-100%; 3% BSA in PBS for 30 minutes at room temperature (RT). 

Blocking was performed using 20% horse serum (Lonza) for 1 hour at RT. Antibodies 

were diluted in 0.1% BSA; 0.1% Tween 20 in PBS and incubated for 30 minutes at RT. 

Nuclei were counter-stained with Hoechst 33258 (H3569; Life Technologies; 1:15000) 

for 10 minutes at RT in the dark. Antibodies are  listed in Supplementary Table 1. 

Stained samples were stored in PBS at 4°C in the dark until imaging. Fluorescence 

imaging of immunostained cultured cells was performed on an Olympus IX70 

fluorescence microscope (Olympus Nederland B.V., Zoeterwoude, Netherlands) or 

Nikon Eclipse Ti-E Wide Field inverted microscope (Nikon Instruments Europe B.V., 

Amsterdam, Netherlands). Images were analyzed using Adobe Photoshops CS6 

and FIJI (fiji.sc/Fiji).

Immunostaining in murine muscle sections
Immunostainings on mouse muscle tissue was performed as described previously 

(Schaaf et al. 2018). In short, fresh sections were cut, immediately fixated in 2% 

EM-PFA (Electron Microscopy Sciences, Hatfield, PA) at RT for 5 minutes. Tissue 

sections were permeabilized using 0.5% Triton X-100 in 20% goat serum 3% BSA 

in PBS for 1 hour at RT. Primary antibodies were diluted in the permeabilization/

blocking solution and incubated at RT for 2 hours. Sections were washed with 

0.1% Tween20 in PBS and secondary antibodies incubated in permeabilization/

blocking solution for 1h at RT. Nuclei were counterstained with Hoechst. The slides 

were then mounted using Mowiol® (475904; Calbiochem) mounting solution and 

imaged immediately. 

Protein isolation and Western Blot analysis
Cultured cells were harvested and lysed in RIPA buffer (50 mM TrisHCl pH 7.4, 150 

mM NaCl, 2 mM EDTA, 1% Triton X-100) supplemented with a phosphatase inhibitor 

cocktail (10 mM NaF, 60 mM β-glycerolphosphate, 2 mM Na-orthovanadate) and 

cOmpleteTM protease inhibitor cocktail (Sigma-Aldrich) for 30 minutes on ice. 

Muscle transversal sections were homogenized using a tissue homogenizer and 

lysed in RIPA buffer as described above. Lysates were then centrifuged for 15 

minutes at 13000 rpm. Total protein-containing supernatant was used for protein 

analysis studies. Total protein concentration was determined using PierceTM BCA 

Protein Assay Kit according to manufacturer’s instructions (Thermo Scientific, 

Rockford IL, USA). 
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Samples were diluted in sample buffer (31.25 mM Tris-HCl pH 6.8, 0.5% SDS, 

12.5% glycerol, 0.005% bromophenol blue, 2.5% β-mercaptoethanol), denatured 

at 95°C for 5 minutes, and loaded in 4-15% CriterionTM TGXTM precast gels (BioRad 

Laboratories B.V., Veenendaal, Netherlands) immersed in Tris/glycine/SDS buffer (25 

mM Tris, 192 mM glycine, 0,1% SDS, pH 8.3). Samples went through electrophoresis 

for 15 minutes at 100 V 80 mA and 45 minutes at 150 V 45 mA. Gels were transferred 

to nitrocellulose membranes for 30 minutes at 100V in a cassette immersed 

in Towbin buffer (25 mM Tris-HCl, 192 mM glycine, 20% (v/v) methanol, pH 8.3). 

Nitrocellulose membranes were blocked in 5% milk diluted in TBST, 5% bovine 

serum albumin (BSA) or 50% Odyssey® Blocking Buffer (PBS) (Li-Cor) diluted in 

PBS. Upon blocking, membranes were incubated in primary antibody, washed 

extensively in TBST, and incubated in secondary antibody. Membranes were read 

in an Odyssey reader (Li-Cor). 

RNA Isolation and RNA-Seq
Freshly isolated reserve cell populations were passaged twice under proliferation 

conditions before harvesting. Samples were harvested using RLT buffer (QIAGEN, 

Germantown, MD). RNA was extracted using the RNeasy minikit with DNase 

treatment (QIAGEN, Germantown, MD). Total RNA for triplicates of PAR, FRCs 

Cycle 1, and SRCs Cycle 3 were checked for quality on an Agilent Technologies 2100 

Bioanalyzer using a RNA nano assay. All samples had RIN value of 10. Triplicate 

RNA-Seq libraries were prepared according to the Illumina TruSeq stranded mRNA 

protocol (www.illumina.com). Briefl y, 200 ng of total RNA was purifi ed using poly-T 

oligo-attached magnetic beads to end up with poly-A containing mRNA. The poly-A 

tailed mRNA was fragmented and cDNA was synthesized using SuperScript II and 

random primers in the presence of Actinomycin D. cDNA fragments were end 

repaired, purifi ed with AMPure XP beads, A-tailed using Klenow exo-enzyme in the 

presence of dATP. Paired end adapters with dual index (Illumina) were ligated to 

the A-tailed cDNA fragments and purifi ed using AMPure XP beads. The resulting 

adapter-modifi ed cDNA fragments were enriched by PCR using Phusion polymerase 

as followed: 30 s at 98°C, 15 cycles of (10 s at 98°C, 30 s at 60°C, 30 s at 72°C), 5 min 

at 72°C. PCR products were purifi ed using AMPure XP beads and eluted in 30 µl 

of resuspension buffer. One microliter was loaded on an Agilent Technologies 2100 

Bioanalyzer using a DNA 1000 assay to determine the library concentration and for 

quality check. Cluster generation was performed according to the Illumina TruSeq SR 
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Rapid Cluster kit v2 (cBot) Reagents Preparation Guide (www.illumina.com). Briefly, 

9 RNA-Seq libraries were pooled together to get a stock of 10 nM. One microliter of 

the 10 nM stock was denatured with NaOH, diluted to 6 pM and hybridized onto 

the flowcell. The hybridized products were sequentially amplified, linearized and 

end-blocked according to the Illumina Single Read Multiplex Sequencing user 

guide. After hybridization of the sequencing primer, sequencing-by-synthesis was 

performed using the HiSeq 2500 with a single read 50-cycle protocol followed by 

dual index sequencing. Illumina adapter sequences have been trimmed off the 

reads, which were subsequently mapped against the GRCm38 mouse reference 

using HiSat2 (version 2.1.0) (Kim, Langmead, and Salzberg 2015). Gene expression 

values were called using htseq-count (version 0.9.1) (Anders, Pyl, and Huber 2015) and 

Ensembl release 91 gene and transcript annotation. Normalization and expression 

value generation was done using DESeq2 (rlog). Visualization and analyses of 

RNA-Seq data and GO analysis were performed using R2: Genomics Analysis and 

Visualization Platform (http://r2.amc.nl).
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Discussion
The work presented in this thesis aims to explore the molecular mechanisms that 

drive Pompe disease, and to provide novel insight on ex vivo expanded muscle 

regenerative cells. In the preceding chapters we provided evidence on dysregulation 

of glycogen metabolism in Pompe disease in mice and patients and shed light in 

the role of autophagy for satellite cell activation in Pompe disease. Furthermore, 

we isolated and characterized murine muscle reserve cells, identified populations 

with differential regenerative properties, and investigated their transcriptional 

signatures. We developed a protocol to assess muscle stem cell activation through 

isolation of single muscle fibers, and reviewed muscle regeneration defects in 

neuromuscular disorders. Multiple approaches are currently being developed 

in these fields to provide solutions to the same questions that this thesis aimed 

to answer. Below, we discussed some of our findings in the context of the state-

of-the-art, as well as future perspectives and challenges that this research faces 

towards a clinical outcome.

1. Pompe disease: remaining questions
Pompe disease is characterized by a wide spectrum of clinical heterogeneity 

in patients with adult onset Pompe disease, even for those who share identical 

disease-associated variants in the GAA gene. This suggests that disease modifying 

factors affect the clinical spectrum in Pompe disease. Disease modifying factors 

can have a genetic origin, such as the c.510C>T variant, a genetic modifier in IVS1 

patients [1]; or may be determined by environmental or epigenetics factors. Other 

GSDs are also characterized by a heterogeneous spectrum of disease symptoms. An 

example is GSDIa, caused by deficiency of G6Pase, where symptom heterogeneity 

has been associated to the severity of the genetic variants in G6PC1, an enzyme 

involved in glycogen metabolism, which act as a disease modifying factor [2,3]. 

