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Abstract 

Skeletal muscle regeneration depends on the correct expansion of 

resident quiescent stem cells (satellite cells), a process that becomes 

less efficient with aging, for largely unknown reasons. Here we show in 

vivo in mouse models that mitochondrial dynamics is essential for the 

successful regenerative capacity of satellite cells. Loss of mitochondrial 

fission in satellite cells—due to physiological aging or genetic 

impairment—deregulates the mitochondrial electron transport chain 

(ETC) subunits, resulting in inefficient oxidative phosphorylation 

(OXPHOS) metabolism, depressed mitophagy, and increased oxidative 

stress. Overall, this state results in muscle regenerative failure, caused 

by reduced proliferation and functional loss of satellite cells. 

Regenerative functions can be restored in fission-impaired or 

physiologically-aged satellite cells by re-establishment of mitochondrial 

dynamics (by directly activating fission or preventing fusion), OXPHOS 

metabolism, and/or mitophagy. Thus, mitochondrial shape and physical 

networking control stem cell regenerative functions by regulating 

metabolism and proteostasis. As mitochondrial fission occurs less 

frequently in satellite cells also from older humans, our findings have 

implications for therapies of muscle regeneration in sarcopenia. 

Keywords: Muscle stem cells, muscle regeneration, mitochondria, 

mitochondrial dynamics, DRP1, mitophagy, metabolism, OXPHOS, 

aging 
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Resumen 
La regeneración del músculo esquelético depende de la expansión 

correcta de las células madre inactivas residentes (células satélite), un 

proceso que se vuelve menos eficiente con el envejecimiento, por 

razones en gran parte desconocidas. Aquí mostramos que la dinámica 

mitocondrial es esencial para la capacidad regenerativa exitosa de las 

células satélite. La pérdida de la fisión mitocondrial en las células 

satélite, debido al envejecimiento fisiológico o al deterioro genético, 

desregula las subunidades de la cadena de transporte de electrones 

(ETC) mitocondrial, lo que da como resultado un metabolismo de 

fosforilación oxidativa ineficiente (OXPHOS), mitofagia deprimida y 

aumento del estrés oxidativo. En general, este estado da como 

resultado una falla en la regeneración muscular, causada por una 

menor proliferación y pérdida funcional de las células satélite. Las 

funciones regenerativas se pueden restaurar en células satélite 

dañadas por la fisión o envejecidas fisiológicamente mediante el 

restablecimiento de la dinámica mitocondrial (mediante la activación 

directa de la fisión o la prevención de la fusión), el metabolismo de 

OXPHOS o la mitofagia. Por lo tanto, la forma mitocondrial y la red física 

controlan las funciones regenerativas de las células madre al regular el 

metabolismo y la proteostasis. Como la fisión mitocondrial ocurre con 

menos frecuencia en las células satélite de los humanos mayores, 

nuestros hallazgos tienen implicaciones para las terapias de 

regeneración muscular en la sarcopenia. 

 

Palabras clave: Células satélite, regeneración muscular, mitocondrias, 

dinámica mitocondrial, DRP1, mitofagia, metabolismo, OXPHOS, 

envejecimiento 
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1. Skeletal muscle stem cells and myogenesis 
 

1.1 The skeletal muscle and its resident stem cells, the 

satellite cells 
 
Skeletal muscle is one of the most abundant and plastic tissues of the 

human body, accounting for approximately 40% of the adult human 

body weight and containing 50-70% of the body's proteins1–3. Skeletal 

muscle contributes remarkably to a variety of bodily functions. From a 

mechanical perspective, skeletal muscle offers support and allows for 

mobility of the organism by converting chemical energy into mechanical 

energy to generate force and power, therefore contributes greatly to the 

individual’s functional independence in their social and occupational 

settings. From a metabolic point of view, skeletal muscle plays essential 

roles in basal energy metabolism, storage of important substrates such 

as amino acids and carbohydrates, thermoregulation, and energy 

balance regulation via physical activities2. 

 

Skeletal muscle is composed of bundles of multinucleated muscle fibers 

(myofibers) together with blood vessels, nerve fibers, and connective 

tissue. The outer connective tissue, the epimysium, wraps the muscle 

and connect the muscle to the tendons. Inside each skeletal muscle, 

muscle fibers are organized into bundles called fascicles that are 

surrounded by a middle layer of connective tissue, the perimysium. 

Inside each fascicle, each muscle fiber is surrounded by a thin 

connective tissue layer, the endomysium (also called the basement 

membrane or basal lamina). Each myofiber is a functional unit of the 

skeletal muscle and consist of myofibrils containing the proteins actin, 

myosin, and troponin, which are primarily responsible for the contractile 

properties of skeletal muscle2,4,5 (Figure 1). 
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As a post-mitotic tissue, adult skeletal muscle has a low turnover under 

normal conditions, with only sporadic fusion of satellite cells during daily 

wear-and-tear6. Nevertheless, skeletal muscle displays a remarkable 

regenerative capacity in response to injury thanks to its resident muscle 

stem cells, also called satellite cells (hereafter, "SCs"). Skeletal muscle 

regeneration was first properly described in the 1860s, but it was not 

until almost a century later until the cellular mechanisms of this process 

were illustrated7. In 1961, these small cells were initially identified by 

Alexander Mauro8 using transmission electron microscope (TEM) and 

were given the name “satellite cells” based on their unique anatomical 

position at the periphery of the myofibers - “wedged” between the 

plasma membrane of the muscle fiber and the surrounding basement 

membrane7,9–11 (Figure 1). Apart from their special location, TEM also 

revealed the morphology of SCs: large nuclear-to-cytoplasmic ratio, few 

organelles due to the striking paucity of the cytoplasm, and condensed 

interphase chromatin (Figure 1). In the past decades, it has been 

conclusively demonstrated that SCs function as the primary player 

during muscle regeneration and are capable of self-renewal; thus, they 

are generally recognized as the bona fide stem cells of skeletal 

muscle11–14.  
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Figure 1 Schematic representation of the skeletal muscle structure (top). The muscle 
tissue is connected to the bones through its tendon and is surrounded by an outer layer 
of connective tissue celled epimysium. Inside each muscle tissue, myofibers are 
organized in bundles called fascicles and are wrapped by another layer of connective 
tissue called the perimysium. Each myofiber is considered as one multi-nucleated cell, 
composed by a large number of myofibrils and are surrounded by endomysium. SCs are 
located between the connective tissue sheet and the myofiber plasma membrane, called 
sarcolemma (Figure adapted from15). Transmission electron microscope (TEM) image 
of the soleus muscle showing the muscle fiber, mitochondria as well as one satellite cell, 
one pericyte and capillaries (lower left). Scale bar, 2 µm. Immunofluorescence (IF) 
staining of PAX7 and DAPI on an isolated single myofiber. One PAX7+ satellite cell was 
identified. Scale bar, 20 µm. 
 
Skeletal muscle in vertebrates originates from cells found in the 

mesoderm16,17. During embryogenesis, parts of the mesoderm give rise 

to the somites, which are segmented clusters aligned along the posterior 

axis of the embryo18. Embryonic muscle progenitors derived from the 

somites, the paraxial head mesoderm and the prechordal mesoderm, 
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are responsible for the prenatal myogensis and are marked by the 

expression of two paired-box (Pax) transcription factors Pax3 and 

Pax719–25. These progenitors undergo two rounds of prenatal 

myogenesis: the embryonic myogenesis (in mice between embryonic 

day E10.5 and E12.526) that give rise to primary muscle fibers, followed 

by fetal myogenesis (in mice between E14.5 to birth27), giving rise to the 

majority of skeletal-muscle fibers present at birth28–30. In mice, SCs 

expressing the transcription factor Pax7 appear at approximately 

embryonic day 16.5 (E16.5) in the developing limb muscle31. It is notable 

that SCs in different anatomical regions are derived from various 

embryonic regions. The majority of SCs (from trunk, limb, diaphragm, 

and tongue) arise from the somite, whereas the remainder of the head 

muscles and SCs derive from cells of the paraxial head mesoderm and 

the prechordal mesoderm23–25,31–35. 

 

Moreover, SCs reside in a specialized local microenvironment, or niche, 

comprising of the resident myofiber, the extracellular matrix (ECM), and 

other non-SC populations, including fibro-adipogenic progenitors 

(FAPs), immune cells, endothelial cells, and others. The niche has a 

great impact on SCs, both in quiescence and during muscle 

regeneration, via secretions of growth factors and cytokines as well as 

by the modification of matrix stiffness10,36. 

 

1.2 Satellite cells during muscle regeneration 
 

In adulthood under physiological conditions, SCs are maintained in a 

cell cycle–arrested state called quiescence37 (G0 state of the cell cycle), 

characterized by low transcriptional and metabolic activity11,38–40. 

Following environmental stimuli (such as muscle injury), SCs are 

capable of rapidly activating to exit the quiescence state and of 
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proliferating to expand the pool of myogenic progeny, which will then 

differentiate and fuse with damaged myofibers or form new myofibers to 

repair and maintain tissue homeostasis9,14,41.  

 

The states of SCs and myogenic progenitors are defined at the 

molecular level by the fine-tuned temporal expression of transcription 

factors (TFs). Over the past decades, various TFs have been identified 

as markers of the quiescent state as well as of activation and 

commitment to the myogenic lineage. Among these factors, the “paired 

box” transcription factors Pax7 and Pax3 as well as the myogenic 

regulatory factors (Mrfs: Myf5, MyoD, and myogenin) are of special 

importance due to their unique roles in muscle stem cell homeostasis, 

lineage progression, and fate specification42–45. SCs are characterized 

by the expression of Pax7, which is expressed in both the quiescent and 

activated states and is essential for SC development and survival21,46,47. 

Both Pax7 and the closely related Pax3 are expressed in quiescent 

satellite cells (hereafter, QSCs) and are essential in preventing early 

myogenic differentiation32,48–50. The Mrfs, on the other hand, play 

essential roles in myogenic specification, differentiation, and 

maintenance during muscle development and regeneration51. The 

expression of Myf5 is detected in the majority of QSCs in adult skeletal 

muscle52. However, protein translation of Myf5 is suspended in QSCs 

due to the fact that Myf5 mRNA and microRNA-31 (miR-31), which 

suppresses Myf5 translation, are sequestered in messenger 

ribonucleoprotein (mRNP) granules (mRNP granules) in this state53. In 

QSCs, neither MyoD mRNA nor MYOD protein are detected54. Upon 

muscle injury, SCs start to express MyoD and initiate the myogenic 

program. SC activation is accompanied by the accumulation of Myf5 due 

to the dissociation of mRNP granules and reduced levels of miR-31, 

leading to the initiation of the myogenic program in satellite cells53. When 
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proliferating progenies progress into lineage commitment, they start to 

express myogenin and become terminally-differentiated myocytes. 

 

Accordingly, during muscle regeneration, the stem cell state can be 

distinguished based on Pax7, MyoD, and myogenin protein expression: 

Pax7+MyoD-myogenin- cells are in a quiescent state, whereas 

Pax7+MyoD+myogenin- cells are in an activated or proliferating state that 

can be further distinguished using a cell cycle marker such as Ki67. 

Pax7-MyoD+/-myogenin+ cells are undergoing myogenic differentiation 

and will eventually fuse into an existing myofiber or fuse with each other 

to form a new myofiber55,56. On the other hand, not all proliferating SCs 

will undergo differentiation: a minor fraction of activated or proliferating 

SCs can give rise to Pax7+MyoD- cells that exit cell cycle and return to 

the quiescent state, thereby replenishing the stem cell pool55. The adult 

myogenesis process is illustrated schematically in Figure 2. 

 
Figure 2 Schematic representation of the distinct steps of adult myogenesis after injury. 
 
Recent discoveries of specific SC surface markers enabled the 

identification and isolation of SCs using fluorescence-activated cell 

sorting (FACS) procedures, contributing greatly to the advance of SC 

research. To date, the most recognized surface markers include VCam1, 
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α7-integrin, NCam1, cMet, m-Cadherin, Synd3/4, CXCR4, and CD3457–

64. A recent study using a Pax7-zsGreen reporter line has further 

confirmed the efficiency of quiescent SC FACS isolation using the 

combination of surface marker α7-integrin and CD34, β1-integrin and 

CXCR4 or VCAM1 alone where high overlapping was observed using 

these 3 distinct sorting schemes65.  

 

Apart from the function of SCs, efficient muscle regeneration requires a 

precisely orchestrated regulation and coordination of all cell types in the 

niche10,36. Upon acute muscle injury, the myofiber undergo necrosis and 

increased permeability, leading to leakage of muscle proteins and 

microRNAs9,66. Following myofiber necrosis, resident leukocytes 

secrete burst of cytokines and chemokines, resulting in the attraction of 

circulating granulocytes (including mainly neutrophils)67,68. The 

infiltrated neutrophils secrete chemokines (such as MIP-1α and MCP-1) 

that further contribute to the recruitment of monocytes69,70. Once 

infiltrated, monocytes undergo differentiation into macrophages: an 

initial wave of proinflammatory (M1) macrophages, followed by a second 

wave of anti-inflammatory (M2) macrophages71–73. M1 and M2 

macrophages are responsible for the stimulation of early and late 

phases of myogenesis, respectively. M1 macrophages secrete the 

proinflammatory factors IL-1β, IL-6, and TNF-α that are essential for 

inducing SC proliferation, whereas M2 macrophages secrete IL-4 and 

IGF-1, which promote progenitor differentiation71,74,75. In addition to 

immune cells, FAPs show supportive functions during muscle 

regeneration via the production of WNT1 Inducible Signaling Pathway 

Protein 1 (WISP1), a matricellular signaling protein that is required for 

efficient muscle regeneration via regulating SC expansion and 

asymmetric commitment76. FAPs are also major source of IL-33 

production, which is essential for the recruitment of muscle regulatory T 

(Treg) cells that aid muscle repair77. 
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1.3 The quiescent state and satellite cell heterogeneity  
 

During embryonic and postnatal development, the formation and growth 

of skeletal muscle relies vastly on the fusion of myogenic progenitors 

generated by fast-dividing satellite cells9,78–80. During this process, some 

SCs escape the differentiation fate and anchor to myofibers, thereby 

maintaining a prolonged cell cycle–arrested state of low cellular activity 

called quiescence81. In adults, muscle growth is achieved primarily via 

muscle fiber hypertrophy whereas SCs contribute very little to the 

maintenance of muscle fiber size and type82. Recently, it has been 

demonstrated that local and minor lesions can be repaired by myofibers 

in an autonomous manner without the participation of satellite cells83. As 

a result, the majority of SCs are maintained in a quiescent state 

throughout life. Although it was believed that quiescence is a state of 

cellular inactivity, increasing evidence suggests that quiescence is 

dynamically regulated and contributes the long-term capacity of the 

stem cells to maintain their regenerative functions. 

 

Molecular pathways inhibiting cell cycle progression are essential to 

govern the quiescence state in satellite cells. For instance, mitogenic 

activity in QSCs are repressed through cyclin-dependent kinase (CDK) 

inhibitors such as p27Kip1 84and p57Kip2 85. The repression of the p38α/β 

MAPK pathway has been shown to be a key player during SC 

commitment and self-renewal is also critical for the maintenance of SC 

quiescence86–88. Another example is the inhibition of fibroblast growth 

factor (Fgf) signaling by Sprouty1 (Spry1), which has been identified as 

a key quiescence gene89. Furthermore, post-transcriptional regulation 

by microRNAs also contributes to the regulation of SC quiescence, such 

as the previously mentioned suppression of Myf5 by miR-3153. Other 
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examples include miR-489 by repressing Dek90 and miR-708 by 

inhibiting cell migration91. Examples of niche-associate SC quiescence 

include interaction with myofiber via Notch-delta-like 1 (Dll1) interaction 

and Notch intracellular signaling92–95 and Wnt signaling96,97, with ECM 

via Notch-collagen signaling98, with endothelial cells and the vasculature 

via VEGF and Notch signaling99. 

 

SC quiescence is also achieved through cellular proteostasis and 

metabolic regulations. Our previous work illustrated that autophagy (see 

Introduction Chapter 4) is required for SC quiescence maintenance, and 

that the deletion of key autophagy gene Atg7 in SCs leads to loss of 

QSCs and disruption of homeostasis100. We showed that autophagy is 

essential for maintaining SC stemness by preventing the cells from 

entering into senescence, which is one of the factors contributing to the 

loss of SC functions in old age101. In addition to the removal of damaged 

protein autophagy, QSCs show low protein synthesis, which is achieved 

by the phosphorylation of eIF2α. Specifically, eIF2α phosphorylation is 

required for SC quiescence and self-renewal, and its loss leads to SC 

activation and differentiation and reduced regenerative capacity102. 

Although studying SC metabolism in quiescence has been challenging 

due to the low metabolic activity of these cells, recent studies have 

revealed links between energy metabolism and SC quiescence 

regulation. For instance, high levels of NAD+ in SCs triggers 

deacetylation of histone H4K16 via the cellular energy sensor sirtuin 1 

(Sirt1), which leads to the inhibition of genes involved in cell cycle 

progression103. Moreover, by studying SCs from truly unperturbed 

muscle or the uninjured contralateral muscle from an injured mouse, a 

new concept of GAlert state has been described, referred to a non-

proliferating state, which has an increased metabolic activity that 

functions an ‘alerting’ mechanism and prepares cells for responding 

rapidly upon potential injury104. The study demonstrated that the 
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transition of G0 to GAlert is regulated by the mammalian target of 

rapamycin complex 1 (mTORC1), a key cellular metabolic regulator. On 

the other hand, the energy sensor AMP-activated protein kinase (AMPK) 

is reported to regulate the return to quiescence (self-renewal) via the 

inhibition of lactate dehydrogenase (LDH) activity105, and the upstream 

AMPK activator liver kinase b1 (LKB1) plays a role in maintaining the 

quiescent state through AMPK-mediated inhibition of mTOR106. 

 

The heterogeneity of QSCs was first suggested in the late 1990s107,108. 

Since then, emerging studies from mouse transgenesis, in vivo labelling, 

and single-cell transcriptomic analyses support the fact that the QSC 

pool is a not a homogeneous population13,40,64,109–114. For instance, using 

Myf5-Cre/ROSA-YFP reporter alleles, researchers reported a 

subpopulation of QSCs that never express Myf5 throughout life 

(Pax7+/Myf5-)13. This 10% of Pax7+/Myf5- cells are in a higher stem cell 

hierarchy in the quiescent pool and are able to give rise to the lower 

hierarchical subpopulation (Pax7+/Myf5+) via asymmetric division, 

thereby contributing to the stem cell reservoir. The hierarchy in QSC 

pool was also reported by another group using a transgenic Pax7-nGFP 

mouse line, who showed that SCs expressing high level of Pax7 (Pax7Hi) 

are the more stem-like subpopulation as opposed to the Pax7Low 

subpopulation.  These Pax7Hi cells are the label-retaining population in 

tandem pulse labeling experiments, indicating that “older” chromosomes 

are segregated into the stem-like subpopulation whereas newly 

synthesized chromosomes are inherited by the less “stem” Pax7Low cells. 

More recently, our group showed that a subset of QSCs expressing high 

levels of CD34 surface marker display higher stemness properties (i.e., 

the “genuine state”), while another subset of SCs with low levels of 

CD34 expression is more prone to differentiation (i.e., a “primed state”)64. 

The genuine state population is preserved until advanced old age but 



/  Introduction 

Page | 35  
 

collapses in extreme old age due to the loss of FoxO transcription 

factors activity. 

 

In recent years, deep cartography of resident cell populations within 

skeletal muscle combining single-cell RNA sequencing (scRNA-seq) 

and mass cytometry by time of flight (CyTOF) led to the discrimination 

of certain degree of heterogeneity within SCs and the discovery of new 

muscle resident non-myogenic populations111. scRNA-seq also helped 

to identify a small SC subpopulation that resembles a more quiescent 

state, due to the higher expression of Pax7 as well as other quiescent-

core genes, whereas the larger SC subpopulation displays an early-

activation profile due to the increased expression of myogenic 

commitment genes such as Myod1110,115. Additionally, a small quiescent 

SC subpopulation enriched in Dll1/Notch2 signaling was shown to 

promote self-renewal in regenerative conditions92. Finally, SC 

heterogeneity was also documented in human muscle116,117. 

 

1.4 Satellite cell expansion and self-renew: symmetric vs 

asymmetric division  
 

Like other stem cell types, SCs are able to give rise to committed 

progenitors as well as to self-renew in order to replenish the stem cell 

pool. During muscle regeneration, SCs are activated and undergo 

proliferation. The majority of daughter myogenic precursors eventually 

differentiate into myocyte and fuse into myofibers whereas a small 

population of cells returns to QSCs as a self-renewal process. The first 

evidence of SC self-renewal came from a single myofiber 

transplantation experiment that showed that as few as seven SCs within 

one single myofiber, when transplanted into radiation-ablated muscle, 

were able to give rise to over 100 SCs and thousands of myonuclei12. 
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These results highlight the capability of SCs to undergo self-renewal as 

well as differentiation and show that they are self-sufficient as a source 

of regeneration. 

 

Over the last decades, numerous studies have elucidated which genes 

essentially regulate muscle SC self-renewal. Intrinsic regulation of SCs 

self-renewal can be attributed to Mrfs such as Myod1 and Myf5 and their 

upstream regulators Pax7, Pax3, and sineoculis homeobox homolog 1 

(Six1) and 4 (Six4)118. For instance, downregulation of Myod1 is 

essential for the self-renewal process50,54,55,119,120, and Myf5 has been 

suggested to be one of the key modulators of SC self-renewal121. Six1 

can directly activate Myod1 and Myog expression, which in turn promote 

SC differentiation122. SC-specific Six1 deletion resulted in impaired 

myogenic cell differentiation and muscle regeneration but increased SC 

self-renewal. In addition to the intrinsic TFs, SC self-renewal is also 

under the regulation of extrinsic signaling pathways, including ERK 

signalling89,122, p38 α/β MAPK pathway86–88, Wnt7a97, Notch94,95,123–126 

and calcitonin receptor singaling85,127. 

 

Studies of SC heterogeneity revealed a subpopulation of more “stem” 

satellite cells that are able to undergo asymmetric division, in contrast 

to the more “primed” subpopulation that are more subjected to 

symmetric division and differentiation13,40. Earlier studies using ex vivo 

cultured myofiber as a model for SC proliferation identified different 

patterns of SC expansion: basal division that generate two identical 

daughter cells (symmetric division) and apical division that generate one 

committed progenitor and one stem cell13. However, recent studies 

applying histone H3-SNAP128 or 5-ethynyl-2′-deoxyuridine (EdU)129 

pulse tracing provided evidence that SCs undergo symmetric division in 

vivo during early regeneration in order to provide sufficient progenies 

whereas self-renewal starts at later regenerative stages. It was shown 
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that equivalent H3-SNAP signal was detected in daughter cells at 3 days 

post-injury (DPI), whereas asymmetric division was observed at 5-

DPI128. Another group showed that following an induced muscle injury, 

myonuclei are generated within the first four days, which requires 

massive expansion of myogenic progenitors derived from satellite cells. 

The SC pool is replenished by self-renewal only later during 

regeneration, namely, from 5- to 14-DPI129. These new findings 

suggested after injury, SCs first undergo extensive symmetric division 

to generate sufficient progeny and then later undergo asymmetric 

division, to differentiate and repair the myofiber or self-renew to maintain 

the stem cell pool. 
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2. Mitochondria: its metabolism, function and 
dynamics 
 

2.1 Mitochondrial metabolism and its cellular function 
 

Cells obtain energy through metabolism, which comprises two 

categories of processes: anabolism, or the building up of cell 

components (e.g., proteins and nucleic acids), and catabolism, or the 

breaking down of intracellular components (thereby releasing energy for 

anabolism). Increasing evidence demonstrates that stem cell functions 

are largely controlled by metabolism39,103,130, and that a balance of 

anabolic and catabolic processes is essential for the homeostasis of the 

cell.  

 

Adenosine triphosphate (ATP), the key energy-transporting molecule, is 

generated mainly via oxidative-phosphorylation (OXPHOS) or glycolysis. 

As one of the most important energy sources, glucose can be processed 

to pyruvate via glycolysis and yields small amounts of ATP molecules. 

Pyruvate derived from glycolysis can either be converted into acetyl-

CoA in the mitochondria, which then enters the tricarboxylic acid (TCA 

cycle, also called Krebs cycle and citric acid cycle), or it can be 

converted to lactate in the cytoplasm when oxygen is limited (a process 

termed anaerobic glycolysis). In fact, ATP generation by mitochondria 

via OXPHOS is much more efficient than that by glycolysis: 

Mitochondria can produce up to 36 ATP from one molecule of glucose, 

whereas glycolysis produces only 2 molecules of ATP131. Further, 

mitochondria can also use intermediates from the metabolism of other 

energy sources. For instance, the metabolism of fatty acids involves a 

series of oxidation steps (termed fatty acid oxidation, FAO) that generate 

acetyl-CoA, which enters the TCA cycle and glutaminolysis, a process 
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that converts glutamine into glutamate; this can also be coupled to TCA 

cycle upon conversion of glutamate to α-ketoglutarate (α-KG) (Figure 
3). 

 
Figure 3 Schematic representation of the major cellular energy metabolism pathways 
(top) and the mitochondrial electron transport chain. G6P, glucose-6-phosphate; FA, 
fatty acid; FAO, fatty acid oxidation; PPP, pentose phosphate pathway; TCA cycle, 
tricarboxylic acid cycle/ Krebs cycle; α-KG, α-ketoglutarate; OMM, outer mitochondrial 
membrane; IMM, inner mitochondrial membrane; ETC, electron transport chain; 
OXPHOS, oxidative phosphorylation; CI-CV: electron transport chain complex I-V; Q, 
coenzyme Q; Cyt c, cytochrome c; NAD+/NADH; Nicotinamide adenine dinucleotide; 
FAD/FADH2, flavin adenine dinucleotide. 
 
Mitochondria are present in most eukaryotic cells and have an inner 

mitochondrial membrane (IMM) and an outer mitochondrial membrane 

(OMM). The OMM is highly permeable, allowing the passage of small 

molecules < ~5,000 Da by diffusion. It contains porins and translocases 
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that facilitates the molecular exchange between the cytosol and the 

mitochondrion. For instance, the voltage-dependent anion channel 

(VDAC) locating on the IMM is the primary transporter responsible for 

the exchange of metabolites, ions and nucleotides132–134. Apart from its 

cargo function, the OMM forms interfaces with other subcellular 

structures such as the endoplasmic reticulum (ER), peroxisomes, 

lysosomes, endosomes, melanosomes, lipid droplets and the plasma 

membrane to establish membrane contact sites135. The space between 

the inner and outer membrane is referred to as the intermembrane 

space (IMS), also termed the perimitochondrial space, exhibits similar 

composition as the cytosol due to the high permeability of the OMM. The 

IMM encloses the mitochondrial lumen (termed the “matrix”) where the 

TCA cycle, mitochondrial DNA (mtDNA) replication, protein biosynthesis 

take place. The IMM includes two main subcompartments: the inner 

boundary membrane (IBM) and mitochondrial cristae. The IBM is 

adjacent to the OMM and contains various channel transporters that 

shuttle ions and small metabolites between the cytoplasm and the 

mitochondrial matrix. Further, mitochondrial cristae are invaginations of 

inner membrane that protrude into the matrix space, this special 

structure expands the surface area and harbors the machinery required 

for mitochondrial respiration: ETC complexes and ATP synthase. In 

addition, according to the cristae junction (CJ) model136,137, cristae are 

connected to the IBM via narrow clefts that close the cristae called CJs, 

which prevent the contents of the cristae from being released into the 

IMS.  

 

The mitochondrial ETC locating on the IMM is composed of 5 complexes: 

NADH:ubiquinone oxidoreductase (complex I, CI), succinate 

dehydrogenase (complex II, CII), Coenzyme Q-cytochrome c reductase 

(complex III, CIII),  cytochrome c oxidase (complex IV, CIV), and the 

F1F0 ATP synthase (complex V, CV)138, as illustrated in Figure 3. 
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Electrons derived from NADH or FADH2 are transported through 

complex I/III/IV or complex II/III/IV in an exergonic process that drives 

the proton pumping from the mitochondrial complex into the 

intermembrane space. The accumulated proton gradient then drives the 

synthesis of ATP via complex V, or can be consumed by uncoupling. 

Unlike the OMM, the IMM is highly impermeable, which, together with 

the proton gradient generated by the proton pumping activities of the 

ETC contribute to the building-up of mitochondrial membrane potential 

(ΔΨm). Under physiological conditions, the level of ΔΨm is kept 

relatively stable with limited fluctuations, thereby a long-lasting drop or 

rise of ΔΨm could reflex unwanted loss of cell viability and have 

deleterious effects139. 

 

Besides their major function associated with cellular bioenergetics (ATP 

production), mitochondria also play important roles in various cellular 

processes such as programmed cell death140–143, reactive oxygen 

species (ROS) signaling144,145, autophagy146–149, calcium homeostasis, 

and signaling150–152. In addition, emerging studies have demonstrated 

the participation of mitochondria in the regulation of stem cell fate 

decisions153–160 and the immune response161,162. 

Mitochondria contain their own genome, the mtDNA, which is located in 

the mitochondrial matrix. First described in the 1960s, the mitochondrial 

genome is a small, double-stranded DNA molecule163 encoding 37 

genes in humans: 13 subunits of the OXPHOS system, 2 ribosomal 

subunits (12S and 16S), and 22 transfer RNAs (tRNAs)164. The majority 

of mitochondrial genes (~1,500), on the other hand, are nuclear-

encoded165. The number of mtDNA copies per cell ranges from 

hundreds to thousands, and their replication, segregation, and 

distribution are essential for mtDNA maintenance and mitochondrial 

functions166,167. Mitochondrial genomes are packaged into discrete 
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mtDNA-protein complexes, termed nucleoids by the HMG box 

architectural transcription factor A (TFAM)165. Each mitochondrial 

nucleoid contains numerous copies of mtDNA and functions as a unit of 

mtDNA propagation for mtDNA replication, segregation, and gene 

expression168.  

 

2.2 Mitochondrial dynamics  
 

Since the early electron microscopic observations in the 1950s, 

mitochondria have been viewed as static, bean-shaped organelles169. 

However, this canonical view was challenged by recent advances in live 

cell imaging and genetic screening, which demonstrated that 

mitochondria are in fact highly dynamic organelles that continuously 

undergo fusion and fission events and show frequent movements169,170, 

generally referred to as "mitochondrial dynamics". Mitochondria also 

show dynamic subcellular distribution and internal structure 

arrangement169. The core machinery regulating mitochondrial dynamics 

is governed by a family of GTPases and their adaptor proteins (Figure 
4). Extensive evidence in the past decade has suggested that 

mitochondria actively modify their morphology in adaptation to cellular 

needs and tissue demands135.  In some cases, alterations in 

mitochondrial dynamics in one cell type could have impacts in the whole 

individual. For instance, genetic deletion of mitochondrial-dynamics 

regulators in pro-opiomelanocortin (POMC) neurons showed impacts on 

the energy-sensing functions of these cells, which, in turn, affect other 

tissues in the body due to altered response to nutrient intake171–173. Apart 

from the metabolic point of view, mitochondrial dynamics has been 

shown to be involved in mitochondrial quality control, cell cycle, cellular 

senescence and the interactions with other intracellular components 

such as lipid droplets, the ER and the peroxisome (Reviewed in135). 
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Figure 4 Schematic representation of mitochondrial dynamics and the regulatory 
proteins.  
 

2.2.1 Mitochondrial fission  
 
The fission of mitochondria is primarily regulated by the GTPase 

dynamin-related protein 1 (DRP1; Dnm1 in yeast)174, a cytosolic protein 

that can translocate to the mitochondria at special sites pre-marked by 

the ER and actin175,176. When recruited to the mitochondria, DRP1 binds 

to its OMM receptors, including mitochondrial fission factor (Mff), 

mitochondrial fission 1 protein (Fis1),  mitochondrial dynamics protein of 

49 kDa (MID49) and MID51177–180. Following this binding, DRP1 protein 

oligomerizes, forming a ring-like structure that facilitate the scission of 

the mitochondria into two parts (illustrated in Figure 4). In addition, it 

has been shown that the complete separation step requires other DRPs 

such as dynamin 2181, although the role of other DRPs besides DRP1 in 

mitochondrial fission remains understudied182. 

 

The activity of DRP1 can be modulated by multiple posttranslational 

modifications, such as phosphorylation, ubiquitylation, SUMOylation, 

and S-nitrosylation (reviewed in135,169,183), among which the 

phosphorylation occurs at two serine residues: Ser-616 (pS616) and 
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Ser-637 (pS637) (in humans; corresponding to pS600/pS579 in mouse 

Drp1 isoform 3, and to pS643/pS622 in mouse Drp1 isoform 1184) has 

gained the most attention183. The translocation of DRP1 to the 

mitochondrion depends on the phosphorylation of S637 mediated by 

cyclic AMP (cAMP)-dependent protein kinase A (PKA). Phosphorylation 

at S616 decreases the activity of DRP1, leading to reduced fission and 

mitochondrial elongation185,186. The same site can be dephosphorylated 

by the Ca2+-dependent phosphatase calcineurin187. In contrast, 

phosphorylation at S637 increases the fission activity of DRP1. S637 

phosphorylation is generally catalyzed by the cyclin dependent kinase 1 

(Cdk1/cyclin B) and is associated with DRP1 translocation to the 

mitochondria during mitosis, which is believed to facilitate balanced 

mitochondrial segregation to the daughter cells188. S637 can also be 

phosphorylated by other kinases, such as the extracellular signal-

regulated kinases (ERK1/2)189,190, protein kinase C δ (PKCδ)191, 

Cdk5192and  phosphoglycerate mutase 5 (PGAM5)193. Further, the 

phosphorylation of the Drp1 receptor MFF by energy-sensing AMPK can 

result in the recruitment of DRP1 and final mitochondrial 

fragmentation194 . 