In Pompe disease, glycogen metabolism and autophagy have been proposed in 

the past as potential modifying factors [4,5]. Confirmation of the involvement of 

disease modifying factors in disease onset, progression, or response to therapy 

could offer novel targets for treatment and open the door for the application of 

personalized therapies.
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1.1. How does dysregulation of glycogen affect Pompe 
disease, and why does it matter?
Glycogen metabolism depends on a fi ne balance between biosynthesis and 

degradation, which is controlled by a set of cytoplasmic and lysosomal enzymes 

in muscle cells. Studies in mice showed that glycogen metabolism is altered in 

Pompe disease – suggesting accumulation of cytoplasmic glycogen –, and that ERT 

treatment normalized enzyme levels [4,6,7]. Similarly, evidence in human skeletal 

muscle biopsies showed upregulation of GLUT4, involved in glucose uptake, and of 

deposition of extra-lysosomal glycogen that was not cleared after ERT treatment, 

indications that glycogen metabolism may also be altered in Pompe disease 

patients [8,9]. The results reported in chapter 2 are in line with previous fi ndings 

in human and mouse, and provide further evidence regarding the existence of 

dysregulation in the metabolism of glycogen in Pompe disease. However, the 

limited availability of suitable biopsies together with a relatively high variability 

between individuals limited the power of this study. Further research should aim to 

analyze glycogen metabolism in a larger cohort of patients in order to determine 

the signifi cance of the changes. In addition, in our study we used biopsies of mildly 

affected adult onset patients. A possibility would be that glycogen metabolism was 

more strongly dysregulated in severely affected patients. Analyzing other patient 

groups, such as severely affected adults or classic infantile patients, would allow to 

assess the degree to which disturbances in glycogen metabolism affect patients. 

Such analysis would allow to determine whether there is any relationship between 

dysregulation of glycogen metabolism and disease progression, and to indicate 

whether it could be considered a disease modifying factor, as it has been proposed 

in the past [4].

Understanding if dysregulation of glycogen metabolism occurs before the 

onset of muscle pathology, as it is the case in mice, would have a relevant clinical 

impact, since therapeutic strategies could consider targeting glycogen build-

up from an early stage, similarly to what some forms of SRT propose. However, 

manipulation of glycogen biosynthesis is a very delicate step, as shown by alteration 

of muscle functionality after depleting GYG1 in mice and the high lethality rate 

(90%) of GYS1-/- mice [10,11]. Furthermore, defi ciency of GYS1 represents a skeletal 

muscle disease on its own [12]. Lastly, determining whether the response to ERT is 

affected by the status of glycogen metabolism would be relevant for its use as a 

potential marker for monitoring the response to treatment.
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1.2. Why is the metabolism of glycogen altered in Pompe 
disease?
In Pompe disease, GAA deficiency causes intra-lysosomal glycogen accumulation. 

As a result, glycogen cannot be broken down in the lysosome upon need. In 

homeostatic conditions, cells have compensatory mechanisms, such as negative 

feedback loops (see next paragraph), that ensure a process does not become 

overactivated. Under pathological conditions, metabolic stress may unleash a 

physiological response, or adaptation, that may have adverse consequences and 

eventually damages cells and tissues, such as it is the case in autoimmune disease 

or chronic inflammation episodes [13]. In Pompe disease, the excess of glycogen 

in the lysosomes seems not to be adequately interpreted by muscle cells, which 

in turn react by increasing glycogen biosynthesis in the cytoplasm. A hypothesis 

would be the prevalence of a state in which accumulation of glycogen in the 

lysosomes results in a shortage of free glucose available to the cell, to which the 

cell reacts by increasing glucose uptake (or alternative glucose synthesis pathways, 

such as gluconeogenesis) and enhancing glycogen biosynthesis. As mentioned 

above, this could occur as a response to metabolic stress, ultimately resulting in 

tissue damage. Nevertheless, this hypothesis has not formally been tested, and 

future research should aim to elucidate such question.

1.3. Dysregulation of glycogen metabolism in Pompe 
disease. A unique case?
Metabolic imbalance in glycogen biosynthesis and degradation is not exclusive 

for Pompe disease (for an overview of glycogen metabolism in GSD, see [14]). 

An increase in enzymes involved in glycogen biosynthesis in cardiac tissue was 

reported in a study performed in fasting women, reinforcing the hypothesis that 

dysregulation of glycogen metabolism could be an adaptation to metabolic stress 

[15]. In McArdle disease (GSDV), caused by deficiency of PYGM, analysis of transcripts 

and protein levels in patients revealed downregulation of GYS1 [16]. Interestingly, 

the overall effect was to prevent further glycogen storage – as would be expected 

from a compensatory mechanism –, opposite to what occurs in Pompe disease. 

Another example of a compensatory mechanism related to glycogen metabolism 

in a GSD is found in a study by Testoni et al., in which glycogen accumulation was 

reported in skeletal muscle of Gyg1-/- mice, also opposite to what we and others 

reported for Pompe disease [10]. Analysis of carbohydrate metabolism in patients 
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with GYG1 defi ciency also revealed exercise-induced impaired glycogenolysis 

[17]. These examples suggest that glycogen metabolism is a tightly controlled 

complex mechanism, and that its outcome depends on where in the pathway 

the interference occurs. Additionally, it seems plausible that additional metabolic 

abnormalities in glycogen synthesis and degradation could be a common feature 

in GSDs.

1.4. The impact of metabolic abnormalities in the 
pathology of GSDs
Dysregulated metabolic activities seem to be relatively common in GSDs, including 

Pompe disease. As mentioned throughout this thesis, autophagy is one of the most 

studied metabolic parameters in Pompe disease as a target for therapy. Autophagy 

is also altered and studied as a candidate for therapy in GSDI, as induction of 

autophagy improved hepatic lipid metabolism and lipid clearance in several 

human and animal disease models [18]. Another relevant metabolic feature known 

to be dysregulated both in GSDI and Pompe disease is oxidative stress. Recent 

research showed that correction of oxidative stress in Pompe disease improved 

response to ERT [19,20]. 

The role of metabolism in GSDs and its potential impact in their pathology 

seems to be coming to light. Metabolic profi ling in GSDI and GSDIII revealed 

distinct metabolic signatures that allowed clustering of these diseases into several 

subtypes [21]. It would be interesting to determine whether metabolic signature-

based subtypes can also be established in Pompe disease, and whether such 

subtypes are associated to certain clinical manifestations. If it were the case, the 

metabolic signature of Pompe disease could be used with therapeutic purposes. 

It is manifest that a range of metabolic alterations occur in GSDs, and that 

they could be relevant for clinical parameters such as response to treatment. 

Investigation of these abnormalities and their impact on disease progression or 

treatment response are of importance to improve the current knowledge in GSDs 

and for the development of new therapeutic avenues.
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2. Reserve cells and skeletal muscle regeneration
2.1. Towards the development of cell therapies for muscle 
disorders: achievements and challenges.
Although satellite cells have capacity to efficiently regenerate skeletal muscle, 

they are present at low numbers and need expansion in order to be utilized for 

regenerative purposes [22]. However, satellite cells, also termed muscle stem cells 

(MuSCs), lose regenerative properties soon after culture in vitro [23,24], hence the 

necessity to develop methods to expand regenerative cells. The lack of suitable 

culture systems for expanding muscle regenerative cells – whether these are 

satellite cells or other myogenic cell types – is a long-standing limiting factor for 

the development of cell-based therapies for skeletal muscle [25,26]. 

To solve this problem, research strategies aim to maintain or restore 

regenerative properties in myogenic cells through a series of techniques in 

vitro, such as recapitulation of the muscle microenvironment by mimicking the 

properties of substrates [27–30], stimulating signalling between MuSCs and other 

cell types [31,32], and re-inducing regeneration via pharmacological treatment with 

small molecules [33,34]. Often, these methods require complex or lengthy culture 

procedures, which are suboptimal for the development of cell-based therapies.