 

By regulating mitochondrial fission, DRP1 participates in essential cell 

functions. As mitochondria cannot be formed de novo, the biogenesis of 

mitochondria is thereby dependent on the fission of pre-existing 

organelles195. The fission activity also plays a role in cellular quality 

control. Mitophagy (the autophagy of mitochondria) requires the fission 

machinery to separate the damaged mitochondrion, which can then be 

engulfed by the autophagosome196–200. Apart from the mechanistic 

function of splitting the mitochondria, the fission machinery can regulate 

autophagy through energy sensing. For instance, nutrient excess and 

cellular damage induce mitochondrial fission and promote mitophagy201. 

In contrast, nutrient deprivation (starvation) downregulates the activity 
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of DRP1 through PKA-mediated S637 phosphorylation, resulting in 

elongated mitochondria that are less subjected to cell death147. Indeed, 

the metabolic state of the cell is closely associate the dynamics of the 

mitochondria. It was generally believed that cells with a more 

fragmented network tend to adapt to a glycolytic metabolism, whereas 

those with an interconnected network are more dependent on 

mitochondrial OXPHOS170. However, this view is being challenged by 

more recent studies in stem cells, where discrepancies can be found 

across cell types regarding the shape and metabolism, indicating that 

the relation of mitochondrial morphology and their metabolic state is 

more complicated that at simple correlation (See Introduction Chapter 

4). Moreover, mitochondrial fission is also associated with several other 

functions including facilitating mitochondrial transport202, calcium 

homeostasis203, regulating cell fate and reprogramming204,205. 

Furthermore, DRP1 has been shown to regulate the fission of  

peroxisomes206–208 (Figure 5).  

 
Figure 5 Interplay of mitochondrial fission with other cellular functions.  
 
In line with the important roles of DRP1, mutations in DRP1 and its 

adaptors can lead to severe pathological consequences in humans 
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including neonatal lethality207, encephalopathy207–209, microcephaly210 

and autosomal dominant optic atrophy211 (summarized in Table 1). In 

mice, full-body DRP1-knockout mice are embryonic lethal212,213 and 

tissue-specific knockout of Drp1 in the cerebellum213 or muscle149 also 

causes lethality. Other tissue-specific Drp1 deletion also lead to 

impaired cellular functions. For instance, loss of Drp1 in T cells impairs 

T cell maturation, proliferation, metabolic reprogramming, and 

antitumour responses214. 

 

2.2.1 Mitochondrial fusion  
In contrast to the fission activity, the process of fusion joins two 

individual mitochondria the fusion of mitochondria via through two steps, 

whereby OMM fusion is followed by fusion of the IMM. In mammalian 

cells, OMM fusion is regulated by two mitofusins Mfn1 and Mfn2, both 

of which belong to the dynamin-related family of large GTPases169,215,216, 

whereas the fusion of IMM is mainly regulated by optic atrophy 1 

(Opa1)215. Although Mfn1 and Mfn2 exhibit high degree of homology and 

similar structural organization217, their deletion differentially affects 

mitochondrial morphology. Depletion of Mfn1 leads to highly fragmented 

mitochondria organized in small fragments distributed in the cytosol 

whereas depletion of Mfn2 results in bigger mitochondrial fragments that 

cluster perinuclearly216. Mfn1 is the key component that participate in the 

fusion of OMM, whereas the exact role of Mfn2 in fusion remains 

elusive218,219. It has been suggested that mitofusin complexes act in 

trans between adjacent mitochondria, which facilitate the tethering and 

subsequent fusion of the OMM220, but the exact mechanisms of how 

mitofusins participate in OMM fusion remain unclear. It is notable that 

mitofusins have been extensively associated with mitophagy221,222. 

Specially, Mfn2 has been demonstrated to play essential roles in PTEN-

induced putative kinase protein 1 (PINK1)/Parkin-mediated mitophagy 
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as a direct Parkin receptor223 (details of the PINK1/Parkin-mediated 

mitophagy is discussed in Introduction Chapter 3). 

 

OPA1 mediates the fusion of IMM but is in parallel involved in cristae 

remodelling224–226, making its role in mitochondrial dynamics regulation 

highly complex. OPA1 is present in the IMM and the IMS and is 

subjected to a number of poste-translational modifications by cleavage 

of proteases, including mitochondrial processing peptidase (MPP),  

ATP-dependent protease YME1L and  ATP-independent 

metalloendopeptidase OMA1227,228. The post-translational cleavage of 

OPA1 protein generates several forms of OPA1, which can be 

categorized into the long forms (L-OPA1) and the short forms (S-OPA1). 

While the exact mechanism of how OPA1 mediates mitochondrial fusion 

is still unresolved, it is generally accepted that the fusion of IMM 

depends on the appropriate balance between L-OPA1 and S-OPA1135. 

For instance, it was demonstrated that deletion of OMA1 reduces the 

accumulation of S-OPA1 in the cells, which restores the tubular 

mitochondria, whereas re-expression of S-OPA1 in Yme1l-/- Oma1-/- 

double knock-out (KO) MEFs lead to mitochondrial fragmentation229. 

Furthermore, overexpression of S-OPA1 in wild-type cells was also 

accosiated with increased mitochondrial fission230 . These data link 

uncleaved L-OPA1 to mitochondrial fusion and cleaved S-OPA1 to 

mitochondrial fission. Similar to loss of mitochondrial fission, deficient 

mitochondrial fusion by mutations of mitofusins and OPA1 also lead to 

severe diseases in humans (Table 1). 
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Table 1.  Human diseases caused by mutated fission/fusion factors 

Gene Disease Ref 
Drp1 Encephalopathy, neonatal letality 207 

Autosomal dominant optic atrophy 211 

Microcephaly and pain insensitivity 210 

Mff Leigh-like encephalopathy, optic atrophy and peripheral 

neuropathy 

231 

 Encephalopathy due to defective mitochondrial and 

peroxisomal fission 

209 

MID49 Mitochondrial myopathy 232 

OPA1 Optic atrophy  233,234 

Behr syndrome 235 

Mitochondrial DNA depletion syndrome 236 

Syndromic Parkinson disease and dementia 237 

MFN2 Charcot–Marie–Tooth disease type 2A, hereditary motor 

and sensory  

neuropathy VIA 

238 
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3. Mitochondrial autophagy (mitophagy) 

Autophagy (originated from Greek for ‘self-eating’) is a cellular 

degradation and recycling process highly conserved in eukaryotes that 

removes unnecessary or dysfunctional cytosolic components such as 

organelles or macromolecules through lysosomes239–241. Autophagy is 

an adaptive process that helps to support energy balance and metabolic 

requirements during metabolic stress such as nutrient deprivation, 

growth factor depletion, infection and hypoxia239. In general, autophagy 

can be categorized into three types: macroautophagy, microautophagy 

and chaperone-mediated autophagy (CMA)242. 

 

Macroautophagy (hereafter referred to as autophagy) can be 

summarized into the following steps: initiation and nucleation, 

elongation, maturation, fusion and degradation (Figure 6). During 

autophagy initiation, cytosolic components are engulfed by a flat 

membrane sheet known as phagophore. This phagophore then 

elongates and seals itself leading to a double membrane vesicle called 

autophagosome. The autophagosome then fuses with the lysosome, 

giving rise to the autolysosome where the intracellular components 

subjected to autophagy are degraded by the lysosomal hydrolases243,244. 

Several autophagy-related gene (Atg) products including the 

ATG8/MAP1LC3 protein (microtubule-associated protein 1 light-chain 3, 

hereafter referred to as LC3) regulate autophagosome formation and 

maturation into autolysosomes. LC3 is a cytosolic protein that is cleaved 

and conjugated to phosphatidylethanolamine (PE) giving rise to the 

membrane-bound form of LC3, also referred to as LC3-II, the level of 

which is known to be correlated with the number of autophagosomes245. 

Moreover, LC3-II in the autophagosome interacts with autophagy 

adaptors, such as P62/SQSTM1, NDP52, OPTN, NBR1 or TAX1BP1, 

that act as a linkage between autophagosome and the substrate246. It 
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has been shown that bafilomycin A1 (Baf A1), a macrolide antibiotic, is 

an inhibitor of autophagy by inhibiting fusion between autophagosomes 

and lysosomes247. Previous work from our colleague showed that 

treatment of Baf A1 lead to significant accumulation of autophagosomes 

in satellite cells100, marked by increased LC3 puncta accumulated in the 

cytoplasm. The difference in LC3 puncta level before and after Baf A1 

treatment has been established as a readout for autophagy flux100. On 

the other hand, in microautophagy, the lysosome itself engulfs small 

components of the cytoplasm by inward invagination of the lysosomal 

membrane. Finally, chaperone-mediated autophagy (CMA) targets 

cellular proteins and does not involve membrane reorganization. 

Substrate proteins contain at least one amino acidic motif biochemically 

related to the penta-peptide KFERQ can be recognized by chaperones 

that help to translocate these proteins directly across the lysosomal 

membrane242. 

 

Mitophagy, referred to as the selective autophagy of mitochondria, 

contributes to mitochondrial quality control by enabling the degradation 

of dysfunctional and damaged mitochondria and is therefore essential 

for the maintenance of cellular fitness. In addition, mitophagy plays key 

role in the regulation of mitochondrial mass to adapt to the cellular 

energy requirements248. In mammals, the PINK1/Parkin- and receptor-

mediated mitophagy pathways have been described and extensively 

studied (Figure 6).  

 

In PINK1/Parkin-mediated mitophagy, the serine/threonine kinase 

PINK1 and the E3 ubiquitin ligase Parkin cooperatively sense cellular 

stress and mediate the autophagic elimination of damaged mitochondria. 

In healthy mitochondria with normal ΔΨm, PINK1 is imported into the 

mitochondria where it is cleaved by the intramembrane protease 

presenilin associated rhomboid like (PARL) to produce the 52 kDa form 
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Figure 6 Schematic model of the macroautophagy (top) and mitophagy (dashed line 
box) processes (schematic adapted and modified from249). 
 

of PINK1. The cleaved PINK1 is less stable, leading to its retro-

translocation into the cytosol and rapid proteasomal 

degradation250. Mitochondrial depolarization caused by mitochondrial 

stress leads to reduced ΔΨm and subsequent stabilization and 

accumulation of PINK1 in the OMM. This allows for the recruitment and 

phosphorylation of Parkin to the OMM where it interacts with PINK1, 

leading to ubiquitination of  OMM proteins such as VDAC and 

mitofusins222,251–254. Mitochondrial ubiquitination then serves as signal 

for autophagy mediators including P62, optineurin (OPTN) or utophagy 
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Cargo Receptor 1 (NBR1), promoting the engulfment of mitochondria by 

the autophagosome and subsequent autophagic degradation246 

(illustrated in Figure 6). Moreover, other E3 ubiquitin ligase such as 

SMURF 1 or GP78 can also act as mitophagy regulators in a PINK1-

dependent or -independent manner255,256. 

 

On the other hand, receptor-mediated mitophagy depends on 

mitophagy receptors that contain at least one LC3 interacting region 

(LIR). These mitophagy receptor are located in the OMM and can 

interact with LC3 via the conserved LIR motif to mediate mitophagy 

when mitochondria become damaged. Such receptors include BCL2 

interacting protein 3 (BNIP3), BCL2 interacting protein 3 like (BNIP3L, 

better known as NIX), BCL2-like 13 (BCL2L13), FUN14-domain 

containing protein 1 (FUNDC1), FKBP Prolyl Isomerase 8 (FKBP8) and 

Autophagy and Beclin 1 Regulator 1 (AMBRA1) (reviewed in255). Apart 

from OMM proteins, the mitochondria inner membrane protein prohibitin 

2 (PHB2) has been identified as a mitophagy receptor257. Moreover 

certain types of lipids such as cardiolipin and ceramide have been 

reported to interact with LC3 and to mediate mitophagy258,259. 

 

As discussed in the previous chapter, mitochondria are highly dynamic 

organelles that constantly undergo fusion and fission to regulate their 

morphology. Emerging evidence has indicated a strong interplay 

between mitochondrial dynamic and mitophagy that together regulate 

the quality control of mitochondria201. For instance, Mfn2 functions as a 

mitochondrial receptor for the PINK1-dependent recruitment of Parkin 

and participate directly in the PINK1/Parkin-mediated mitophagy 

process251. Importantly, mitochondrial fission was suggested to be 

necessary for mitochondrial degradation due to two facts: first, 

mitochondrial fission leads to asymmetric division of mitochondria260, 

with transient mitochondrial depolarization in one of the two daughter 
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mitochondria261. However, the depolarization is prolonged in around 5% 

of the events262, rendering the mitochondria to be targeted by the 

mitophagy machinery. Second, fragmented mitochondria are more 

susceptible to undergo mitophagic degradation owing to their smaller 

size. Studies visualizing mitochondria within autophagosomes revealed 

small mitochondria in a variety of cell types263–265. Although reduction of 

mitochondrial size alone independently of their energetic status does not 

trigger mitophagy, fission inhibition and or fusion promotion was shown 

to significantly reduce the mitophagic rate261. Drp1 deficiency in 

cardiomyocyte266 and skeletal muscle149 has been shown to impair 

mitophagy. Further, Mfn1/2 deletion in cardiomyocyte also blocks 

mitophagy267 while downregulation of Mfn2 in the skeletal muscle 

inhibits autophagy and triggers a ROS-dependent adaptive signaling 

pathway through induction of BNIP3268. On the other hand, autophagy 

and mitophagy can also modulate mitochondrial dynamics. Mitophagy 

receptors such as FUNDC1 and BNIP3 were shown to promote 

mitochondrial fission under stressful conditions269–271. Fundc1 deletion 

or inhibition of FUNDC1-LC3 interaction prevented hypoxia-induced 

mitophagy and lead to mitochondrial fragmentation possibly due to 

accumulation of damaged mitochondria271. BNIP3 was shown to directly 

interact with OPA1 and inhibit mitochondrial fusion269.  
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4. Mitochondrial dynamics, metabolism, autophagy, 
and stem cell fate 
 
Over recent years, mitochondrial dynamics, metabolism, and protein 

homeostasis (proteostasis) have emerged as important regulators in 

stem cell identity and function. Stem cells and their progenitors show 

distinct energetic demands and the stem cell fate decision (i.e. to 

“decide” to undergo lineage commitment or maintain the stem cell 

property) is increasingly recognized as a metabolism-dependent 

process39,153,158. Mitochondria are highly plastic organelles that are able 

to undergo morphological and functional changes in response to cellular 

demands. Owing to this plasticity, mitochondria have been viewed as 

key mediators of metabolism and cell fate decision. As a key mechanism 

guarding cellular proteostasis, autophagy has been shown to play 

essential roles in maintaining stem cell homeostasis and function100. 

 

4.1 Metabolism in different stem cell states  
 
In the absence of stress, most adult stem cells are quiescent and 

maintain low metabolic activity, which is considered as a conserved 

mechanism to ensure long-term stem cell potency39. On the other hand, 

embryonic stem cells (ESC) constantly replicate, suggesting distinct 

metabolic activities and regulatory mechanism among different stem cell 

types. Increasing body of evidence indicates that “metabolic shift” 

serves as an important process during stem cell fate conversion and 

occurs early during this transition103,272. 

 

It has been shown that most types of stem cells rely mainly on glycolysis 

whereas their committed progenitors tend to undergo a metabolic 

reprogramming towards increased mitochondrial OXPHOS273–278. For 
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instance, long-term hematopoietic stem cells (LT-HSCs) reside in a 

hypoxic niche in the bone marrow and are dependent on glycolysis to 

maintain a non-proliferative quiescent state277,279. Interestingly, LT-

HSCs express high level of pyruvate dehydrogenase kinase (Pdk) 2 and 

4, which inactivate pyruvate dehydrogenase suppress pyruvate influx 

into the mitochondria, compared to short-term HSCs (ST-HSCs). 

Ablation of Pdk2 and 4 results in reduced glycolysis and HSC functional 

exhaustion whereas restoration of glycolysis in deficient HSCs through 

either Pdk overexpression or pharmacologic inhibition of mitochondrial 

pyruvate entry restored HSC quiescence and transplantation capacity279. 

On the other hand, mitochondrial OXPHOS activation has been 

associated with differentiation of pluripotent stem cell (PSC)154 and 

neuronal stem cells (NSC)280,281 as well as exit from quiescence of 

HSC282,283. Whiles these examples in adult stem cells indicated a 

unidirectional metabolic pattern of stem cell metabolism: glycolysis in 

the stem cell state vs increased OXPHOS in the progenitor state, studies 

in PSCs revealed more a more complicated scenario. Naïve ESCs were 

shown to rely both on glycolysis and OXPHOS and are therefore 

bioenergetically bivalent whereas slightly differentiated primed EpiSCs 

utilize exclusively glycolysis as their energy source284. In fact, 

maintenance and induction of naïve pluripotency was shown to be 

dependent on mitochondrial OXPHOS285–287. Interestingly, FAO is also 

shown to play a role in stem cell quiescence maintenance as both HSC 

and NSC show higher FAO activity in comparison to their committed 

progenitors288,289. Inhibition of FAO in HSC lead to symmetric 

commitment of HSC daughter cells and quiescence exit of NSCs. These 

studies show that the metabolic regulation of stem cell fate is not a non-

linear process and that different stem cell types exhibit different 

metabolic requirements and regulations153. 
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SCs are exposed to distinct micro-environment and energy demands in 

their different myogenic states, and therefore exhibit distinct metabolic 

profiles38. Adult QSCs possess very small mitochondrial content and low 

metabolic activity40,64,104. Unlike HSCs and NSCs that mainly rely on 

glycolysis, QSCs are shown to rely more on FAO103. Upon muscle injury, 

SCs exhibit a progressive increase of mitochondrial content and 

transcripts associated with TCA cycle and ETC complexes from 

quiescence to activation/proliferation states38,103,104. In comparison to 

adult satellite cells, proliferating fetal and perinatal SCs also show 

significantly higher mitochondrial content38,110. Interestingly, despite 

having higher mitochondrial content, activated SCs was shown to 

undergo a metabolic switch from FAO to glycolysis upon activation in 

vitro and rely mainly on glycolysis during proliferation103. Similarly, 

proliferating fetal myogenic cells have been shown to rely mainly on 

glycolysis38. However, compared to quiescent satellite cells, proliferating 

SCs in response to muscle injury experience a dramatic increase of 

OXPHOS, glycolysis activity and FAO, as indicated by the OCR, ECAR 

and the content of L-carnitine, respectively. On the other hand, fully 

differentiated myofibers exhibit increased mitochondrial content, ETC 

complex and TCA cycle enzymes290–293, indicating increased OXPHOS 

during SC differentiation. Indeed, deletion of Pdh in SCs lead to 

defective proliferation and poor terminal differentiation with reduced 

skeletal muscle regeneration294, suggesting the requirement of pyruvate 

for efficient OXPHOS during differentiation. 

 

Apart from the cellular energetics point of view, mitochondrial 

metabolism can also regulate stem cell fate via oxidative stress 

induction and epigenetic modifications. As the harbor of the ETC and 

OXPHOS, mitochondria serve as major sources of ROS. ROS signaling 

has been shown to play essential roles in stem cell fate decision. While 

LT-HSC exhibits very low level of ROS, ROS induction is required for 
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successful HSC differentiation277,295,296. In SCs, QSCs display high level 

of antioxidants that protect them from ROS297. ROS generation is 

associated with SC activation and subsequent differentiation298,299. 

Mitochondria is also a source of metabolic intermediates involved in 

epigenetic regulation300. For example, the level of acetyl-CoA sourced 

from the mitochondria is crucial to maintain histone acetylation that is 

important for proper SC functions301. Further, SC fate and function is 

also regulated by histone methylation. QSCs show high levels of 

H3K4me3 associated with active transcription of Pax7 and undetectable 

level of H3K27me3302,303 whereas activated SCs have the repressive 

mark H3K27me3 on the myogenin promoter 302,304 to prevent premature 

differentiation.  Interestingly, TCA cycle intermediate α-KG is a cofactor 

of histone demethylases Jumonji C domain demethylases (JMJDs) and 

DNA demethylases ten eleven translocases (TETs). Moreover, glycine 

metabolism in the mitochondria interplays with one-carbon metabolism 

that generate S-adenosylmethionine (SAM), a universal substrate for 

protein methylation305,306. 

 

4.2 Mitochondrial dynamics in stem cells  
 

Mitochondria constantly undergo fusion and fission in response to 

metabolic cues. Due to the distinct metabolic status during stem cell fate 

conversion, emerging studies have revealed roles of mitochondrial 

dynamics in stem cell fate regulation. The morphology of mitochondria 

has been associated with their metabolism judging by the efficiency of 

cristae organization. Researchers tend to agree that cells with the 

elongated mitochondria adapt better to OXPHOS metabolism whereas 

cells with rounded or fragmented mitochondria rely more on glycolysis170. 

This relation has been explored in the stem cell field. 
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As described, LT-HSC and NSC both rely mainly on glycolysis whereas 

their committed progenitors display metabolic shift towards OXPHOS. 

With respect to mitochondrial morphology, LT-HSCs show highly 

fragmented mitochondria, whereas slightly differentiated ST-HSC 

display increased in mitochondrial length159. On the contrary, elongated 

mitochondria was reported in uncommitted NSC whereas the committed 

progenitors exhibit fragmented mitochondrial shape157,160. In addition, 

naïve ESCs show bivalent metabolism of glycolysis and OXPHOS and 

display fragmented mitochondria. On the other hand, glycolysis-

dependent primed EpiSCs show elongated mitochondrial network284,307. 

In accordance to this observation, in vitro differentiation of naïve ESC to 

cardiomyocytes (which show high OXPHOS activity) is accompanied 

with mitochondrial elongation308 and up-regulation of mitochondrial 

fusion regulators Mfn1 and Opa1.  

 

Studies have also established a causal link between mitochondrial 

dynamics and stem cell fate. It was shown that during the transition from 

LT-HSC to ST-HSC, MFN2 was up-regulated to promote mitochondrial 

fusion while deletion of Mfn2 lead to loss of ST-HSC159. During 

neurogenesis, post-mitotic daughter cells that are destined to a self-

renew fate undergo mitochondrial fusion whereas those display highly 

fragmented mitochondria undergo differentiation into neurons. Moreover, 

by modulating mitochondrial dynamics one can re-direct the fate of 

daughter cells160. Similarly, modulations of mitochondrial fission/fusion 

machinery also lead to distinct ESC fate decision308. These recent 

studies altogether showed an important role of mitochondrial dynamics 

in the regulation of stem cell fate decision. However, these studies also 

indicated that there is no simple shape-fate relation, implying deeper 

mechanisms underlying the modulation of stem cell fate by 

mitochondrial dynamics. The relation of stem cell potency, metabolism 

and mitochondrial morphology in PSC, HSC and NSC is summarized in 
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Figure 7. In satellite cells, little is known about the mitochondrial 

dynamics and cell fate decision.  

 
Figure 7 Schematic summary of the relation connecting stem cell potency, metabolism 
and mitochondrial dynamics in 3 types of stem cells. PSC, pluripotent stem cell; HSC, 
hematopoietic stem cell; NSC, neural stem cell (schematic adapted and modified 
from153). 
 
 
4.3 Autophagy regulates stem cell function and fate 
 

Autophagy has been shown to be essential for the maintenance of stem 

cell functions. In HSCs, autophagy is critical for proper HSC 

maintenance309,310, mobilization311 and for HSC survival under acute 

metabolic stress312. In satellite cells, autophagy is required both in 

quiescence maintenance and in activation induction. QSCs with 

deficient autophagy induced by Atg7 deletion lead to accumulation of 

damaged mitochondria and increased ROS, which further contributed to 

DNA damage and cellular senescence100. Interestingly, 

pharmacological repression of ROS production in Atg7-deficient SCs 

prevents senescence entry and promotes SC self-renewal. Autophagy 

has also been shown to be important for SC activation by supporting 

cells bioenergetics demands313,314 and for myoblast differentiation315  as 

well as myotube formation316. Further, autophagy is required also for 
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iPSC reprogramming, as Atg 3,5,7 deficiency resulted in reprogramming 

failure of mouse embryonic fibroblasts into iPSCs317. The study also 

indicated that transient down-regulation of mammalian target of 

rapamycin (mTOR) by Sox2 is essential for the induction of autophagy 

during early re-programming. Consistent with these findings, cells 

lacking TOR kinase inhibitor Tsc2 are shown to exhibit increased mTOR 

activity and reduced autophagy, resulting in reprogramming failure318. 

Mitophagy is also shown to play a key role during iPSC reprogramming, 

as Pink1 deletion lead to impaired reprograming319. Notably, mitophagy 

deficiency was associated with alterations in metabolism and numerous 

glycolysis- and TCA-related metabolites such as α-KG, indicating 

interconnection between autophagy and metabolism. During aging, 

autophagy is down-regulated in satellite cells, accompanied by 

mitochondrial dysfunction and altered metabolism100,320, we will 

therefore further discuss the this matter in the aging session (See 

Introduction Chapter 5.2). 
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5. Aging 
 
Aging is characterized by the progressive loss of physiological functions 

across multiple tissues and organs, often linked to the functional decline 

of the resident stem cells321. In skeletal muscle, aging has been 

associated with a loss of muscle mass and function, generally referred 

to as “sarcopenia”322. Sarcopenia increases from 14% in those aged 

between 65 to 70 years, to 53% in those above 80 years of age322. 

Sarcopenia increases risk of falls and fractures, impairs daily activity, 

and increases risks of other diseases such as cardiac failure, respiratory 

diseases, and cognitive impairment; overall, these result in 

compromised quality of life for elderly people323. The number of aging 

population is increasing, accounting for 703 million older people aged 

65 years or above in 2019, and is projected to reach 1.5 billion in by 

2050; therefore, knowledge and therapeutic strategies targeting skeletal 

muscle aging is of extreme importance.  

 

Globally, the hallmarks of aging across different species have been 

proposed, including genomic instability, telomere attrition, epigenetic 

alterations, loss of proteostasis, deregulated nutrient-sensing, 

mitochondrial dysfunction, cellular senescence, stem cell exhaustion, 

and altered intercellular communication321. In the case of skeletal 

muscle, its outstanding regenerative capacity is affected by the aging 

process due to a decline in size of the satellite-cell pool and reduction in 

the functionality.  

 

5.1 Overview of satellite cell aging  
 
Early discoveries using whole-muscle transplantation and heterochronic 

parabiosis revealed that the mechanisms contributing to the functional 

decline of SCs may be mainly caused by the aged environment324,325. 
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However, more recent studies using transplantation of purified SCs into 

aged muscle or aged myofibers demonstrated cell-autonomous 

mechanisms underlying SC aging101,326. Reductions in SC numbers 

likely occur in the early stages of muscle aging and have been linked to 

both niche and cell-autonomous alterations that together impair the 

physiological balance between cell quiescence, proliferation, and 

apoptosis84,326. This decline in regenerative capacity is maximized in 

geriatric age, where SCs switch from a quiescent to a pre-senescent 

state that eventually leads to full senescence when exposed to a 

regenerative pressure101. Thus, old SCs show a reduced capacity for 

expansion after injury and produce insufficient progeny to sustain 

muscle regeneration. Furthermore, the surviving fraction of the SC pool 

within the skeletal muscle suffers from functional defects that weaken 

their regenerative capacity327. These defects in old SCs lead to higher 

levels of symmetric division, reducing the pool of progenitor cells. 

Moreover, old SCs progressively show a stronger tendency to commit 

to alternative lineages resulting in an enhanced fibrotic response to 

injury328. These cell-autonomous as well as extrinsic factors together 

perturb the proper balance of SC quiescence maintenance, proliferation, 

and apoptosis, resulting in depleted stem cell pools and impaired muscle 

regenerative capacity in advance ages (reviewed in 329). 

 

5.1.1 Satellite cell intrinsic alterations during aging 
 

Numerous signaling pathways are altered in SCs during aging, which 

can be attributed to both cell-intrinsic changes and influences from the 

environment. Increased activity of JAK-STAT signaling with aging 

contributes to intensify the myogenic commitment of SCs, resulting in a 

decline in their regenerative capacity and exhaustion of the progenitor 

cell pool330. On the other hand, inhibition of the JAK-STAT pathway 

recovers progenitor cell numbers and enhances muscle repair. In 
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addition, aged SCs show abnormal activation of p38α/β MAPK signaling 

through enhanced phosphorylation of both p38α/β MAPK and its target 

mitogen-activated protein kinase-activated protein kinase-1 

(MAPKAPK-1). Increased p38α/β MAPK signaling leads to impaired SC 

asymmetric division and self-renewal whereas pharmacological 

inhibition of p38 MAPK restores asymmetric division and regenerative 

potential of aged SCs by decreasing the expression of cell-cycle 

inhibitors (such as p16INK4a)326,331. As described in the previous section, 

aged SCs exhibit insufficient Notch signaling, partially initiated from the 

niche. While the SC number and functional loss at the initial of the aging 

process can be restored by providing the cells with youthful 

surroundings324,325, SCs undergo irreversible functional decline at an 

advanced age that can no longer be rescued by altering the host 

environment alone101, indicating the important roles of cell-intrinsic 

factors in SC aging. 

 

Aged SCs exhibit cell-autonomous hallmarks of aging. At the genetic 

level, aged SCs show increased DNA damage332 and accumulation of 

somatic mutations333, together contributing to the genome instability. In 

addition, global modifications in the epigenetic landscape have been 

detected in aging satellite cells, leading to altered histone modification 

(for instance H3K27me3)302 and chromatin accessibility334. Aberrant 

chromatin activation in aged activated SCs results in functional decline 

via the activation of Homeobox protein Hox-a9 (Hoxa9)-targeted 

developmental pathways335. Alterations in the epigenetic stress 

response from SCs during aging results in the upregulation of Hoxa9 

gene, which in turn activates several pathways known to mine SC 

function in aging (such as the WNT, TGF-β or JAK/STAT signaling 

pathways)335. At the single-gene level, epigenetics modifications play 

essential roles during SC quiescence-to-pre-senescence transition 

through the cell cycle regulator p16INK4a 101. Age-related decrease of 
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transcriptional repressor Slug in SCs results in insufficient de-repression 

of p16INK4a and acceleration of SC pre-senescence transition whereas 

Slug overexpression improves aged SC self-renewal through active 

repression of p16INK4a transcription336. 

 

Moreover, aging SCs show perturbed proteostasis39,100, resulting in 

increased cellular senescence100,101 as well as altered metabolism, 

including mitochondrial dysfunction320 (Figure 8) (see also Chapter 5.2 

for an in-depth discussion).  

Figure 8 Satellite-cell intrinsic changes during aging (schematic adapted from 329). 
 

5.1.2 Extrinsic factors associated with satellite cell aging 
 
SCs are profoundly affected by system-derived factors as well as the 

local microenvironment (niche)10,36,337. Early muscle transplant 

experiments indicated that the regenerative capacity of old and young 

muscles is mainly depending on the age of the host324,338. Heterochronic 

parabiosis experiments have demonstrated the important role of the 

aging systemic factors on SC functions. By surgically pairing the 

circulatory systems of two mice, it was demonstrated that aged system 
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promotes increased Wnt signaling which causes aberrant fibrogenic 

commitment of SCs and increased fibrosis in young mice whereas 

muscle regeneration in aged mice can be restored by being exposed to 

a youthful systemic environment, marked by increased SC expansion 

and differentiation as well as reduced fibrosis325. Interestingly, a recent 

study using blood exchange between young and old mice showed 

improvement of muscle regeneration and reduced fibrosis in old mice 

receiving young blood, coinciding with the results from parabiosis 

experiments339. Circulating factors, such as oxytocin, apelin, and growth 

differentiation factor 11 (GDF11), have been proposed as rejuvenating 

factors340–342, although the role of GDF11 is still controversial332,343–346. 

 

As discussed in Chapter 1, proper communication and coordination of 

SCs and its niche is essential for maintaining SC homeostasis and for 

efficient muscle regeneration upon injury. In old mice, for instance, 

increased levels of FGF2 secreted by aged muscle fibers leads to 

spontaneous activation of SCs and gradual exhaustion of the SC pool84. 

FGF2 can also inhibit the expression of Spry1, an intracellular inhibitor 

of the MAPK/ERK signaling pathway, whose downregulation in 

activated SCs impairs their ability to return to quiescence and promotes 

apoptosis89. Alterations in ECM composition, such as age-related loss 

of fibronectin and β1-integrin activity, lead to the compromised 

regenerative capacity of SCs in old skeletal muscle347,348. β1-integrin 

cooperates with FGF2 to synergistically activate the ERK/MAPK axis, 

their common downstream pathway348. Furthermore, aged FAPs have 

reduced production of the matricellular signaling protein WISP1, further 

affecting the SC–ECM interactions and SC functionality by regulating 

SC expansion and asymmetric commitment76. Since the efficient muscle 

regeneration requires a finely orchestrated immune response post injury, 

immune cells play critical roles in the SC cell regenerative niche36,349–352. 

Bone marrow transplantation from old donor mice can cause impairment 
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of SC function in young mice, with reduced SC numbers and increased 

fibrogenic conversion353, partially due to increased TNFα signaling in 

aged mice354. Aged mice have been shown to respond to muscle injury 

with delayed kinetics transition, showing altered macrophage pro-/anti-

inflammatory profiles, which influence their communication with SCs 355. 

In addition, aged muscle presents increased NFkB signaling, leading to 

disturbed niche and declined SC functions356. Further, aberrant 

production of chemokines and cytokines as well as activities of their 

receptors in the aged niche also lead to altered cell-cell communications. 