Loss of stem cell properties upon ex vivo culture is also a challenge in other 

fields, such as for several types of hematopoietic cells [35], and for basal bronchial 

cells for cell therapy in cystic fibrosis [36]. In those fields, the efforts to find 

solutions for this challenge are similar to those for skeletal muscle: formulation 

of drug cocktails to enhance stem cell activity and recapitulation of the stem cell 

microenvironment [37–39]. 

2.2. Reserve cells: a source for cell-based therapies?
In chapter 6 we described a method to isolate murine reserve cell fractions with 

regenerative capacity. Myoblasts used for the generation of reserve cells could 

be expanded for more than 90 population doublings, allowing to obtain large 

numbers of regenerative cells. Generation of reserve cells was relatively simple and 

did not require expensive culture additives, making it a cost-effective technique 

for culturing muscle regenerative cells. In addition, cells could be frozen with 

maintenance of regenerative potential, which enabled these to be stored in large 

quantities. Freezing capacity for storage is necessary for cell sources to be used for 
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future cell-based therapies, as it allows to generate large batches of regenerative 

cells. 

Are reserve cells safe for use in clinical trials?

An important challenge for the development of cell therapies is safety, which is 

especially relevant when cells are genetically modifi ed. Previous studies in mice 

used knockdown of Myod and overexpression of IL-1RA in myoblasts in order to 

increase engraftment effi ciency and survival after transplantation, respectively 

[40,41]. To consider these cells for therapy would require a thorough analysis of 

safety, mostly regarding the methods employed for genetic manipulation; i.e. 

evaluation of insertion sites, copy numbers, and potential development of variants 

in delicate genomic regions such as oncogenes or tumor suppressor genes. In 

contrast, generation of reserve cells did not require genetic manipulation or 

artifi cial expression of myogenic factors.

Reserve cells showed properties in vitro and in vivo that resembled those of 

adult muscle stem cells. In this regard, advantages of adult stem cells for application 

in therapy versus other cell types, such as embryonic stem cells (ESCs) or induced 

pluripotent stem cells (iPSCs), are reduced risk of tumorigenesis arising from 

undifferentiated cells, and a lower risk for the accumulation of genetic aberrations 

(e.g. induction of pluripotency in iPSCs increases the possibility for the acquisition 

of disease-associated variants) [42].

Although the application of adult stem cells for therapy poses a lower risk 

for the factors mentioned above compared to other stem cell types, there are 

still risks that need to be assessed. The acquisition of variants that lead to clonal 

expansion by proliferating stem cells, and their relationship with the development 

of malignancies has been widely documented [43,44]. For example, attention 

has been drawn to the accumulation of p53 mutations, which hamper the 

development of cell-based therapies [45,46]. For this reason, special attention to 

this matter is necessary when considering cell sources for therapy. The parental 

populations from which regenerative reserve cells were derived could be expanded 

for up to 90 population doublings, increasing the risk of acquisition of genomic 

aberrations. To reduce the impact of expansion-associated variant acquisition, 

limiting the expansion of regenerative cells to the minimum necessary numbers 

for therapy would be recommended. In addition, a genomic analysis would still be 

necessary to evaluate safety, for example to rule out adverse genetic variations or 

karyotype abnormalities. Further characterization should also evaluate abnormal 
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differentiation and transformation, since reserve cells have partial resemblance to 

satellite cells, which are known to have capacity to differentiate into non-muscle 

cells in vitro [47]. It is important to note that several cell types other than satellite 

cells and their derived progenitors have myogenic capacity, and that the studies 

that showed multipotent capacity of MuSCs are few and lacked lineage-tracing 

approaches, which leaves an open possibility for these results to be derived from 

the expansion of subsets of non-canonical myogenic cells.

2.3. Transplantation methods: autologous vs allogeneic
The capacity to obtain reserve cells from primary myogenic cultures and the relative 

simplicity of the isolation method would, in principle, make reserve cells suitable 

candidates for autologous transplantation. An important advantage of autologous 

transplantation over allogeneic transplantation is a lower immunogenicity, and 

therefore the ability to avoid immune suppression before transplantation. A number 

of clinical trials using myogenic cells for cell-based therapy have been performed in 

the past and in recent times using both autologous and allogeneic transplantation 

strategies. Autologous approaches reported none or very mild immune reactions 

[48,49], while allogeneic strategies required the use of immunosuppressants [50]. 

In combination with major histocompatibility complex (MHC) matching between 

donors and hosts, immune suppressive treatment limited immunogenicity issues 

in allogeneic transplantation strategies [51–56]. In addition, the establishment of 

human leukocyte antigens (HLA) haplotype banks to match hosts and donors could 

also contribute to diminish tissue incompatibilities for allogeneic transplantation. 

At the moment, this is widely used for hematopoietic stem cell transplantation and 

efforts are being made to establish banks for PSCs [57,58].

Reserve cells can be isolated from a patient’s muscle biopsy and thus be 

suitable for autologous transplantation. Considering the low immunogenicity 

reported in autologous transplantations of myoblasts (the cells from which reserve 

cells are derived and to which they resemble the closest), a low immunogenic 

response could be expected. However, taking into consideration the importance 

of assessing the immune reaction for the success of a cell-based therapy, 

future experiments should determine the degree of immunogenicity upon 

transplantation of reserve cells. Autologous strategies for muscle diseases would 

require gene correction, which would increase the risk of adverse genetic events. 

The alternative, an allogeneic source, would increase the risk of an unfavourable 
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immune response. Although not without risk, considering the rapidly progressing 

array of techniques for a safer genetic manipulation, autologous transplantation of 

gene corrected cells seems, a priori, the most feasible strategy for a future reserve 

cell-based therapy for muscle disorders.

2.4. Reserve cells towards therapy: translation to human
In this thesis we showed that this reserve cell murine model allows to study the 

full regenerative process, including regeneration and stem cell engraftment. 

In addition, this method can be compared with the regeneration dynamics of 

endogenous muscle stem cells, providing a valuable tool to study muscle stem 

cells in vitro. Human reserve cells have been reported previously, which supports 

the possibility of a future reserve cell-based therapy for muscle disorders. However, 

proof-of-concept studies in human are still necessary before considering reserve 

cells for therapy. To date, murine reserve cells have mostly been characterized in 

vitro, while only one study besides our own work analyzed reserve cells’ in vivo 

regenerative potential [59]. The situation is more limited for human reserve cells, 

where two studies reported the existence of reserve cells in human cultures and 

another analyzed their in vitro and in vivo properties [60–62]. Laumonier et al. used 

primary human myoblasts to isolate human myogenic reserve cells [62]. Although 

the study showed that human reserve cells had regenerative capacity in vivo, it 

did not show stem cell engraftment and regeneration. It would be interesting to 

determine whether reserve cell fractions with distinct myogenic properties can 

also be obtained from human cultures, and whether they possess both direct 

regeneration and stem cell engraftment properties, similarly as murine reserve 

cells. Previous work in our laboratory generated reserve cells from human iPSC-

derived myogenic progenitors (data not shown). However, transplantation of 

the fast-adhering fraction showed limited capacity to effi ciently regenerate 

muscle when transplanted in pre-injured mouse hosts; while the slow adhering 

fraction was not transplanted. It is unknown whether iPSC-derived myogenic 

reserve cells hold suffi cient regenerative potential to be considered candidates 

for therapy. However, cell cycle differences between transplanted human cells 

and the endogenous satellite cells of the mouse hosts (and the impact that this 

could have in the regenerative process) make the comparison of engraftment and 

regeneration upon transplantation in mice very diffi cult.
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2.5 What are the possibilities for the delivery of myogenic 
cells for regenerative purposes? Local vs systemic delivery
Cell-based therapy trials using myoblasts failed, among other reasons, due to 

myoblasts’ poor migration capabilities. Although satellite cells have a higher 

regenerative capacity compared to myoblasts, they still have a poor migration 

potential (for a review, see [26]). Both myoblasts and satellite cells need to be 

administered locally (intramuscular injection) for efficient regeneration. This 

limits their clinical efficacy to a relatively reduced region surrounding the area of 

administration. In practice this means cells need to be injected in every muscle 

that is affected for a given disease, which is particularly difficult for disorders that 

affect a large number of muscles or for those diseases that affect delicate muscles, 

like the diaphragm. Interestingly, alternative cell types with myogenic potential, 

such as mesoangioblasts and muscle side population cells (SPs) , showed capacity 

to be systemically administered through the blood stream, engraft, and regenerate 

skeletal muscle [63,64], although this issue remains controversial. Such capacity 

would eliminate the need to perform multiple intramuscular injections, and would 

facilitate administration of a future cell therapy, similarly as hematopoietic stem 

cell transplantations are currently performed. Capacity to permeate blood vessels 

has not been reported in myoblasts or satellite cells. Since reserve cells are derived 

from myoblasts and all studies involving transplantation of reserve cells relied 

on intramuscular delivery, it seems unlikely they would be suitable for systemic 

delivery.

2.6. Are there other options? Alternative cell types for 
skeletal muscle regeneration
Although currently the main focus for regenerative approaches for skeletal muscle 

is attributed to satellite cells, other cells have demonstrated myogenic capacities 

that resemble those of muscle stem cells [25]. iPSCs are promising candidates for 

cell-based therapies for a broad range of disorders, among them, skeletal muscle 

disorders [65]. To date, besides preliminary work performed in our lab (discussed 

above) there are no studies reporting the use of iPSC-derived myogenic reserve 

cells. One of the main advantages of iPSCs is their capacity to be expanded virtually 

unlimitedly. If cells with sufficient regenerative potential, such as reserve cells, 

would be generated from iPSC-derived myogenic cells, the current limitation 

to expand regenerative myogenic cells could be solved. Challenges regarding 
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tumorigenicity and heterogeneity, discussed above, would need, however, to be 

addressed before consideration for therapy.

Other cell types with capacity to differentiate into several lineages 

demonstrated potential application for muscle regeneration. In vivo, murine 

muscle SPs were proven capable of permeating the blood vessels, regenerating 

skeletal muscle, and give rise to MuSCs [66,67]. However, SPs have not been 

characterized in humans. In addition, doubts regarding their myogenic potential 

(SPs only formed myotubes when co-cultured with myoblasts in vitro) and a 

limited capacity to regenerate skeletal muscle in vivo hampered further studies 

and applications of muscle SPs [66]. Mesoangioblasts were proven promising in 

mice and are characterized in human. Intra-arterial transplantation studies using 

mesoangioblasts reported capacity to regenerate skeletal muscle and populate 

the stem cell niche, although clinical trials using these cells were largely negative 

[63,64,68]. Although reserve cells are unlikely to permeate blood vessels, they solely 

differentiate into skeletal muscle, and have high regenerative capacity. Therefore, 

reserve cells have a higher in vivo resemblance to satellite cells/myoblasts, than to 

alternative multipotent stem cells with myogenic capacity.

2.7. The long road to therapy: clinical trials
Successful development of a cell-based therapy for skeletal muscle ultimately aims 

to ensure improvement of muscle function, which has proven a challenge in the 

past. Although MuSCs are considered the ideal cells for therapy regarding their 

regenerative properties and functional improvement in mice, the impossibility 

to expand regenerative MuSCs has prevented their application in clinical trials to 

date [23,69]. Studies with myoblasts (myoblast transfer therapy studies) showed 

a limited degree of effi cacy in terms of regeneration (dystrophin production); 

however, no functional improvement was achieved, and these trials were 

eventually discontinued [49,50,52–56,70]. Reserve cells seem promising in terms 

of regenerative capacity in mice; however, their effect on muscle function was not 

evaluated in our study. It is therefore essential to assess whether reserve cells have 

capacity to improve muscle function before determining if they would be eligible 

for trials.

Other cell types have been proposed as candidates for therapy and utilized 

in phase I/II trials. The use of mesoangioblasts in clinical trials for DMD turned 

unsuccessful due to risks associated to multipotency and the low production of 
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dystrophin in regenerated fibers [68,71]. Considering their increased regenerative 

properties, and despite the necessity to be administered locally, it seems more 

likely that an expandable, canonical myogenic cell type, like satellite cells, would 

become more suitable candidate for therapy in the future. 

2.8. What type of cells are reserve cells? Similarities and 
differences with satellite cells
Reserve cells efficiently contributed to muscle regeneration both directly after 

transplantation and in a stem cell-like manner, as shown through re-injury 

experiments. These two properties resemble the capacities that satellite cells have 

in vivo. Reserve cells, however, share other similarities with MuSCs.

Recent studies showed that MuSCs are a heterogeneous myogenic stem 

cell population with different properties in vitro, such as differential expression of 

transcription factors, surface markers, or metabolic activity, as well as in vivo for 

their differential capacity to regenerate upon transplantation (for a comprehensive 

review, see [72]). Stem cell heterogeneity is a common feature for other cell types 

too, such as hematopoietic, gut, and neural stem cells [73,74]. In a similar manner, 

the findings reported in chapter 6 suggest certain degree of heterogeneity in the 

reserve cell population. We described two populations (fast- and slow-adhering 

cells) that had heterogeneous properties and distinct transcriptional profiles 

in vitro and markedly distinct regenerative activity in vivo. The importance of 

heterogeneity in myogenic cells is given by the need of: 1) cells with capacity 

to differentiate directly into muscle; 2) cells that repopulate the stem cell niche 

through self-renewal to ensure regeneration after successive rounds of injury. 

These two factors are essential to ensure restoration of muscle homeostasis after 

injury. 

Clonal analyses in MuSCs revealed variability in gene expression, time to 

first division, and rate of division [29,75,76]. More recent studies supported these 

findings and showed MuSC heterogeneity through single-cell RNA sequencing 

(scRNA-seq) [77,78]. Similarly, we observed differences in the proliferative capacities 

between reserve cell fractions, with a delayed start of proliferation in SRCs Cycle 

3 after isolation compared to PAR or FRCs Cycle 1. This delay in proliferation was 

promptly equalized after 1-2 passages (data not shown). This was likely was caused 

by differences in cell density at plating (data not shown). It is widely accepted that 

myogenic cells with slow proliferation capacity better resemble muscle stem cells, 
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since they lie in a quiescent state in their niche, under the basal lamina [79,80]. 

Although we did not explore this in depth, a higher percentage of PAX7-expressing 

reserve cells and the lower expression of cyclin genes by SRCs Cycle 3 would be in 

line with a more “stem cell-like” state that could be related with the differences in 

proliferation between reserve cell fractions. Furthermore, reduced cell adhesion 

of myogenic cells, such as those of SRCs Cycle 3, has been previously linked with 

increased stem cell properties [41,81,82], which also correlates with increased stem 

cell engraftment observed in this fraction.

Functional repopulation assays also showed differential self-renewal 

capacity in vivo by MuSCs subpopulations after several rounds of regeneration, 

as well as distinct regeneration effi ciency depending on the subpopulation 

of MuSCs employed [83]. Differences between these MuSCs populations were 

PAX7 expression levels, metabolic activity, and asymmetric DNA segregation. 

We also observed distinct expression of myogenic factors between reserve cell 

fractions, among them, PAX7. It is unknown if asymmetric divisions occurred in 

reserve cells, but this could also be linked to the formation of different reserve cell 

fractions as well as to their functional differences. Exploring these mechanisms 

and establishing similarities with MuSCs could provide hints regarding the 

patterns that regulate establishment of reserve cell fractions. Overall, identifying 

heterogeneous populations of regenerative cells and understanding the factors 

that drive heterogeneity are important for the general understanding of the muscle 

regeneration and the development of cell-based therapies for skeletal muscle.

2.9. Have reserve cells been isolated before? Are all 
reserve cells the same?
The most distinctive characteristic of the reserve cell isolation protocol described 

here is the combination of subsequent cycles of reserve cell isolation and selection 

of fractions based on adhesion properties. By utilizing this method, we obtained 

reserve cell populations with markedly distinct in vitro and in vivo properties. 