Such molecules include CXCL10357, growth differentiation factor 3 

(GDF3)358, IL-3377 and chemokine-receptor 2 (CCR2)359 and CCR5360. 

 

5.2 Proteostatic and metabolic alterations in satellite 
cells during aging 
 
Proteome homeostasis (proteostasis) is a key determinant for the 

correct cell and tissue function. When protein folding fails, mechanisms 

such as the unfolding protein response (UPR) are activated to restore 

proteome stability361.  In contrast, damaged proteins or aggregates are 

degraded by the UPS (ubiquitin-proteasome system) or autophagy. 

During aging, altered organelles and proteins accumulate affecting stem 

cell function by driving to genome instability, senescence and 

apoptosis39. Therefore, clearance of damaged organelles and 

macromolecules is important for the maintenance of healthy adult stem 

cells, particularly in stem cells that are mainly in quiescence and only 

activate in response to stress or regenerative demands, such as SCs100. 

Although autophagy has been described as catabolic process induced 

by stress, it is indispensable for the maintenance of stemness in QSCs. 

Impairment of autophagy by Atg7-genetic deletion in young SCs causes 

the accumulation of damaged mitochondria that increases intracellular 

ROS levels, causing protein and DNA damage. Notably, aged SCs show 
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impaired autophagic activity and recapitulate the phenotype observed in 

autophagy-deficient young SCs100. This autophagy failure together with 

the consequent accumulation of harmful intracellular waste is linked to 

epigenetic downregulation of the p16INK4a locus, and their switch from 

reversible quiescence into senescence in extreme old SCs (also 

referred to as geriatric SCs)100,101. 

 

SCs in different myogenic states are exposed to distinct micro-

environment and energy demand and therefore can exhibit distinct 

metabolic profile. Although the metabolism of SCs in different myogenic 

states and during aging remains to be better understood, a recent study 

has shown that freshly isolated QSCs display very low energy demands 

and low metabolic activity38. Proliferating fetal myoblasts, on the other 

hand, rely mainly on glycolysis as energy source. Interestingly, SCs 

show a simultaneous boost of OXPHOS and glycolysis at 3 days post 

injury (3-DPI), whereas the ratio skew towards OXPHOS at 5-DPI. In 

addition, a metabolic shift from FAO to glycolysis was described in SCs 

upon activation in vitro103. During aging, QSCs exhibit reduced 

OXPHOS capacity and rely rather on glycolysis38 . A recent study has 

indicated that both age-related systemic decline of α-Klotho and genetic 

silencing of α-Klotho in young SCs lead to decreased mitochondrial 

bioenergetics activity, mitochondrial DNA damage, and increased 

senescence362, indicating that mitochondrial function in SCs was indeed 

compromised during aging. Furthermore, proteomics-based analysis in 

human SCs revealed reduced glucose oxidation in senescent SCs due 

to impaired glycolysis and TCA cycle in senescent myoblasts363, adding 

more evidence to the hypothesis that metabolism SCs is altered in 

during aging. 

 

Emerging studies from the last decade have revealed how the 

interconnection of autophagy and metabolism affect SC function during 



/  Introduction 

Page | 68  
 

aging. Due to its role in nutrient sensing, mTORC1 constitutes a link 

between the metabolism and proteostasis regulation through both 

protein synthesis and autophagy modulation39. In addition to this notion, 

mTOR inhibition with rapamycin improved aged SC functionality in vivo 

partially through autophagy enhancement100. Autophagy is induced to 

facilitate SC activation and proliferation313,314 to meet the metabolic 

demands during muscle regeneration and the inhibition of the 

autophagic machinery can perturb mitochondrial function and ATP 

production100,313. In addition, important nutrient sensors AMPK and 

SIRT1 play important roles in autophagy regulation in SCs. In times of 

energy stress, AMPK promotes autophagy either directly through 

phosphorylation of Unc-51 Like Autophagy Activating Kinase 1 

(ULK1)364 or indirectly through inhibition of mTOR1. Proper AMPK 

function in SCs is essential for efficient muscle regeneration105.  The 

AMPK signaling pathway regulates both autophagy and apoptosis 

through phosphorylation of p27Kip1 365. In contrast to their younger 

counterparts, activated aged SCs show reduced activation of 

AMPK/p27Kip1 axis, which in turns impairs autophagy and increases their 

susceptibility to apoptosis in vitro314. Activation of AMPK/p27Kip1 pathway 

enhances autophagy and reduces not only apoptosis but also markers 

of cell senescence in aged SCs, with improvement of their 

transplantation potential. Moreover, autophagy inhibition or SIRT1 

deficiency in young SCs results in delayed SC activation, probably due 

to the lack of nutrients313. These results suggest that SIRT1 may 

modulate autophagy in SCs through the AMPK pathway, which has 

been previously shown to link SIRT1 activity to autophagy366,367. In 

addition to reporting the metabolic switch to glycolysis of SCs during 

activation, Ryall and colleagues illustrated that this switch leads to 

reduced NAD+ levels in the cell, which then represses SIRT1 activity in 

the nucleus and causes increased acetylation of H4K16103. Furthermore, 

loss of SIRT1 in SCs also leads to increased H4K16 acetylation and 



/  Introduction 

Page | 69  
 

leads to premature differentiation of SCs103. Zhang et al. (2016) further 

revealed that mitochondrial function and quality control is fundamental 

for the maintenance of SC function in aging 320. Decreased cellular NAD+ 

and reduction of mitochondrial unfolded protein response (UPRmt) was 

identified in aged SCs compared to the young level, leading to SC 

senescence. Treatment with nicotinamide riboside (NR), the precursor 

of NAD+, was able to improve mitochondrial function in aged SCs and 

prevent them from undergoing senescence320.  

 

SCs have a rhythmic circadian machinery that is retained in aged SCs. 

However, the oscillatory transcriptome is reprogrammed during aging by 

switching from homeostasis-related genes to stress-related genes, 

probably to cope with the stress associated with the aged 

environment368. Moreover, while adult SCs show rhythmicity in 

autophagy genes, aged SCs are unable to sustain a rhythmic autophagy. 

On the other hand, short-term caloric restriction (CR) is sufficient to 

show beneficial effects in SC function through the modulation of 

mitochondrial biogenesis and induction of longevity genes including 

Sirt1 and FoxO3369. Consistent with these results, activated aged SCs 

from short-term CR-treated mice have shown increased activation of the 

AMPK/p27Kip1 axis compared to the aged SCs from ad-libitum fed mice, 

which as previously mentioned, is involve in autophagy modulation SC 

function314. In addition, long-term CR can prevent the oscillatory 

transcriptome reprogramming observed in aged SCs by promoting a 

protective effect, which includes the maintenance of their ability to 

undergo rhythmic autophagy368. However, the beneficial effect of CR in 

aged SC function and regenerative capacity has not been studied in 

aged mice after injury. 

 

Similar to murine SCs, human geriatric SCs show P62 and mitochondrial 

accumulation, indicative of defective protein and organelle clearance 
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This phenotype was associated with increased ROS levels and 

increased number of senescent SCs, as well as reduced proliferative 

capacity. As in aged SCs from mice, treatment with rapamycin restores 

autophagy and organelle homeostasis in human geriatric SCs, which is 

sufficient to rescue senescence100. 
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OBJECTIVES 
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SCs exhibit low metabolic activity in quiescence; however, upon 

replicative stress induced by muscle injury, vast amounts of energy are 

required to fulfil the cells' need for rapid expansion. It is largely unknown 

how SCs adapt their metabolism to the quiescence exit and during 

proliferation, or whether (and if so, how) mitochondria and mitochondrial 

dynamics play a role in this process. Stem cell functions decline with 

aging. However, how mitochondria play a role in stem cell maintenance 

throughout life is understudied. 

 

My major aim in my PhD Thesis was to investigate the molecular 

mechanisms that govern the regenerative competence of SCs during 

their lifetime, with the underlying hypothesis that mitochondrial 

dynamics, especially mitochondrial fission plays essential role in the 

upkeep of SCs functions. To this end, I proposed the following specific 

objectives:  

 

1. Explore the nature of how SCs regulate their mitochondrial 

morphology and metabolism in homeostasis and during muscle 

regeneration.  

 

2. Determine the role of mitochondrial dynamics in the maintenance of 

SC function and the mechanism(s) behind it.  

 

3. Decipher whether mitochondrial dynamics are affected during aging, 

and explore potential routes for rejuvenation of aged satellite cells. 



 

 



 

 

RESULTS 
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1. Dynamic regulation of mitochondrial morphology 
and metabolism in satellite cells 
 

1.1 Mitochondrial morphology in satellite cells 

undergoes significant alterations during satellite cell 

quiescence-to-proliferation transition 
 
Emerging studies in the past decade have shown that quiescent satellite 

cells (QSCs) maintain a hypo-metabolic state and undergo dramatic 

metabolic alterations upon quiescence exit38,64,103,110. However, 

challenges in the interpretation of SC metabolism arose due to 

discrepancies in the literature caused by different techniques applied. 

To study how SCs respond to muscle injury at the transcriptional level, 

we performed an RNA sequencing (RNA-seq)-coupled bioinformatic 

analysis of SCs isolated by fluorescence-activated cell sorting (FACS) 

using an inducible satellite cell-specific Pax7CreER-Rosa26-YFP reporter 

mouse line (Figure 9A). SCs were taken from unperturbed muscle (e.g., 

QSCs) or from regenerating muscle at 1- or 3 days post-injury (DPI) 

(herein, 1DPI-SCs or 3DPI-SCs), which are in an activated or 

proliferating state, respectively (Figure 9B), as confirmed by 

immunofluorescence (IF) staining of myogenic markers PAX7, MYOD 

and proliferation marker KI67 (Figure 9C). As expected, pathways 

related to cell cycle and proliferation were enriched in 1DPI-SCs and 

3DPI-SCs as compared to QSCs (Figure 9D). In addition, we observed 

a simultaneous boost of various energy-producing pathways (glycolysis, 

TCA and OXPHOS) (Figure 9D), comparable to previously published 

results38. Furthermore, fatty acid metabolism showed a switch from very-

long-chain fatty acid utilization and fatty acid synthesis to mitochondrial 

β-oxidation (Figure 9D). 
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Figure 9 (A) Schematic representation of the tamoxifen (TMX) inducible Pax7-specific 
YFP reporter (Pax7CreER-Rosa26-YFP). (B) Schematics of isolation of quiescent satellite 
cells (QSCs) in intact muscle (basal condition), or from muscles at 1- or 3-days post 
injury (DPI) with intramuscular injection of cardiotoxin (CTX): activated SCs (1DPI-SCs) 
or proliferating SCs (3DPI-SCs). Mice were injected with TMX 3 weeks prior to sample 
collection and YFP+ cells were obtained by FACS. (C) Representative images of IF 
staining of PAX7, KI67, MYOD and DAPI (top) as well as quantification (bottom) of 
percentages of QSCs (PAX7+KI67–), activated SCs at 1 DPI (PAX7+MYOD+) and 
proliferating SCs at 3 DPI (PAX7+KI67+). (D) Expression of selected genes involved in 
cell cycle and proliferation, glycolysis, TCA cycle, OXPHOS and fatty acid metabolic 
pathways represented as a heatmap, normalized using z-score. White bar, QSCs; light 
grey bar: 1DPI-SCs; dark grey bar, 3DPI-SCs.  
 
Interestingly, we found a previously unnoticed signature of upregulated 

genes related to mitochondrial dynamics in 1DPI-SCs, which was further 

augmented in 3DPI-SCs (Figure 10A), among which the expression of 

mitochondrial fission regulator (Dnml1/Drp1) and its receptors Fis1 and 
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Mff were significantly enhanced during the quiescence-to-proliferation 

transition (Figure 10B). Consistent with the RNA-seq results, DRP1 

protein levels were significantly upregulated in 3DPI-SCs as compared 

to QSCs (Figure 10C). Importantly, by normalizing the amount of DRP1 

puncta to the cell volume, we confirmed that the increase in DRP1 

expression exceeded the increase in cell growth (Figure 10C), 

suggesting a predominant involvement of mitochondrial fission during 

SC quiescence-to-proliferation transition.  

 

 
Figure 10 (A) Heatmap showing the expression of the signature of mitochondrial fission 
(left) and fusion (right) genes. Results are represented in z-score. *DE (differentially 
expressed) genes (adj. P value < 0.05).  (B) Expression of the Dnm1l (Drp1), Fis1 and 
Mff genes is presented in transcript per million (TPM). (C) Representative images (left) 
and quantification (right) of DRP1 protein puncta in QSCs and 3DPI-SCs by 
immunofluorescence (IF). The results are presented in puncta per cell (upper right) or 
puncta per μm3 (lower right). Scale bar, 3 μm. Data are mean ± s.d. P values were 
determined by two-tailed unpaired t-test. 
 
Next, to examine mitochondria shape remodeling in SCs during this 

injury-induced transition, FACS-isolated SCs were stained with 

MitoTracker Red CMXRos100, and labelled mitochondria were imaged 

and processed using Huygens deconvolution software, followed by 3D 



/  Results 

Page | 80  
 

mitochondrial network reconstruction using the Imaris software (Figure 
11A).  

 
Figure 11 (A) Representative images of mitochondrial morphological analysis in QSCs, 
1DPI-SCs and 3DPI-SCs using MitoTracker CMXRos Red (left) followed by 
deconvolution and 3D-reconstruction in Imaris software (right). The reconstructed 
mitochondria are colored by their sphericity (0–1). Scale bar, 3 μm. (B,C) Average 
number (B) and percentage (C) of mitochondria in each cell categorized as small (< 0.5 
μm3), medium (0.5–4 μm3) or large (> 4 μm3).   (D) Average reconstructed mitochondrial 
volume in each cell in quiescence and at 1- or 3-DPI. (E) Frequency distribution curve 
showing mitochondrial sphericity of QSCs, 1DPI-SCs, or 3DPI-SCs. Data are mean ± 
s.d. P values were determined by two-tailed unpaired t-test. 
 

Our results show low amount of mitochondria in QSCs, with the majority 

of them being small (~95% had a volume < 0.5 μm3) and a small 

proportion being medium (~5% had a volume from 0.5 to 4 μm3) 

whereas almost no large mitochondria was present in the quiescent 
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state (< 0.1% had a volume of > 4 μm3) (Figure 11B,C). Accordingly, 

the mitochondria in QSCs present low average mitochondrial volume 

(Figure 11D) and high sphericity (Figure 11E). In contrast, 1DPI-SCs 

had more medium-large mitochondria, with a larger average size 

(Figure 11C,D), which formed a more complex network with reduced 

sphericity (Figure 11E), indicative of fusion during the early activation 

stage. Strikingly, 3DPI-SCs contained an increasing number of small 

mitochondria in comparison to 1DPI-SCs (Figure 11B-D) with increased 

sphericity (Figure 11E), indicating the mitochondria in proliferating SCs 

at 3DPI have low network complexity (more spherical). Altogether, these 

results suggested that mitochondria reorganize actively their shape 

when QSCs exit quiescence after injury and become smaller and less 

complex during the key proliferative stage. 

  

1.2 Increased mitochondrial biogenesis and OXPHOS 

metabolism after SC quiescence exit 
 

While analyzing the 3D mitochondrial network, we uncovered drastic 

increase of total mitochondrial volume upon injury at 1DPI and further at 

3DPI (Figure 12A), suggesting induction of mitochondrial biogenesis. In 

consistence with the increase of mitochondrial volume, comparison of 

the RNA-seq data to an inventory of 1140 mitochondrial genes 

(MitoCarta3.0) showed a high upregulation of mitochondrial genes in 

1DPI-SCs and 3DPI-SCs as compared to QSCs (Figure 12B). In 

addition, analysis of differentially expressed (DE) genes identified 

upregulation of mitochondrial biogenesis and metabolism pathways 

(Figure 12C). Of interest, almost all genes encoding ETC complex 

subunits were upregulated after quiescence exit, in 1DPI-SCs, with a 

peak in 3DPI-SCs (Figure 12D), supporting the hypothesis that SCs 

adapt their metabolism towards OXPHOS for proliferation. 
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Figure 12 (A) Quantification of total mitochondrial volume per cell from Figure 11A. (B) 
Percentage and number of Mitocarta3.0 genes that were significantly upregulated (in 
red) or downregulated (in blue), or non-significantly altered (in grey), from one state to 
another (left, from QSCs to 1DPI-SCs; middle, from 1DPI-SCs to 3DPI-SCs; right, from 
QSCs to 3DPI-SCs). The Mitocarta gene list was obtained from Broad Institute mouse 
Mitocarta3.0. (C) Top mitochondria-related Reactome pathways upregulated in 1DPI-
SCs compared to QSCs (top) and upregulated in 3DPI-SCs compared to 1DPI-SCs 
(bottom). Enriched pathways were obtained from a g:Profiler website-based analysis. 
(D) Mitochondrial ETC subunit gene expression represented in heatmap, normalized 
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using z-score. White bar, QSCs; light grey bar: 1DPI-SCs; dark grey bar, 3DPI-SCs. (E) 
Quantification of mtDNA copy number in indicated states relative to QSC levels. mtDNA 
copy numbers were normalized to genomic DNA copy numbers, as quantified by qPCR 
(2-ΔCT). (F) Quantification of MitoTracker CMXRos Red median fluorescence intensity 
(MFI) in indicated states, results are normalized to QSC levels. (G) Normalized oxygen 
consumption rate (OCR) of QSCs and 3DPI-SCs at baseline and in response to 
oligomycin A (oligo), FCCP or rotenone plus antimycin A (R + A). Data were obtained 
using Seahorse XF96 and normalized to protein level using Cyquant cell proliferation 
assay. Data are mean ± s.d. P values were determined by two-tailed unpaired t-test. 
 

Analysis of mtDNA copy number revealed that 1DPI-SCs did not show 

significant increase of mtDNA. It is notable that the mtDNA copy number 

was normalized to genomic DNA (gDNA); thus, during activation (in 

which gDNA was increasing), it is possible that there was mtDNA 

synthesis that is proportional to the increase of gDNA. At 3DPI, however, 

SCs increased their mtDNA copy number dramatically, to almost 10 

times that of the quiescent level (Figure 12E), confirming increased 

mitochondrial biogenesis during SC quiescence-to-proliferation 

transition. Accordingly, similar results were obtained using flow 

cytometry approaches, with MitoTracker MFI showing a significant 

increase at the proliferation state (3DPI) as compared to quiescence 

(Figure 12F). Importantly, mitochondrial respiration analysis by 

Seahorse showed a boost of mitochondrial oxygen consumption (OCR) 

in 3DPI-SCs as compared to QSCs, indicating increased OXPHOS 

activity during SC proliferation, in accordance to the results revealed by 

RNAseq (Figure 12D). 

 

Our transcriptomic and functional studies together support increased 

mitochondrial biogenesis and OXPHOS metabolism after SC 

quiescence exit. 
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2. Mitochondrial fission maintains satellite cell 
regenerative competence  
 

2.1 Mitochondrial fission in satellite cells is required for 

muscle regeneration 
 

To investigate whether the disruption of mitochondria fission machinery 

could causally alter SC functions, we crossed a floxed mouse line for 

Drp1 with the tamoxifen (TMX)-inducible satellite cell-specific Pax7CreER-

Rosa26-YFP reporter mouse line, giving Drp1ΔPax7ER;ROSA26YFP (herein, 

Drp1ΔPax7ER) (Figure 13A). At 21 days after 4 consecutive daily TMX 

injections, we observed 65-85% of YFP+ cells within the SC population 

(α7-integrin+/CD34+) in Cre+ Drp1ΔPax7ER;ROSA26YFP mice (Figure 13B), 

indicating efficient Cre-Lox recombination. Moreover, the expression of 

YFP was shown exclusively in satellite cells, as almost all YFP+ cells 

expressed α7-integrin+ and CD34+ (Figure 13C). Among the YFP+ 

population, we observed significant reduction of Drp1 RNA as compared 

to the wild-type (WT) control (Figure 13D). The deletion of DRP1 was 

even clearer at the protein level, as both QSCs and 3DPI-SCs almost 

completely lacked DRP1 protein (Figure 13E). Our results indicate 

efficient SC-specific deletion of Drp1 gene using our genetic model and 

induction scheme. 
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Figure 13 (A) Schematic of the genomic alterations introduced in the Drp1-floxed allele 
and the expected rearrangement after Cre-mediated recombination of the loxP sites 
flanking the targeted exons. (B) Schematic of tamoxifen (TMX) treatment (top) and the 
efficiency of Cre recombinase in Drp1ΔPax7ER:ROSA26YFP mice after 3 weeks of TMX 
treatment. The percentage of YFP+ SCs within the α7-integrin+/CD34+ population was 
measured by flow cytometry. (C) Specificity of the YFP reporter. The expression of α7-
integrin and CD34 in YFP+ population from Drp1ΔPax7ER:ROSA26YFP mice was measured 
by flow cytometry. (D) Relative expression of Drp1 in YFP+ SCs isolated from Drp1WT or 

Drp1ΔPax7ER mice, quantified by real time qPCR. (E) Representative images of DRP1 
protein IF staining (left) and quantification of DRP1 protein puncta per cell (right) in 
Drp1WT or Drp1ΔPax7ER QSCs and 3DPI-SCs. Scale bar, 3 μm. Data are mean ± s.d. P 
values were determined by two-tailed unpaired t-test. 
 

3D analysis of the mitochondrial shape in YFP+-sorted SCs from 

muscles in resting conditions (QSCs), or after injury (3DPI-SCs), 

revealed that the fission-impaired Drp1ΔPax7ER QSCs showed increased 
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average mitochondrial volume and decreased sphericity but did not 

show major changes in mitochondrial size by category compared to 

those of the WT mice (Drp1WT;ROSA26YFP; herein, Drp1WT) (Figure 
14A-C), whereas Drp1ΔPax7ER 3DPI-SCs had a higher number of 

medium- to large-sized mitochondria and a lower number of small-sized 

mitochondria, than the Drp1WT 3DPI-SCs (Figure 14D). Further, the 

mitochondrial shape was more complex in Drp1ΔPax7ER than in Drp1WT 

satellite cells, as evidenced by the lower mitochondrial sphericity 

(Figure 14C,D), thus confirming that decreased mitochondrial fission 

occurred in the absence of Drp1.  

 
Figure 14 (A) Representative images of mitochondrial morphology of Drp1WT or 
Drp1ΔPax7ER QSCs and 3DPI-SCs using MitoTracker CMXRos Red, followed by 
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deconvolution and 3D-reconstruction using Imaris software. The reconstructed 
mitochondria are colored by their sphericity (0–1). Scale bar, 3 μm. (B) Quantification of 
average mitochondrial volume of Drp1WT or Drp1ΔPax7ER QSCs in quiescence (top) or 
3DPI-SCs (bottom). (C,D) Quantification of average number of mitochondria from 3 
categories (top) and average mitochondrial sphericity (bottom) in Drp1WT or Drp1ΔPax7ER 
SCs in quiescence (C) and 3DPI-SCs (D).Mitochondria were categorized as small (< 0.5 
μm3), medium (0.5–4 μm3) or large (> 4 μm3). (E) Representative images of 
mitochondrial morphology in proliferating Drp1WT and Drp1ΔPax7ER myoblasts derived 
from YFP+ FACS-sorted satellite cells. Mitochondria were stained with MitoTracker 
CMXRos Red. Scale bar, 10 μm. Data are mean ± s.d. P values were determined by 
two-tailed unpaired t-test. 
 

Moreover, IF imaging of proliferating Drp1ΔPax7ER myoblasts derived from 

YFP+ SCs exhibited a clear hyper-fused mitochondria network with the 

presence of structure termed “mito-bulbs” (Figure 14E), a phenotype 

that is well-described in Drp1-null cells180,370,371. Interestingly, in addition 

to the expected hyper-fused/enlarged mitochondrial morphology 

(Figure 15A, green arrows), our transmission electron microscopic 

(TEM) analysis revealed abnormal mitochondrial ultrastructure in 

proliferating Drp1ΔPax7ER myoblasts (Figure 15A, asterisks). An “onion-

like”, or concentric cristae structure (indicated with yellow asterisks) has 

been found exclusively in Drp1-null cells, indicating that loss of DRP1 

could lead to defects in cristae maintenance. Further, TEM images also 

revealed enlarged cellular structures that are exclusively found in 

Drp1ΔPax7ER myoblasts (Figure 15B) which are identified to be 

peroxisomes, confirming DRP1´s role in regulating the fission of both 

mitochondria and peroxisome. Indeed, we show elongated peroxisomes 

in quiescent Drp1ΔPax7ER SCs but not in Drp1WT QSCs (Figure 15C) as 

well as increased average peroxisomal volume in Drp1ΔPax7ER QSCs 

(Figure 15C). This phenotype is exacerbated at 3DPI, at which point 

Drp1WT SCs displayed mainly puncta-like peroxisomes while Drp1ΔPax7ER 

SCs exclusively showed large network of elongated peroxisomes 

(Figure 15C). Interestingly, the total peroxisomal volume was increased 

in Drp1ΔPax7ER SCs at 3DPI (Figure 15C). 
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Figure 15 (A) Representative images of mitochondria with ultrastructure from Drp1WT or 
Drp1ΔPax7ER SCs revealed by transmission electron microscopy (TEM). Yellow *, 
concentric cristae; blue *, disorganized cristae; green triangles, enlarged mitochondria. 
Images were acquired at 50 k. Scale bar, 500 nm. (B) Representative images of Drp1WT 
or Drp1ΔPax7ER SCs revealed TEM. Images were acquired at 12 k or 50 k (amplified) 
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magnifications. Scale bar, 2 μm (15 k) and 1000 nm (50 k). ** peroxisome; yellow *, 
concentric cristae; blue *, disorganized cristae; green triangles, enlarged mitochondria. 
(C) Representative images of IF staining of peroxisomes (PO, PEX14) (left) and 
quantification of average (middle) and total (right) volume of peroxisomes in Drp1WT or 
Drp1ΔPax7ER SCs in quiescence and at 3 DPI. Scale bar, 3 μm. Data are mean ± s.d. P 
values were determined by two-tailed unpaired t-test. 
 

To study the effects of Drp1 deletion in SC functions, we first examined 

the basal muscle of Drp1ΔPax7ER mice. We show that the number of SCs 

in resting muscles of Drp1ΔPax7ER mice were comparable to those in the 

corresponding WT control mice (Figure 16), and that no significant 

difference in muscle fiber size 

was present. A histological 

analysis along the injury time 

course (at basal/non-injury, 

5-,7- and 14-DPI) (Figure 17A) 

was carried out to study the 

regenerative capacity of SCs 

in Drp1ΔPax7ER mice.  

 

Despite the initial stem-cell 

numerical similarity, in 

response to injury, muscles of 

Drp1ΔPax7ER mice exhibited a 

dramatic regeneration defect, 

as shown by the smaller size 

of myofibers expressing 

embryonic myosin heavy 

chain (eMHC) (indicative of newly-formed, regenerating myofibers) at 5- 

and 7 DPI, as compared to the WT controls (Figure 17B,C). This defect 

persisted even at 14 DPI (Figure 17A,17D), indicating that 

mitochondrial fission is necessary for SC regenerative functions.  
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Figure 17 (A) Representative images of hematoxylin–eosin (HE) staining in TA muscles 
obtained from Drp1WT or Drp1ΔPax7ER mice that were non-injured or at 5-, 7- or 14 DPI. 
Scale bar, 50 μm. (B,C) Representative images of embryonic myosin heavy chain 
(eMHC) staining by immunohistochemistry (IHC) in 5DPI (B) and 7DPI (C) muscle from 
Drp1WT and Drp1ΔPax7ER mice (top), and quantification of eMHC+ fiber size represented 
in size distribution (lower left) and average cross-section area (CSA, lower right). Scale 
bar, 50 μm. (D) Size distribution of central-nucleated fibers of 14DPI TA muscles from 
Drp1WT or Drp1ΔPax7ER mice. Data are mean ± s.d. P values were determined by two-
tailed unpaired t-test. 
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Thus, we conclude that mitochondria change their shape as SCs 

progress from quiescence to proliferation, with fission of mitochondria 

being indispensable for efficient muscle regeneration. 

 

2.2 Mitochondrial fission permits satellite cell expansion 

after tissue injury 
 

To understand how mitochondria fission blockade impairs satellite cell-

dependent muscle repair, we performed RNA-seq of YFP+-sorted QSCs, 

1DPI-SCs or 3DPI-SCs from muscles of young Drp1ΔPax7ER or Drp1WT 

mice, followed the same scheme as describe in Figure 9B. 

Transcriptome analysis of genes differentially expressed across 

different satellite states allowed us to build a DRP1-related interaction 

network where several important biological pathways such as cell cycle, 

proteostasis, metabolism and programed cell death were altered upon 

Drp1 gene deletion (Figure 18A). Our results are comparable to the 

known interactions of DRP1 according to the mouse protein database 

(STRING) (Figure 18B)135 except for metabolism- and cell-cell 

interaction-related clusters, which were unique in our dataset. 

Furthermore, the 11 DE genes that were shown to be consistently 

altered in Drp1ΔPax7ER SCs in all the three analyzed states are involved 

in proteostasis, cell cycle, cell-cell interactions, and programed cell 

death (Figure 18A, 18C). 
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Figure 18 (A) Protein networks built in STRING using DE genes between Drp1WT and 
Drp1ΔPax7ER SCs. The full network of proteins was filtered by a minimum interaction score 
of 0.7 (high confidence). Coloured nodes, DE genes; white nodes, interactors of DE 
genes (no more than 20 interactions); red stars, DE genes that were altered in all 3 
analyzed states (QSCs, 1DPI-SCs and 3DPI-SCs). (B) DRP1-related proteins from 
STRING mouse database. The full network of proteins was filtered by a minimum 
interaction score of 0.7 (high confidence). Both 1st and 2nd shell contained no more than 
50 interactions. Colorful nodes: query protein DNM1L (DRP1) and first shell of 
interactors. White nodes: second shell of interactors. Empty nodes: proteins of unknown 
3D structure. Filled nodes: some 3D structure is known or predicted. Network edges 
were evidence based with the line color indicating the type of interaction evidence. Lines: 
known interactions from curated databases (skyblue) or experimentally determined 
(purple). Predicted interactions by gene neighborhood (green), gene fusion (red) and 
gene co-occurrence (blue). Other colors are from other sources. (C) Differentially 
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expressed (DE) genes commonly altered in quiescent (QSCs), 1DPI-SCs and 3DPI-SCs. 
Venn diagram was obtained from deepvenn372. 
 

We next analyzed the transcriptomic data by SC state (QSCs, 1DPI-

SCs, or 3DPI-SCs) using gene set enrichment analysis (GSEA) followed 

by Cytoscape Enrichment Map analysis or DE gene pathway analysis. 
 

 
 
Figure 19 Enrichment map of gene sets enriched in Drp1ΔPax7ER SCs (blue) or Drp1WT 
SCs (grey) obtained from resting muscle (QSCs), or injured (1-DPI or 3-DPI) limb 
muscles (GSEA GO_BP, FDR < 0.075). Grey node, positive NES; blue node, negative 
NES. Node size is proportional to the number of genes identified in each gene set 
(minimum 10 genes/gene set). Clusters were automatically annotated using 
Autoannotate app in Cytoscape. 
 

In basal condition, compared to Drp1WT QSCs, Drp1ΔPax7ER QSCs were 

enriched in genes related to cell division (including mitosis, DNA 

replication and repair, the Foxm1 and Aurora pathways, and RNA 

processing) and metabolism (including TCA cycle and the mitochondrial 

electron transport chain (ETC)) (Figure 19). Similarly, DE gene-based 

pathway analysis showed that cell division–related (RNA polymerase II 

transcription, cell cycle, M phase, G2/M transition and DNA repair) and 

metabolism (TCA cycle and respiratory electron transport chain) 

pathways are altered between the genotypes (lists of DE genes are 

presented in Supplementary Table 1). In addition, cellular stress 
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response as well as autophagy (and mitophagy) pathways were distinct 

between Drp1WT 

and Drp1ΔPax7ER 

QSCs (Figure 20). 

 
Of note, the 

quiescent state is 

characterized with 

low metabolic 

activity and 

reversible cell 

cycle arrest39,104. 

We show that cell 

cycle pathways 

(such as G2/M 

checkpoint, mitotic 

cell cycle) and 

mitochondrial 

metabolic 

pathways (such as 

OXPHOS and 

TCA cycle) were only upregulated after injury in Drp1WT cells (comparing 

1DPI-SCs and QSCs) (Figure 21A). In addition, enrichment of cell 

division– and metabolism-related pathways is a hallmark of more primed 

QSCs, as compared to more genuine QSCs that had more stemness 

and were more dormant40,64. Interestingly, we found the transcriptome 

of Drp1ΔPax7ER QSCs, but not Drp1WT QSCs, to be closer to the reported 

gene signature of primed QSCs than to the more dormant/genuine 

QSCs40,64 (Figure 21B), indicating QSCs lacking Drp1 might be in a 

“primed” state with low stemness. However, despite increased 
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expression of cell cycle genes in Drp1ΔPax7ER QSCs, no expression of 

the proliferation marker KI67 was observed in these cells (Figure 21C). 