However, reserve cells had been characterized in vitro and isolation methods had 

been described in the past. Previous isolation protocols relied on separating the 

non-differentiated fraction of mononuclear cells from differentiated myotubes, 

similarly to the method we described. However, there were other differences 

between protocols that could have an impact on the yield and properties of reserve 

cells, mainly regarding the time of differentiation and the method to separate the 
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undifferentiated fraction of cells from myotubes. Previous reserve cell isolation 

methods were based on differentiation of cells ranging from 3 days to 7 days, 

although the latter was used to isolate human reserve cells [61,84]. In our protocol, 

murine myoblasts were differentiated for 5 days. Since reserve cells seem to acquire 

their fate during differentiation, the time that they are kept in differentiation 

conditions appears critical for the establishment of regenerative properties. In fact, 

preliminary experiments in our group showed that the potential of reserve cells 

to regenerate skeletal muscle was not achieved after 2 days of differentiation, and 

that 4-5 days were optimal (data not shown). There was also variability between 

different methods to separate reserve cells from differentiated cells. Kitzmann et 

al. used a short trypsinization step to detach myotubes and to leave reserve cells 

attached in the plate [84]. Yoshida et al. trypsinized all cells (differentiated and non-

differentiated) and plated them in a new dish for 30 minutes [85]. After this time, 

floating myotubes were removed. Baroffio et al. used a decantation procedure 

by which myotubes would deposit on the bottom of a tube, while reserve cells 

remained floating [61]. Other isolation methods, including more recent ones, were 

based on modifications of the protocol described by Kitzmann et al. [86,87]. In the 

method described in this thesis, all reserve cells were trypsinized and re-plated in 

new culture dishes, which allowed to separate reserve cell fractions based on their 

adhesion properties. Moreover, cell suspensions were first filtered through a strain 

to eliminate large myotubes and the filtered solution was then disaggregated 

using a 21G needle and a syringe. Although we did not compare the efficacy 

between methods to obtain reserve cells, the isolation protocol described by us 

included two sequential filtering steps, a priori reducing the possibility to include 

myotubes when compared with decantation or short trypsinization protocols. 

In addition, reserve cells were always passaged twice in proliferative conditions 

before transplantation. This was done in order to ensure re-entry in the cell cycle 

and to enrich for proliferative cells at the cost of residual post-mitotic cells that may 

permeate the isolation protocol.

In chapter 6, we further explored the existence of heterogeneity within the 

reserve cell populations by separating and analyzing these in fast- and slow-

adhering populations. Our method explored, for first time, the fractionation of 

the reserve cell population into several subpopulations. In addition, we adapted 

the concept of performing “cycles” of isolation in order to obtain populations 

of reserve cells with different in vitro and in vivo properties. A similar concept, 

termed subculturing was used by Baroffio et al. to characterize the cytoskeletal 
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protein α-SR actin and analyze the proliferative capacity of human reserve cells 

[61]. Interestingly, in that study reserve cells progressively lost proliferation capacity 

and eventually stopped proliferating after 4 steps of subculturing, which was not 

the case in our study. The human origin of reserve cells in that study together with 

the differential culture conditions are possibly attributable for the differences in 

proliferative potential compared to our study.

2.10. What molecular mechanisms are involved in reserve 
cell-mediated engraftment?
Although signifi cant progress has been done in the past, there are still many 

questions regarding the mechanisms involved in muscle regeneration. Current 

research efforts aim to fi nd molecular and biological processes to stimulate and 

enhance regeneration. Of particular relevance is the research being performed 

in salamanders, given the capacity that several species of this organism have to 

regenerate whole complex body parts, such as limbs [88]. However, its translation to 

mammals still poses a large obstacle for a hypothetical application for regenerative 

purposes. Studies performed in skeletal muscle of mammals highlighted the 

relevance of IGF1-Akt, TGFβ, Wnt, and p38 MAPK as some of the most relevant 

pathways for myogenesis [89–91]. The transcriptional profi le of reserve cells 

allowed us to hypothesize about mechanisms involved in engraftment. Gene 

ontology analysis revealed enrichment in the transcripts of IGF-binding proteins in 

SRCs Cycle 3. IGF-binding proteins are known activators of the IGF1-Akt pathway, 

whose stimulation promotes muscle regeneration, and that have shown evidence 

to improve dystrophic muscle function upon administration [92–94]. Similarly, 

SRCs Cycle 3 (the fraction that showed highest stem cell engraftment) showed 

reduced transcription of phosphodiesterase genes. This was in line with previous 

fi ndings that showed that pharmacological inhibition of phosphodiesterases 

resulted in increased satellite cell engraftment and more effi cient regeneration 

[95,96]. These pathways can be targeted through the use of small molecules, which 

could open interesting avenues regarding the stimulation of muscle regeneration 

using druggable targets, which has been explored before (for a review, see [97]). 

This highlights the relevance of discovering new molecular processes involved in 

skeletal muscle regeneration, and the capacity to modulate these. However, these 

results are correlative, and functional assessment of candidate pathways in reserve 

cells is necessary in order to determine the degree of involvement in re-induction 
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of regenerative properties in cultured muscle cells. This is important, since 

there are a number of differentially expressed pathways and cellular processes 

between reserve cell fractions, and there is a possibility that not one but instead 

a combination of pathways is responsible for the differences in engraftment and 

regeneration observed in reserve cells.

Conclusion
The work in this thesis provided new insight on the dysregulation of glycogen 

metabolism in Pompe disease, and suggested that glycogen biosynthesis is 

sensitive to treatment with ERT in Pompe disease patients. Altogether, our results 

shed more light on the pathology of Pompe disease, and bring new questions 

regarding the possibility of glycogen metabolism to be used as a marker for 

disease progression and response to treatment, or represent a potential target for 

improved future therapy.

Cell therapy for skeletal muscle represents a promising therapy to treat 

neuromuscular disorders. Nevertheless, there are still important challenges that 

need to be overcome. One of them is expansion of regenerative cells. Through the 

generation of reserve cells and the work described in this thesis, we have shown 

that reserve cells meet requirements necessary to obtain a suitable candidate for 

cell therapy. However, further research is necessary in order to determine whether 

reserve cells could be utilized in the future for such purpose. In addition, reserve 

cells represent an interesting tool to study the molecular signature of engraftment. 
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Summary
Pompe disease is a rare metabolic myopathy characterized by deficiency of acid 

α- glucosidase due to disease-associated variants in the GAA gene, resulting in 

lysosomal glycogen accumulation. Enzyme replacement therapy (ERT) represents 

the standard of care for Pompe disease since 2006, consisting of intravenous infusion 

of recombinant human acid α- glucosidase (rhGAA). ERT treatment improves 

survival and ameliorates cardiomyopathy in children, and improves respiratory 

and muscle function in children and adult onset patients. However, treatment is 

not always effective and there is significant variability in response to treatment 

between patients. As a consequence of the variability in treatment outcome, the 

necessity of life-long (bi)weekly ERT infusions, and the high costs associated with 

therapy, new therapeutic avenues are necessary for Pompe disease. Furthermore, 

novel therapies are also necessary for other skeletal muscle disorders with unmet 

clinical needs. This thesis explores the molecular mechanisms that govern Pompe 

disease and investigates strategies for the development of regenerative cell-based 

therapies for muscle disorders.

In chapter 1, we introduced the features that characterize Pompe disease 

and its current gold-standard of care – ERT –, including its limitations. The role of 

glycogen metabolism in skeletal muscle and its disturbances in glycogen storage 

disorders (GSDs) were defined, as well as relevant metabolic pathways altered 

in Pompe disease and of relevance for the work presented in this thesis, such as 

autophagy. Furthermore, experimental outcomes amenable for development for 

Pompe disease were described. The biology of skeletal muscle was introduced, 

with a focus on satellite cells, the native skeletal muscle stem cells, along with 

their role in the muscle regenerative process. Additionally, innovative forthcoming 

therapeutic avenues for skeletal muscle were introduced, paying emphasis on cell 

therapies and descriptions of cell types amenable for this purpose. Last, the scope 

and aims of this thesis were delineated.

Although residual GAA enzyme activity largely affects disease onset and 

progression, other factors are suspected to modulate disease course. These 

factors include cytoplasmic glycogen metabolism, among others. In chapter 2, 

the metabolism of glycogen in muscle and brain of mouse and skeletal muscle 

of human patients with Pompe disease were analyzed. Enzymes involved in 

cytoplasmic glycogen synthesis including GYG1, GS, GLUT4, GBE1, and UGP2 

were upregulated in skeletal muscle, cardiac muscle, and brain of Gaa-/- mice, 
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confi rming dysregulation of glycogen metabolism in a mouse model of Pompe 

disease. In addition, certain changes were present before the onset of muscle 

pathology, while other changes developed through the life course of mice with 

Pompe disease. Quantitative mass spectrometry was performed in skeletal 

muscle biopsies of fi ve patients that responded well to ERT both before and after 

treatment with ERT. Analyses of this data showed increased expression of GBE1 

relative to healthy individuals. Furthermore, paired analysis of individual patients 

after ERT treatment showed reduction of GYG1, GS, and GBE1 compared to before 

ERT treatment. These results suggested that metabolic changes in Pompe disease 

precede muscle wasting, that dysregulation of glycogen metabolism also seemed 

to occur in humans with Pompe disease, and that ERT treatment resulted in 

attenuation of dysregulated enzyme levels.

Skeletal muscle has a remarkable regenerative capacity after damage in a 

process mediated by satellite cells. However, in muscle-degenerative conditions 

regeneration is often hampered due to disbalance between muscle degeneration 

and regeneration. In chapter 3, recent progress on the role of satellite cell-mediated 

repair in neuromuscular disorders was reviewed, with an emphasis in Pompe 

disease. We reported disease-specifi c abnormalities in satellite cell function in 

various neuromuscular disorders. A comparison was performed between muscle 

dystrophies (e.g., Duchenne muscular dystrophy) and Pompe disease. In addition, 

foreseeable targets for therapy such as autophagy, the muscle microenvironment, 

and activation of satellite cells were discussed. Last, experimental muscle 

regenerative approaches for Pompe disease were reviewed.

Satellite cell function is largely infl uenced by interactions with their 

microenvironment. Tools for the study of these interactions and their outcomes 

are necessary for a more complete understanding of the biology of muscle stem 

cells. In chapter 4, an in vitro assay for the evaluation of satellite cell activation 

through ex vivo isolation of murine skeletal muscle fi bers was presented. This assay 

can be used to compare satellite cells across different mouse models or to evaluate 

their response to treatments, offering a valuable complementary tool for in vitro 

experimentation. Experimental approaches were optimized and discussed, as well 

as potential problems and proposed solutions for the adaptation of this assay to 

alternative experimental conditions. This assay allows partial preservation of the 

satellite cells’ niche in vitro, allowing the study of satellite cell-niche interactions.

In Pompe disease, satellite cell-mediated regeneration is hampered due to 

reduced activation of skeletal muscle stem cells. In chapter 5, the relationship 
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between autophagy dysregulation, satellite cell activation, and regeneration 

was investigated in a mouse model of Pompe disease. Results showed that 

dysregulation of key autophagic proteins occurs before the onset of muscle 

pathology, confirming a causative role in the development of cellular pathology. 

Furthermore, we observed accumulation of autophagic debris in isolated Gaa-

/- skeletal muscle fibers and increased satellite cell activation in response to 

FGF2 treatment compared to wild-type. Treatment with rapamycin, an inducer 

of autophagy, stimulated autophagic flux, normalized activation, and improved 

myofiber morphology, yet failed to remove autophagic debris. Overall, modulation 

of autophagy was not sufficient to restore regeneration. However, induction of 

muscle regeneration by experimentally induced acute muscle injury transiently 

restored skeletal muscle histology and function and reduced lysosomal load. This 

study indicated that modulation of autophagy is not sufficient to overcome the 

satellite cell activation limit that is a feature of Pompe disease. Data also suggested 

that forcing satellite cell activation through induction of acute muscle injury could 

have sufficient potential to overcome the autophagic block caused by Pompe 

disease.

A large number of neuromuscular disorders are characterized for the lack 

of available therapies. In others, like Pompe disease, available therapies are 

not curative. These unmet needs warrant research and development of novel 

therapies. Cell therapy represents a promising therapeutic avenue for muscle 

disorders. However, the development of cell-based therapies for neuromuscular 

disorders is currently limited by the incapacity to expand regenerative cells 

in vitro. In chapter 6, we described a method to isolate murine regenerative 

myogenic cell fractions – termed reserve cells – from ex vivo-expanded muscle 

cultures with capacity to regenerate skeletal muscle in vivo upon transplantation. 

Reserve cell fractions possessed distinct in vitro and in vivo properties. Under 

differentiation conditions, fast-adhering reserve cells were enriched for myogenin-

expressing cells and preferentially contributed to direct muscle regeneration after 

transplantation in pre-injured immunodeficient mice. Slow-adhering reserve cells 

were enriched for PAX7-expressing cells and primarily engrafted as skeletal muscle 

stem cells, displaying higher regenerative capacity after a second bout of injury. 

Transcriptomic profiling of these populations was characterized, which allowed to 

provide a first molecular characterization of reserve cell fractions and to provide 

insight in pathways involved in reserve-cell mediated muscle regeneration.

Last, in chapter 7 results in the context of literature were discussed. We 
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highlighted the fi ndings reported in this thesis and placed them in the context of 

the current state-of-the-art knowledge on the molecular mechanisms of Pompe 

disease and cell-based therapies for neuromuscular disorders. In addition, we 

discussed outlooks and future challenges that the work contained in this thesis 

faces towards therapy development and clinical application.
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Samenvatting
De ziekte van Pompe is een zeldzame metabolische spierziekte die veroorzaakt 

wordt door ziekte-geassocieerde varianten in het GAA gen. Deze mutaties 

veroorzaken opeenhoping van glycogeen in het lysosoom. De standaard 

therapie voor de zieke van Pompe is enzymvervangende therapie (ERT). 

Hierbij wordt intraveneus recombinant humaan zuur-α-glucosidase (rhGAA) 

toegediend. ERT behandeling vergroot de overlevingskans bij kinderen en helpt 

tegen cardiomyopathie. Ook helpt deze therapie bij ademhalingsfuncties en 

spierfuncties in kinderen en volwassen die de ziekte op latere leeftijd hebben 

gekregen. Echter, de behandeling is niet altijd even effectief en er is veel verschil in 

hoe patiënten op de behandeling reageren. Hierdoor en mede doordat patiënten 

voor hun hele leven lang dure (twee)wekelijks ERT infusies nodig hebben, zijn er 

nieuwe therapeutische interventies nodig voor de ziekte van Pompe. Dit geldt ook 

voor andere spierziektes waar op dit moment geen genezing voor bestaat. In dit 

proefschrift worden de moleculaire mechanismen die ten grondslag liggen aan 

de ziekte van Pompe onderzocht. Tevens worden regeneratieve cel-gebaseerde 

methodes als therapie voor spierziektes onderzocht.

In hoofdstuk 1 bespreken we de karakteristieken van de ziekte van Pompe 

en beperkingen van ERT als gouden standaard voor therapie. We beschrijven 

de rol van glycogeen metabolisme in skeletspieren en de verstoring ervan in 

glycogeen opslag ziektes (GSDs), aangedane metabolische mechanismes voor de 

ziekte van Pompe, en andere mechanismen van belang voor de context van dit 

proefschrift, zoals autofagie. Verder worden ook onderzoeksresultaten besproken 

die bij kunnen dragen aan de ziekte van Pompe. Daarnaast wordt de biologie van 

de skeletspier geïntroduceerd, met een focus op de satellietcellen, de stamcel van 

de skeletspiercellen, alsmede hun rol in het spierregeneratie proces. Ook worden 

innovatieve toekomstige therapeutische mogelijkheden voor skeletspieren 

geïntroduceerd, met een focus op cel-gebaseerde therapieën en beschrijvingen 

van cel types die hiervoor geschikt zijn. Tot slot, worden de scope en de doelen van 

dit proefschrift beschreven.

Alhoewel residuale GAA enzymactiviteit de start en het verloop van de ziekte 

van Pompe beïnvloedt, spelen andere factoren een grotere rol bij het moduleren 

van de ziekte. Een van deze factoren is o.a. cytosolaire glycogeen metabolisme. 

In hoofdstuk 2, wordt het metabolisme van glycogeen in spierweefsel en de 

hersenen van muizen en in de skeletspieren van patiënten met de ziekte van 
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Pompe geanalyseerd. Enzymen betrokken bij cytoplasmatische glycogeen 

aanmaak zoals GYG1, GS, GLUT4, GBE1, en UGP2 waren geüpreguleerd in 

skeletspieren, hartspieren, en in de hersenen van Gaa-/- muizen. Dit bevestigde 

de deregulatie van glycogeen metabolisme in een muismodel voor de ziekte 

van Pompe. Daarnaast waren sommige veranderingen al aanwezig voor het tot 

uiting komen van de spier pathologie, terwijl andere veranderingen ontwikkelden 

in de loop van het leven van de muis met de ziekte van Pompe. Kwantitatieve 

massa spectrometrie werd toegepast op skeletspier biopten van vijf patiënten 

die goed op de therapie reageerden. Metingen werden gedaan zowel voor als na 

ERT behandeling. Er was een verhoogde expressie van GBE1 vergelijkbaar met 

gezonde individuen. Verder liet een gepaarde analyse van individuele patiënten 

na ERT behandeling een verlaging van GYG1, GS, en GBE1 zien vergeleken met voor 

de ERT behandeling. Deze resultaten suggereren dat metabolische veranderingen 

in de ziekte van Pompe vooraf gaan aan spierdegeneratie, dat disregulatie van 

glycogeen metabolisme ook plaats vindt in patiënten met de ziekte van Pompe, 

en dat ERT behandeling gedisreguleerde enzym levels tegengaat. 