 
Figure 21 (A) GSEA analysis of cell cycle-related (Reactome M5336 and Hallmark 
M5901) and TCA-ETC–related (Reactome M516 and Hallmark M5936) pathways in 
Drp1WT QSCs vs 1DPI-SCs. Red indicates positive NES (enriched in QSCs); blue, 
negative NES (enriched in 1DPI-SCs). (B) GSEA analysis of the “genuine” (referring to 
more dormant and stem QSCs) and “primed” (referring to QSCs more prone to myogenic 
differentiation QSCs) gene signatures64 in Drp1ΔPax7ER or Drp1WT QSCs. Red indicates 
positive NES (enriched in Drp1WT), and blue, negative NES (enriched in Drp1ΔPax7ER). (C) 
Representative images (left) and quantification (upper right) of PAX7 and KI67 in 
quiescent YFP+ SCs obtained from Drp1WT or Drp1ΔPax7ER mice. Quantification of PAX7 
and KI67+ cells in basal TA muscles from Drp1WT or Drp1ΔPax7ER mice (lower right). Scale 
bar, 10 μm. (D) Representative images of phosphorylated S6 (pS6), YFP and DAPI IF 
staining in basal TA muscles from Drp1WT;ROSA26YFP and Drp1ΔPax7ER;ROSA26YFP mice. 
No pS6 was detected in YFP+ SCs of either genotype. Scale bar, 25 μm. (E) 
Representative images of γ-H2AX and DAPI IF staining in sorted quiescent YFP+ cells 
from Drp1WT;ROSA26YFP and Drp1ΔPax7ER;ROSA26YFP mice. No γ-H2AX signal was 
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detected in either genotype. Scale bar, 3 μm. (F) Quantification of PyroninY median 
fluorescence intensity (MFI) in sorted quiescent YFP+ cells from Drp1WT;ROSA26YFP and 

Drp1ΔPax7ER;ROSA26YFP mice. Data are mean ± s.d. P values were determined by a two-
tailed unpaired t-test. 
 
In addition, Drp1ΔPax7ER QSCs were not in a “alerted” state104, as shown 

by the negative immunostaining for phosphorylated S6 (Figure 21D) 

and they showed no DNA damage (as determined by γ-H2AX staining; 

Figure 21E) or increased RNA content (as determined by pyronin Y 

staining; Figure 21F). These results indicate that, in resting muscle, SCs 

with disrupted mitochondrial fission are “molecularly primed” (i.e. 

“transcriptionally primed”) for activation but did not functionally leave the 

quiescence state. 
 

Strikingly, in contrast to QSCs, the response to muscle injury of 1DPI-

SCs from Drp1ΔPax7ER mice showed lower expression of genes related to 

cell cycle and cell proliferation than those from Drp1WT mice (Figure 19, 
22A). In fact, whereas Drp1ΔPax7ER SCs had higher expression levels of 

G2/M-related genes in quiescence (Figure 22B) (in agreement with the 

enriched GSEA pathways related to DNA replication, mitosis, Aurora 

and Foxm1 (Figure 19)), after muscle injury, the expression of G2/M-

related genes increased dramatically in Drp1WT 1DPI-SCs but showed a 

blunted slope in Drp1ΔPax7ER 1DPI-SCs; these alterations were 

attenuated at 3DPI (Figure 22B).  

 

Prompted by these cell cycle–related differences at the transcriptional 

level, we analyzed whether Drp1 loss had functional consequences on 

the activation and proliferation stages of SCs in vivo. To our surprise, 

even though the main differences of cell cycle genes were detected at 

1DPI (activation), we found that at this time point the activation of SCs 

was similar in Drp1WT and Drp1ΔPax7ER mice, as shown by the 

comparable expression of satellite-cell activation markers (which are 

absent in QSCs) in 1DPI-SCs from both genotypes (Figure 22C). 
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Moreover, the number of cells expressing MYOD protein (a marker of 

SC activation; determined by immunostaining) did not differ in SCs from 

either genotype (Figure 22D), supporting that Drp1ΔPax7ER SCs have no 

defect in activating from quiescence.  

 

 
Figure 22 (A) Pathway analysis of DE genes upregulated in Drp1WT vs Drp1ΔPax7ER 
1DPI-SCs. Pathway analysis was carried out in g:Profiler; top Reactome pathways are 
presented. (B) Z-score analysis of G2/M cell-cycle genes during analyzed states in 
Drp1WT and Drp1ΔPax7ER satellite cells, presented as dot graph (left) or heatmap (right). 
The heatmap was generated in https://software.broadinstitute.org/morpheus. Each thin 
line represents z-score trajectory of a single gene, and the thick lines, the average z-
score trajectory of the pathway. *DE genes (adj. P value < 0.05). Detailed expression 
matrices are shown in the Supplementary Table 2. (C) Expression level of satellite-cell 
activation markers in 1DPI-SCs from Drp1WT;ROSA26YFP and Drp1ΔPax7ER;ROSA26YFP 

mice, represented in transcript per million (TPM). (E) Representative images (left) and 
quantification (right) of MYOD in 1DPI-SCs. Scale bar, 25 μm. Data are mean ± s.d. P 
values were determined by a two-tailed unpaired t-test. 
 

To study whether the alteration of G2/M genes in Drp1ΔPax7ER SCs affect 

cell proliferation, we analyzed the total and proliferating SCs at 3DPI 

from muscle of Drp1WT or Drp1ΔPax7ER mice.  
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Figure 23 (A) Representative images of YFP, KI67, DAPI and laminin 
immunofluorescence (IF) staining of Drp1WT and Drp1ΔPax7ER 3-DPI TA muscles. Scale 
bar, 50 μm. (B-D) Quantification of proliferating SCs (KI67+YFP+) (B) and total YFP+ 
SCs (C) from (A), as well as YFP+ SCs obtained by FACS (D) from muscles of 
Drp1ΔPax7ER or Drp1WT mice in quiescence (QSCs) and at 3-DPI. Data are mean ± s.d. 
P values were determined by a two-tailed unpaired t-test. 
 

As expected, Drp1WT SCs expanded enormously. Strikingly, however, 

Drp1ΔPax7ER cells exhibited a dramatic proliferative impairment, as 

demonstrated by the reduction of proliferating (KI67+) YFP+ 3DPI-SCs 

in muscles of Drp1ΔPax7ER compared to Drp1WT mice (Figure 23A,B). 

Moreover, using both IF staining on muscle sections and by YFP+-based 

sorting, we observed significant less amount of YFP+ cells in Drp1ΔPax7ER 

3DPI muscle, despite the starting number of YFP+ SCs in quiescence 

was the same (Figure 23C,D), confirming at the functional level the cell-

cycle molecular differences found in Drp1ΔPax7ER 3DPI-SCs. Furthermore, 
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we did not observe increased levels of cell death in Drp1ΔPax7ER 3DPI 

muscle (Figure 23E). These results indicate that the muscle 

regenerative defect in Drp1ΔPax7ER mice after injury cannot be attributed 

to a defect in early activation, but is rather caused by the subsequent 

incapacity of SCs to proliferate adequately and generate sufficient 

progeny to form new fibers when mitochondrial fission is blunted.  

 

2.3 Mitochondrial fission allows satellite cells to induce 

OXPHOS metabolism during regeneration 
 

Notably, apart from cell division–associated pathways, our 

transcriptomic data revealed alterations of mitochondria-related 

pathways in Drp1ΔPax7ER SCs such as TCA cycle and respiratory ETC, 

mitochondrial biogenesis, etc. (Figure 19, 20). To understand the 

causes of the proliferative defect of mitochondrial fission-deficient SCs 

after muscle injury given the special prominence of the TCA and ETC 

pathways, we analyzed the mitochondrial metabolism of these cells in 

more depth, at both transcriptional and functional levels. The GSEA 

results showed that OXPHOS pathways are significantly enriched in 

Drp1ΔPax7ER QSCs (Figure 24A), when the cells are supposed to be 

metabolically inactive, in agreement with their molecular primed state 

(as discussed previously; see Results 2.2). In response to injury during 

activation (1DPI), wild-type SCs increased their OXPHOS activity 

dramatically to adapt to their metabolic needs (see Results 1.2 and 

Figure 12); in contrast, Drp1ΔPax7ER 1DPI-SCs expressed lower level of 

OXPHOS genes as compared to Drp1WT 1DPI-SCs, as OXPHOS 

pathway is significantly enriched in Drp1WT (Figure 22A). In 3DPI-SCs, 

the TCA and ETC pathway genes remained downregulated in 

Drp1ΔPax7ER as compared to Drp1WT SCs (Figure 19); accordingly, 

OXPHOS pathways are enriched in Drp1WT SCs (Figure 22A). In 
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particular, genes encoding the mitochondrial TCA pathway and ETC 

complex IV proteins (such as Pfkm, Cox7a1, Cox7a2 and Cox10) were 

downregulated in Drp1ΔPax7ER 3DPI-SCs, whereas Pck2 (involved in 

gluconeogenesis) was upregulated (Supplementary Table 1). 

Furthermore, by adapting a curated OXPHOS gene list from 

MitoCarta3.0, similar results are obtained (Figure 22B). Consistent with 

this, all five ETC complex subunit genes showed an upregulated 

expression in Drp1ΔPax7ER as compared to Drp1WT QSCs, and this trend 

changed at the 1- and 3-DPI time points (Figure 22C). These molecular 

analyses suggested an altered mitochondrial metabolism and a lower 

OXPHOS activity in mitochondrial fission–deficient satellite cells, which 

were particularly marked at the proliferative stage.  

 
Figure 24 (A) GSEA analysis of OXPHOS (GO:0006119) pathways in Drp1ΔPax7ER vs 
Drp1WT QSCs. Red indicates positive NES (enriched in Drp1WT), and blue, negative NES 
(enriched in Drp1ΔPax7ER). (B) Z-score analysis of total OXPHOS genes in the analyzed 
states in Drp1WT and Drp1ΔPax7ER SCs presented as a heatmap. The OXPHOS gene set 
was obtained from the mouse MitoCarta3.0 database. Detailed gene names and 
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expression matrices are shown in Supplementary Table 2. The heatmap was 
generated on the Morpheus platform. (C) Z-score analysis of electron transport chain 
(ETC) complex I to V subunit genes during the analyzed states in Drp1WT and 
Drp1ΔPax7ER satellite cells, presented as dot graphs. ETC complex gene sets were 
obtained from the mouse MitoCarta3.0 database. Each dot represents z-score of a 
single gene, and the thick lines show the average z-score trajectory of the pathway. 
 
Interestingly, functional cellular respiratory analysis by Seahorse 

revealed that Drp1ΔPax7ER QSCs had similar basal and maximal oxygen 

consumption rates (OCRs) as Drp1WT QSCs, but tended to have a 

higher proton leak (less ATP production by OXPHOS) (Figure 25A).  

 
Figure 25 (A,B) Seahorse analysis of cellular respiration of QSCs (A) and 3DPI-SCs (B) 
represented in normalized oxygen consumption rate (OCR) at baseline and in response 
to oligomycin A (oligo), FCCP or rotenone plus antimycin A (R + A) as well as calculated 
basal OCR, maximal OCR, complex V activity and spare respiratory capacity. Data were 
obtained using Seahorse XF96 and normalized to protein level using Cyquant cell 
proliferation assay. (C) Relative respiration of each mitochondrial ETC complex 
measured by oxygraph (Oroboros). Values were normalized to cell number and to the 
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level of Drp1WT. (D) Relative total cellular ATP level, normalized to the QSC Drp1WT level. 
Data are mean ± s.d. P values were determined by a two-tailed unpaired t-test. 
 

At 3-DPI, on the other hand, we observed a dramatic reduction of 

cellular maximal respiration and spare respiratory capacity in 

Drp1ΔPax7ER SCs (Figure 25B). This is consistent with our RNA-seq 

results, in which Drp1ΔPax7ER 3DPI-SCs showed significant lower 

expression of OXPHOS genes compared to Drp1WT 3DPI-SCs (Figure 
24). Non-mitochondrial respiration was also lower in Drp1ΔPax7E than 

Drp1WT SCs, but no significant differences in basal OCR and complex V 

activity (ATP-associated OCR) were detected between either genotype 

(Figure 25B).  

 

To examine the respiratory capacity of each mitochondrial ETC complex, 

we performed oxygen consumption analysis with Oroboros oxygraph 

using proliferating myo-progenitors derived from YFP+ Drp1WTor 

Drp1ΔPax7ER SCs. Cells are placed in oxygen chamber to measure their 

basal and each mitochondrial ETC complex-associated respiration. 

More specifically, cells were permeabilized with digitonin to allow for the 

equal distribution of substrates and inhibitors into the mitochondria, 

followed by complex-specific substrates and inhibitors treatment: 

pyruvate + malate + ADP, succinate, rotenone, antimycin A, TMPD + 

ascorbate and sodium azide. Using this robust method, our results 

revealed a global impairment of the mitochondrial respiration in 

Drp1ΔPax7ER cells, marked by significantly reduced mitochondrial ETC 

complex I, II and IV (Figure 25C) activities, confirming that mitochondrial 

OXPHOS is impaired upon DRP1 loss. On the other hand, the total 

cellular ATP level was similar in cells of both genotypes (Figure 25D), 

indicating that Drp1ΔPax7ER SCs used other energy sources for ATP 

production. Together, these results suggested that mitochondrial 

fission–impaired SCs cannot efficiently reprogram their metabolism after 
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muscle injury, with an evident quantitative and qualitative alteration in 

the global mitochondrial ETC expression program. 

 

The mammalian mtDNA encodes for 13 proteins of the mitochondrial 

ETC and is an important component of the mitochondria164. Although 

basically unstudied in stem cells, the synthesis and assembly of the ETC 

are known to depend on the proportion and distribution of the mtDNA 

along with the mitochondrial network212,373. As mitochondrial activity was 

altered in Drp1ΔPax7ER SCs, we next analyzed whether the copy number 

of mtDNA was affected in Drp1ΔPax7ER SCs. We found Drp1ΔPax7ER QSCs 

had a lower mtDNA copy number than Drp1WT QSCs (Figure 26A), 

despite similar mitochondrial volumes (Figure 26B). Further, at 3 DPI, 

the mtDNA content increased in both genotypes, but the copy number 

remained lower in Drp1ΔPax7ER than in Drp1WT cells (Figure 20A), 

indicating inefficient mtDNA replication in proliferating SCs when 

mitochondrial fission was impaired. In mammalian cells, mtDNA 

genome are packaged as a DNA-protein complex, termed mitochondrial 

nucleoids165. Surprisingly, both the size and distribution of mitochondrial 

nucleoids were aberrant in Drp1ΔPax7ER QSCs, with fewer and larger-

sized nucleoids (Figure 26C). This nucleoid imbalance was further 

exacerbated in 3DPI-SCs, as shown by the abnormally enlarged 

nucleoids (Figure 26C), and this could impact ETC assembly212,373. In 

sum, following injury, mitochondrial fission blockade in SCs impeded 

normal mitochondrial metabolic reprogramming and induced the 

presence of abnormal nucleoids, which together could underpin the low 

efficiency of the ETC and OXPHOS during the regenerative demand. 
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Figure 26 (A) Copy number of mtDNA in QSCs or 3DPI-SCs from Drp1WT or Drp1ΔPax7ER 
muscles (normalized to Drp1WT QSC levels). mtDNA copy number were normalized to 
genomic DNA copy number, quantified by qPCR (2-ΔCT). (B) Reconstructed total 
mitochondrial volume in Drp1WT or Drp1ΔPax7ER QSCs or 3DPI-SCs. The analysis was 
carried out based on images acquired in Figure 14A. (C) Representative IF images 
(upper panel) and quantification of mitochondrial nucleoid parameters (lower panel): 
average nucleoid length (left), number of nucleoid per cell (middle) and per μm3 (right). 
Mitochondria were detected with citrate synthase antibodies. Scale bar, 3 μm. Data are 
mean ± s.d. P values were determined by a two-tailed unpaired t-test. 
  

2.4 Mitochondrial fission deficiency impairs satellite cell 

mitophagy 
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In addition to alterations in pathways related to cell proliferation and 

mitochondrial metabolism, we also identified numerous stress response 

and proteostasis-related genes, such as cellular responses to stress, 

autophagy and mitophagy (Figure 20A). At the single gene level, for 

instance, the increased expression of asparagine synthetase (Asns) 

could reflect a need to dispose of the aspartate accumulated due to 

mitochondrial dysfunction and a reduced TCA cycle flux 374 

(Supplementary Table 1). Accordingly, we observed evident 

accumulations of ROS puncta in the mitochondrial matrix (Figure 27A). 

In addition, our quantification showed significantly increased cellular and 

mitochondrial ROS level in the Drp1ΔPax7ER SCs (Figure 27B), 

suggesting increased levels of malfunctioning or damaged mitochondria 

upon Drp1 loss. This could be due to: i) the compromised clearance of 

damaged mitochondria by mitophagy (i.e., the elimination of 

mitochondria by autophagy), caused by the increased mitochondrial 

size in Drp1ΔPax7ER satellite cells; and/or ii) the saturated autophagic 

capacity, caused by the abnormal generation rates of damaged 

mitochondria in the mutant cells.  

 

To analyze these possibilities, we treated freshly-sorted SCs from 

Drp1ΔPax7ER and Drp1WT mice with the autophagy-flux inhibitor 

bafilomycin A1 (Baf), which blocks the elimination of autophagosomes 

by fusion with lysosomes100. This treatment increased the LC3+ puncta 

(i.e., autophagosomes) in Drp1WT but not Drp1ΔPax7ER SCs, indicating 

that autophagy is blunted in the absence of Drp1 (Figure 27C-E). 