Skeletspier heeft een noemenswaardige regeneratieve capaciteit na schade in 

een proces ondersteunt door satellietcellen. Echter, in spierdegeneratieve condities 

is regeneratie vaak belemmerd door een disbalans tussen spierdegeneratie 

en regeneratie. In hoofdstuk 3 wordt de vooruitgang op de rol van satellietcel-

gebaseerde herstel van neuromusculaire ziektes gereviewed met een focus op de 

ziekte van Pompe. We rapporteren ziekte-specifi eke abnormaliteiten in satellietcel 

functie in verschillende neuromusculaire ziektes. We vergelijken spierdystrofi e 

(b.v. spierdystrofi e van Duchenne) met de ziekte van Pompe. Daarnaast worden 

mogelijke targets voor therapie zoals autofagie, de spier micro-omgeving, 

en de activatie van satellietcellen besproken. Tot slot worden experimentele 

spierregeneratieve mogelijkheden voor de ziekte van Pompe besproken.

Satellietcel functie wordt grotendeels beïnvloedt door interactie met de micro-

omgeving. Tools voor het bestuderen van deze interacties en de resultaten zijn 

nodig voor een volledig begrip van de biologie van de spierstamcel. In hoofdstuk 
4 presenteren we een in vitro assay voor de evaluatie van satellietcel activatie d.m.v. 

ex vivo isolatie van muisskeletspier vezels. Deze assay kan worden gebruikt om 

satellietcellen te vergelijken tussen verschillende muismodellen of om hun reactie 

op behandeling te evalueren. Dit biedt een complementaire kostbare tool voor 

in vitro experimenten. De experimentele benaderingen zijn geoptimaliseerd en 

worden besproken. Tevens worden potentiele problemen en oplossingen voor 
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adaptatie van deze assay voor andere experimentele condities behandeld. Deze 

assay staat het behoud van een deel van de niche van de satellietcel in vitro toe 

zodat satellietcel-niche interacties kunnen worden bestudeerd.

In de ziekte van Pompe wordt satelliet cel-ondersteunde regeneratie 

tegengegaan door een verminderde activiteit in skeletspierstamcellen. In hoofdstuk 
5, wordt de relatie van autofagy disregulatie, satellietcel activatie en regeneratie 

bestudeerd in een muismodel van de ziekte van Pompe. De resultaten laten zien 

dat er disregulatie is van essentiële autofagie eiwitten voordat er spierpathologie 

is. Dit bevestigt de causale rol in de ontwikkeling van celpathologie. Verder zagen 

we accumulatie van autofage afval in geïsoleerde Gaa-/- skeletspiervezels en een 

verhoogde satellietcel activatie als reactie op FGF2 behandeling vergeleken met 

wildtype muizen. Behandeling met rapamycin, een induceerder van autofagie, 

stimuleert de autofage flux, normaliseert activatie en verbetert myovezel 

morfologie, echter autofage afval werd niet opgeruimd. In opsomming, modulatie 

van autofagie was onvoldoende om regeneratie te herstellen. Echter, inductie van 

spierregeneratie door experimenteel geïnduceerde acute spierschade verbeterde 

tijdelijk de skeletspier histologie en functie en verminderde de lysosomale 

belasting. Deze studie laat zien dat modulatie van autofagie niet voldoende is om 

de satellietcel activatie limiet, welke zo karateristiek is voor de ziekte van Pompe, te 

overkomen. De data suggereert dat geforceerde satellietcel activatie door inductie 

van acute spier schade voldoende potentie zou kunnen hebben om de autofage 

blokkade van de ziekte van Pompe te overkomen.

Voor een groot aantal aan neuromusculaire ziektes is geen therapie 

beschikbaar. Voor andere, zoals de ziekte van Pompe, geneest de therapie de ziekte 

niet. Deze onvervulde behoeftes vereisen onderzoek en ontwikkeling van nieuwe 

therapieën. Celtherapie is een veelbelovende therapeutische mogelijkheid voor 

spierziektes. Echter, de ontwikkeling van op cellen-gebaseerde therapieën voor 

neuromusculaire ziektes wordt momenteel tegengehouden door de uitdaging 

om regeneratieve cellen in vitro te vermeerderen. In hoofdstuk 6 beschrijven we 

de methode om geïsoleerde muis-regeneratieve myogene celfracties, genaamd 

reserve cellen, van ex vivo-vermeerderede spierkweken te isoleren. Deze cellen 

kunnen nadat ze in vivo zijn getransplanteerd skeletspier regenereren. Met behulp 

van differentiatie condities werden snel-adherende reserve cellen verrijkt voor 

myogene-expresserende cellen en met name deze cellen dragen bij aan directe 

spierregeneratie na transplantatie in vooraf verwonde immunodeficiëntie muizen. 

Langzaam-adherende reserve cellen werden verrijkt voor PAX7-expresserende 
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cellen en voornamelijk getransplanteerd als skeletspierstamcel. Deze cellen 

lieten een hogere regeneratieve capaciteit zien na een tweede verwonding. Het 

transcriptoom van deze cel populaties is gekarakteriseerd. Dit verzorgde een 

eerste moleculaire karakteristiek van reserve cel fracties en bracht inzichten in de 

mechanismes die betrokken zijn bij reserve-cel gebaseerde spierregeneratie.

Tot slot, in hoofdstuk 7 worden de onderzoeksresultaten in de context 

van de literatuur besproken. We belichten de bevindingen in dit proefschrift en 

plaatsen ze in context van de huidige state-of-the-art kennis over de moleculaire 

mechanismen van de ziekte van Pompe en van op cellen-gebaseerde therapieën 

voor neuromusculaire ziektes. Daarnaast blikken we vooruit op de toekomstige 

uitdagingen die het werk beschreven in dit proefschrift tegen zal komen om door 

te kunnen ontwikkelen tot een therapie of klinische toepassing.
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Resumen
La enfermedad de Pompe es una miopatía metabólica rara caracterizada por 

deficiencia de alfa-glucosidasa ácida debido a variantes patogénicas en el gen 

GAA, que causa en acumulación de glucógeno en los lisosomas. La terapia de 

reemplazo enzimático (ERT, por sus siglas en inglés) es el tratamiento estándar 

para la enfermedad de Pompe desde 2006. Esta consiste en infusión intravenosa 

de alfa-glucosidasa ácida recombinante humana (rhGAA). El tratamiento con 

ERT mejora la supervivencia y disminuye la cardiomiopatía en niños, y mejora la 

función respiratoria y muscular en pacientes pediátricos y adultos. Sin embargo, 

el tratamiento no es siempre efectivo, existiendo una variabilidad de respuesta 

al tratamiento entre diferentes pacientes significativa. Como consecuencia de 

esta variabilidad en la respuesta al tratamiento, de la necesidad de infusiones de 

ERT bisemanales de por vida y de los altos costes asociados a esta terapia, nuevas 

opciones terapéuticas son necesarias para tartar la enfermedad de Pompe. Además, 

también son necesarias nuevas terapias para otras enfermedades musculares 

con requerimientos médicos sin satisfacer. Esta tesis explora los mecanismos 

moleculares que participan en la enfermedad de Pompe e investiga estrategias para 

el desarrollo de terapias celulares regenerativas para enfermedades musculares.

En el capítulo 1 se presentan las características de la enfermedad de Pompe 

y su tratamiento estándar – ERT –, incluyendo sus limitaciones. Se define el rol 

que juega el metabolismo del glucógeno en tejido muscular esquelético en 

enfermedades del almacenamiento del glucógeno (GSDs) (como la enfermedad 

de Pompe), así como la existencia de alteraciones en rutas metabólicas en la 

enfermedad de Pompe que son de relevancia para el trabajo presentado en esta 

tesis, tal y como la autofagia. Además, se describen opciones experimentales en 

desarrollo válidas para la enfermedad de Pompe. Asimismo, se describe la biología 

del tejido muscular esquelético, haciendo énfasis en las células satélite –, las células 

madre nativas del tejido muscular esquelético, incluyendo su rol en el proceso de 

regeneración muscular. Adicionalmente se presentan terapias innovadoras para 

su aplicación en musculo esquelético –, prestando especial interés en terapias 

celulares, con descripciones de tipos celulares válidos para este propósito. Por 

último, se delinean el ámbito y los objetivos perseguidos en esta tesis.

Aunque la actividad enzimática residual de GAA afecta al inicio y progresión 

de la enfermedad, otros factores también podrían modular su curso. Entre estos 

factores se incluye el metabolismo del glucógeno citoplasmático, entre otros. En el 
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capítulo 2 se analiza el metabolismo del glucógeno en tejido muscular y cerebral 

de ratón y músculo esquelético de pacientes humanos de enfermedad de Pompe. 

Enzimas relacionadas con la síntesis de glucógeno citoplasmático, incluyendo GYG1, 

GS, GLUT4, GBE1 y UGP2 se encontraron elevadas en musculo esquelético, músculo 

cardíaco y cerebro de ratones Gaa-/-, confi rmando la desregulación del metabolismo 

del glucógeno en un modelo de ratón de la enfermedad de Pompe. Además, 

algunos cambios ya estaban presentes antes del inicio de la patología muscular, 

mientras que otros cambios se desarrollaron durante el curso de vida de ratones con 

enfermedad de Pompe. Se realizó espectrometría de masa cuantitativa en biopsias 

de tejido muscular esquelético antes y después de comenzar tratamiento con ERT 

en cinco pacientes que respondieron positivamente a dicho tratamiento. El análisis 

de estos datos mostró expresión de GBE1 elevada con respecto a individuos sanos. 

Además, análisis en par de pacientes mostraron niveles reducidos de GYG1, GS y 

GBE1 comparados con pacientes antes de ser tratados con ERT. Estos resultados 

sugieren que los cambios metabólicos en enfermedad de Pompe preceden al 

debilitamiento muscular, que la desregulación del metabolismo de glucógeno 

también parece afectar a humanos, y que el tratamiento con ERT resulta en una 

atenuación en la desregulación de los niveles enzimáticos.

Tras sufrir daño, el músculo esquelético tiene una alta capacidad de 

regeneración, en un proceso mediado por células satélite. Sin embargo, en 

condiciones musculares degenerativas la regeneración se ve a menudo afectada 

debido al desequilibrio entre episodios de degeneración y regeneración muscular. 

En el capítulo 3 se revisa el progreso reciente acerca del rol de la reparación 

muscular mediada por células satélite en enfermedades neuromusculares, 

haciendo énfasis en la enfermedad de Pompe. Se describen anormalidades que 

afectan a la función de células satélite en varias enfermedades neuromusculares. 

Se establecen comparaciones entre distrofi as musculares (ej., distrofi a muscular 

de Duchenne) y enfermedad de Pompe. Además, son objeto de debate potenciales 

dianas terapéuticas tal y como la autofagia, el nicho muscular y la activación de 

células satélite. Por último, se debaten propuestas experimentales de regeneración 

muscular aplicadas a la enfermedad de Pompe.

La función de células satélite está altamente infl uenciada por las interacciones 

con su microambiente. En este momento herramientas para el estudio de esas 

interacciones son necesarias con el fi n de mejorar nuestro entendimiento de 

la biología de las células madre musculares. En el capítulo 4 se presenta un 

ensayo in vitro para evaluar la activación de células satélite mediante aislamiento 
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ex vivo de fibras de músculo esquelético de ratón. Este ensayo puede utilizarse 

para comparar células satélite de distintos modelos de ratón, o para evaluar su 

respuesta a tratamientos, ofreciendo una herramienta complementaria para 

experimentación in vitro. Se debate sobre distintos enfoques experimentales, 

así como sobre problemas potenciales y sus posibles soluciones en cuanto a la 

adaptación de este ensayo a condiciones experimentales alternativas. Por último, 

el ensayo descrito en este capítulo permite preservar parcialmente el nicho de las 

células satélite in vitro, permitiendo el estudio de las interacciones entre células 

satélite y su microambiente.

En la enfermedad de Pompe la regeneración mediada por células satélite 

esta obstaculizada debido a una activación reducida de células madre de músculo 

esquelético. En el capítulo 5 se investiga en un modelo de ratón de enfermedad 

de Pompe la relación entre desregulación de la autofagia, activación de células 

satélite y regeneración. Los resultados mostraron que la desregulación de 

proteínas con una importante función autofágica ocurrió ya antes del inicio de la 

patología muscular, confirmando un rol causativo en el desarrollo de la patología 

celular. Además, se observó acumulación de residuos autofágicos en fibras 

aisladas de musculo esquelético Gaa-/- así como un incremento en la activación 

de células satélite en respuesta a tratamiento con FGF2 en comparación con 

ratones de tipo silvestre. Tratamiento con rapamicina, un inductor de la autofagia, 

estimuló el flujo autofágico, normalizó la activación de células madre musculares 

y mejoró la morfología de fibras musculares, aunque no fue capaz de eliminar los 

residuos autofagicos. En general, la modulación de la autofagia no fue suficiente 

para restaurar el proceso regenerativo. Sin embargo, inducción experimental del 

proceso de regeneración mediante daño muscular agudo fue capaz de restaurar 

transitoriamente la histología y función del musculo esquelético, así como de 

reducir la carga lisosomal. Este estudio indica que la modulación de autofagia 

no es suficiente para superar la limitación en la activación de células satélite que 

caracteriza la enfermedad de Pompe. Los datos también sugieren que forzar 

la activación de células satélite mediante inducción de daño muscular agudo 

podría tener suficiente capacidad para superar el bloqueo autofágico propio de la 

enfermedad de Pompe.

Un alto número de enfermedades neuromusculares están caracterizadas 

por la ausencia de terapias. En otras, como la enfermedad de Pompe, las terapias 

disponibles no son curativas. Estas necesidades médicas sin satisfacer justifican la 

investigación y el desarrollo de nuevos tratamientos. La terapia celular representa 
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una opción terapéutica prometedora para las enfermedades musculares. Sin 

embargo, el desarrollo de terapias celulares para enfermedades neuromusculares 

está actualmente limitado por la incapacidad de expandir células regenerativas 

in vitro. En el capítulo 6 se describe un método para aislar fracciones celulares 

miogénicas de ratón – llamadas células de reserva – a partir de cultivos celulares 

expandidos ex vivo con capacidad de regenerar musculo esquelético in vivo al ser 

trasplantadas. Las diferentes fracciones de células de reserva tuvieron diferentes 

propiedades in vitro e in vivo. En condiciones de diferenciación, las células de 

reserva de adhesión rápida estaban enriquecidas en células que expresaban 

miogenina, y contribuyeron preferencialmente a la regeneración muscular de 

manera directa tras ser trasplantadas en ratones inmunodefi cientes previamente 

heridos. Las células de reserva de adhesión lenta estaban enriquecidas con células 

que expresaban PAX7, e injertaron primariamente como células madre de musculo 

esquelético tras ser trasplantadas, mostrando una capacidad regenerativa más alta 

tras una segunda ronda de daño muscular. Se caracterizó el perfi l transcriptómico 

de estas poblaciones celulares, lo cual permite proveer la primera caracterización 

molecular de fracciones de células reserva, así como revelar información sobre 

rutas moleculares mediadas o r células de reserva relacionadas con la regeneración 

muscular.

Por último, en el capítulo 7 se debaten los resultados con respecto a la 

literatura existente. Subrayamos los descubrimientos realizados en esta tesis y 

los ponemos en contexto con el estado del arte actual acerca de los mecanismos 

moleculares que gobiernan la enfermedad de Pompe y con las terapias celulares 

aplicadas a enfermedades neuromusculares. Además, se debate el panorama y 

los futuros retos que el trabajo contenido en esta tesis encuentra con respecto al 

desarrollo y aplicación clínica de terapias.
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