Notably, mitophagy was also defective in Drp1ΔPax7ER SCs, as indicated 

by the accumulation of mitochondria inside autophagosomes (e.g., LC3-

mitochondria co-localization in Baf-treated sorted cells) (Figure 27E).  
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Figure 27 (A) Representative images of ROS (CellRox) and mitochondria (MitoTracker 
CMX ROS) in SCs from Drp1WT vs Drp1ΔPax7ER. (B) Quantification of total (left) and 
mitochondria-specific (right) ROS puncta from (A), values are normalized to cell volume 
(μm3). Scale bar, 3 μm. (C) Representative IF images of LC3 and mitochondria in Drp1WT 
or Drp1ΔPax7ER SCs after 4 h of treatment with vehicle (Veh; DMSO) or bafilomycin A1 
(Baf). Scale bar, 3 μm. (D) Quantification of total LC3 puncta per cell from (C). (E) 
Quantification of total flux of LC3 (ΔLC3) (left) and mitochondria-related flux of LC3 
(mito-ΔLC3) (right) in Drp1WT or Drp1ΔPax7ER SCs from (C). Data are mean ± s.d. P values 
were determined by a two-tailed unpaired t-test. 
 

Next, Drp1WT and Drp1ΔPax7ER SCs were treated with a natural mitophagy 

inducer urolithin A (UA375). As expected, UA treatment significantly 

increased LC level in Drp1WT SCs (Figure 28A-C). This UA-induced flux, 

however, is blunted in Drp1ΔPax7ER SCs as using bafilomycin A1 

treatment (Figure 28A-C), consistent with the published data375 that 

show that the function of UA on mitophagy induction relies on functional 

mitochondria. Further, UA-induced Drp1ΔPax7ER SCs tended to show 

larger size of LC3 protein but not in numbers (Figure 28A). However, 
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further investigations need to be conducted in order to explain this 

interesting phenomenon.  

 
Figure 28 (A) Representative IF images of LC3 and mitochondria in Drp1WT or 
Drp1ΔPax7ER SCs after 4 h of treatment with vehicle (Veh; DMSO) or urolithin A (UA). 
Scale bar, 3 μm. (B) Quantification of total LC3 puncta per cell from (A). (C) 
Quantification of total flux of LC3 (ΔLC3) (left) and mitochondria-related flux of LC3 
(mito-ΔLC3) (right) in Drp1WT or Drp1ΔPax7ER SCs from (A). Data are mean ± s.d. P values 
were determined by a two-tailed unpaired t-test. 
 

Consistent with this outcome, we observed increased levels of p62 in 

Drp1ΔPax7ER SCs, both at the cellular level and in mitochondria (Figure 
29A), indicating increased accumulation of damaged mitochondria and 

other cellular components upon DRP1 loss that are not removed by the 

autophagy machinery. To further investigate the mitophagy machinery, 

we examined the level of Parkin, a key regulator of the PINK1/Parkin-

mediated mitophagy263, in Drp1ΔPax7ER vs Drp1WT SCs. We observed a 

significant increase of Parkin signal in Drp1ΔPax7ER SCs but reduced 

Parkin-mitochondria colocalization compared to Drp1WT SCs (Figure 
29B), suggesting that the impaired mitophagy in Drp1ΔPax7ER SCs could 

be partially due to deficient Parkin recruitment to the mitochondria upon 

mitochondrial damage. Interestingly, Parkin recruitment to the damaged 

mitochondria is known to be induced by low mitochondrial membrane 

potential ΔΨm263,376–378 which is significantly increased in Drp1ΔPax7ER 
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SCs despite the accumulation of ROS (Figure 29C, 27A), which could 

explain the cytoplasmic Parkin accumulation in these cells. This 

reflected the inability of SCs to remove damaged mitochondria when 

mitochondrial fission was impaired, which would also account for the 

excessive ROS accumulation. We thus conclude that impaired 

mitochondrial fission impedes both mitochondrial metabolic 

reprogramming and mitophagy in SCs upon injury, which blunts their 

regenerative functions.  

 
Figure 29 (A) Representative images of p62 and mitochondria (left) and quantification 
of total p62 puncta (middle) and colocalization of p62 to mitochondria (Mito-p62; right) 
in Drp1WT or Drp1ΔPax7ER SCs. Mitochondria were detected with MitoTracker CMX ROS 
labeling. Scale bar, 3 μm. (B) Representative images of Parkin and mitochondria (left) 
and quantification of Parkin signal (IntDen; middle) and colocalization of Parkin to 
mitochondria (Pearson´s correlation; right) in Drp1WT or Drp1ΔPax7ER SCs. Mitochondria 
were detected with MitoTracker CMX ROS labeling. Scale bar, 3 μm. (C) Representative 
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histogram (left) and relative MFI (right) of TMRM signals analyzed by flow cytometry. 
Values were normalized to the Drp1WT level. Data are mean ± s.d. P values were 
determined by a two-tailed unpaired t-test. 
 

2.5 Transient adynamism restores the proliferative 

capacity of Drp1-null SCs 
 

In cardiomyocytes, forced mitochondrial adynamism by genetically 

ablating Drp1 and mitofusins (Mfn1/Mfn2) simultaneously can relieve 

the undesirable effects introduced by imbalanced mitochondrial 

dynamics, at least in the short term267. As a known receptor for Parkin, 

Mfn2 plays an essential role in the Pink1/Parkin-mediated mitophagy223. 

To avoid the influence of Mfn2 on mitophagy, we investigated the effects 

of mitochondrial adynamism by silencing the Mfn1 gene with siRNA (si-

Mfn1) in Drp1-null SCs. To verify the efficiency of siRNA sequencing, 

we treated WT SCs with 25 nM of si-Mfn1 and si-Sramble in vitro for 48 

h; treatment of si-Mfn1 then led to significant reduced expression of 

Mfn1 gene (Figure 30A,B), confirming the efficiency of gene silencing. 

Further, we observed fragmented mitochondria in WT SCs treated with 

si-Mfn1, and 3D reconstruction of mitochondrial network showed 

significantly reduced average mitochondrial volume in si-Mfn1-treated 

cells as compared to the scramble-RNA–treated group (Figure 30C), 

indicating deficient mitochondrial fusion, as expected from Mfn1 

silencing.  

 
Figure 30 (A) Schematics of siRNA treatment in vitro in wild type cells (B,C) Verification 
of siRNA efficiency by analyzing Mfn1 gene expression (RT-qPCR; B) and mitochondrial 
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morphological analysis (C). Mitochondria were labeled with MitoTracker CMX ROS and 
average mitochondrial volume was quantified using 3D reconstructed images in Imaris 
software. Scale bar, 3 μm. Data are mean ± s.d. P values were determined by a two-
tailed unpaired t-test. 
 
 
Similarly, after 

Drp1ΔPax7ER SCs 

were treated 

with si-Mfn1, 

they exhibited a 

decreased 

average 

mitochondrial 

volume (Figure 
31), suggesting 

the enlarged 

mitochondrial 

network in 

Drp1-null SCs can be dissociated by repressing mitochondrial fusion. 

 

To study the effects of inefficient fusion alone as well as adynamic 

mitochondria in SCs in vivo during muscle regeneration, we adapted a 

previously established transplantation model64,100, whereby freshly-

isolated WT or YFP+ Drp1ΔPax7ER SCs were treated ex vivo with si-

Mfn1/si-Scramble for 3 hours, followed by transplantation into 

immunodeficient hosts that were previously subjected to cryo-injury 

(Figure 32, 33A). For WT, cells were labelled ex vivo with Dil stain prior 

to the transplantation procedure (Figure 32). Mfn1 silencing in WT cells 

reduced the transplantation efficiency in WT cells (Figure 32), as shown 

by fewer Dil+ cells per area at 4 days post-transplantation.  
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Figure 32 Schematics of transplantation of SCs from young WT mice (after Mfn1 siRNA 
(or scramble) treatment (top)) into pre-injured muscles of immunodeficient mice. 
Representative images are shown of Dil and DAPI (lower left) and quantification (lower 
right) of Dil+ cells per area. Data were analyzed at 4-days post-transplantation. The 
values presented are relative to the level of control (si-Scramble-treated group). Data 
are mean ± s.d. P values were determined by a two-tailed unpaired t-test. Scale bar, 25 
μm.  
 

Interestingly, si-Mfn1 treatment in YFP+ Drp1ΔPax7ER SCs (Figure 33A) 

significantly increased the transplantation outcome of these cells, 

marked by increased YFP+ cells per area at 4 days post transplantation 

(Figure 33B). Moreover, using a cytoplasmic YFP reporter, we 

compared the newly generated myofibers derived from YFP+ 

transplanted SCs. Although the median CSA of YFP+ YFP did not 

increase significantly upon si-Mfn1 treatment, we showed fewer fibers 

smaller than 100 μm2 and increased number of larger fibers presented 

in the si-Mfn1-treated group (Figure 33C).  

 

Based on the altered mitochondrial metabolism and mitophagy in 

Drp1ΔPax7ER SCs, we hypothesized that several possible mechanisms 

could underlie the rescue effect of mitochondrial adynamism in Drp1-

deficient satellite cells: i) by reducing the large network of mitochondria, 

thereby decreasing the abnormal aggregation of mitochondrial 

nucleoids (“mito-bulbs”) (Figure 26C); ii) by improving mitophagy 

efficiency thanks to the reduced size of mitochondria; iii) by enhancing 

OXPHOS metabolism. 
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Figure 33 (A) Schematics of transplantation of SCs from Drp1ΔPax7ER mice (after Mfn1 
siRNA or scramble treatment (top)) into pre-injured muscles of immunodeficient mice. 
(B) Representative images are shown of YFP and DAPI (top) and quantification (bottom) 
of YFP+ cells per area. Scale bar, 25 μm. (C) Representative images are shown of YFP 
and DAPI (top) and quantification of YFP+ fiber median CSA (lower left) and fiber size 
distribution (lower right). Data were analyzed at 4-days post-transplantation. Scale bar, 
25 μm. Data are mean ± s.d. P values were determined by a two-tailed unpaired t-test. 
 

Our results show that the aggregation of mitochondrial nucleoids 

observed in Drp1ΔPax7ER SCs was partially rescued by Mfn1 silencing as 

shown by the reduced average nucleoid length and reduced number of 

extremely large nucleoids (length > 0.8 μm) (Figure 34A). Furthermore, 

the mitophagic flux was increased (Figure 34B) and the maximal 

respiration of Drp1ΔPax7ER SCs was improved upon Mfn1 silencing 

(Figure 34C). Our results indicated that short-term forced mitochondrial 

adynamism improved the proliferative capacity of Drp1ΔPax7ER SCs, 

which could be due to the joint effects of reduced mitochondrial nucleoid 

aggregation, improved mitochondrial respiratory capacity, and 

enhanced mitophagy. 
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Figure 34 (A) Representative IF images of mitochondrial nucleoid size and mitochondria 
(left) as well as quantification of nucleoid size by average mitochondrial nucleoid length 
(middle) and number of extreme-large nucleoids (length > 0.8 μm; right) in Drp1ΔPax7ER 
proliferating myoblasts after in vitro si-Scramble or si-Mfn1 treatment. Mitochondria were 
detected with MitoTracker CMX ROS. Scale bar, 3 μm. (B) Quantification of LC3-
mitochondria colocalization in Drp1ΔPax7ER SCs after ex-vivo si-Scramble or si-Mfn1 
treatment, followed by 4 h of treatment with vehicle (Veh, DMSO) or bafilomycin A1 (Baf). 
(C) Normalized oxygen consumption rate (OCR) of Drp1ΔPax7ER SCs after ex-vivo si-
Scramble or si-Mfn1 treatment at baseline and in response to oligomycin A (oligo), 
FCCP or rotenone plus antimycin A (R + A). Data were obtained using Seahorse XF96 
and normalized to protein level using Cyquant cell proliferation assay. Data are mean ± 
s.d. P values were determined by a two-tailed unpaired t-test. 
 

2.6 Restoring OXPHOS and mitophagy rescues the 

regenerative failure of the fission-impaired satellite cells 
 

Based on the defective OXPHOS and mitophagy observed in 

Drp1ΔPax7ER SCs, and the mechanism underlying the rescue effects of 

mitochondrial adynamism, we hypothesized that the dysregulated 

mitochondrial oxidation and impaired mitophagy were underlying the 

loss of regenerative potential in Drp1ΔPax7ER satellite cells. To this end, 

we tried to boost both OXPHOS and autophagy activities in these cells 

and then assessed for potential functional improvement. 
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Dichloroacetate (DCA) is a pan-inhibitor of pyruvate dehydrogenase 

kinase (PDK), which phosphorylates the active form of pyruvate 

dehydrogenase (PDH) and converts it into the inactive form (p-PDH) 

(Figure 35A379) Thus, by stimulating the activity of pyruvate 

dehydrogenase, DCA diverts glucose metabolism from lactic 

fermentation to TCA cycle and mitochondrial OXPHOS by stimulating 

the activity of PDH via inhibiting PDKs. We confirmed that DCA 

treatment significantly increased OCR and mitochondrial ATP 

production rates in SCs (Figure 35B).  

 
Figure 35 (A) Schematics showing the structure of sodium dichloroacetate (DCA) and 
its site of action. (B) Schematics of DCA in vitro treatment followed by Seahorse OCR 
analysis (left) and normalized OCR of 48-h treatment with DCA or vehicle of SCs at 
baseline and in response to oligomycin A (Oligo), FCCP or rotenone plus antimycin A 
(R + A) (right). Data were obtained using Seahorse XF96 and normalized to protein level 
using Cyquant cell proliferation assay. 
 
To examine the regenerative capacity of SCs of Drp1ΔPax7ER mice after 

OXPHOS stimulation, Drp1ΔPax7ER mice were treated daily 

subcutaneously over the injured area with DCA or vehicle for four days 

(Figure 36A) followed by the analysis. DCA treatment triggered an 

increase in the proliferation of SCs in the injured muscles of Drp1ΔPax7ER 

mice, as revealed by the increase of proliferating SCs (KI67+YFP+) in 
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tissue cryosections (Figure 36B). Moreover, DCA treatment also 

rescued the defective muscle regeneration in Drp1ΔPax7ER mice, as 

shown by the increased number and size of newly-formed YFP+ (or 

eMHC+) myofibers in muscle after injury (Figure 36B,C). 

 
Figure 36 (A) Schematics of DCA and vehicle (PBS) application after CTX injury. (B) 
Representative immunofluorescent images of YFP, KI67 and DAPI staining in muscles 
of Drp1ΔPax7ER mice (+/– DCA treatment) at 4-DPI (left) and quantification of the 
percentage of KI67+ cells to total YFP+ cells (upper right) and the number of YFP+ fibers 
per mm2 damaged muscle area (lower right) in Drp1ΔPax7ER mice (+/– DCA treatment) at 
4-DPI. Scale bar, 25 μm. (C) Representative images of eMHC immunohistochemistry 
(left) and eMHC+ fiber size distribution (middle) and median muscle fiber CSA (right) in 
muscles of Drp1ΔPax7ER mice (+/– DCA treatment) at 4-DPI (bottom). Scale bar, 50 μm. 
Data are mean ± s.d. P values were determined by a two-tailed unpaired t-test. 
 
Although treatment with DCA has provided promising results on 

rescuing the regenerative defects in Drp1ΔPax7ER mice, questions may 

arise due to the fact that the subcutaneous application of DCA can affect 

lactate metabolism in other cell types in the niche. For instance, it has 

been reported recently that lactate shuttling by endothelial cells in the 

niche facilitates the M2-like macrophage polarization, which enables 
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macrophages to promote proliferation of SCs and muscle 

regeneration380. To exclude possible effects of DCA on other cell types 

of the injured tissue, we looked into specific inhibition of Pdk genes in 

SCs using genetic approaches. Our transcriptomic data showed that 

Pdk4 is the predominant isoform of Pdk gene expressed in satellite cells, 

with more than 10-times above the expression level of all the other three 

isoforms (Figure 37A) in quiescence. Interestingly, the expression of 

Pdk4 dropped dramatically upon injury to merely a quarter of the 

quiescent level, coinciding with the observed increase in OXPHOS 

metabolism after quiescence exit. On the other hand, the expression of 

other isoforms remained low in comparison to Pdk4 at all the analyzed 

time points; nevertheless, the expression of Pdk2 and Pdk3 showed a 

trend to increase upon injury, suggesting possible compensatory effects 

of other isoforms when Pdk4 is downregulated. To test whether Pdk 

inhibition can improve the proliferation and regenerative capacity of 

Drp1ΔPax7ER SCs, we designed two possible schemes: i) silencing Pdk4 

gene alone with si-Pdk4 or ii) repressing the expression of all isoforms 

of Pdk genes using a pool of 4 Pdk siRNAs. We confirmed the efficiency 

of siRNA in both scenarios (Figure 37B,C). 

 
Figure 37 (A) Expression of the 4 Pdk genes in wild type QSCs 1- and 3DPI-SCs 
presented in transcript per million (TPM). (B) Schematics of siRNA treatment in vitro in 
WT cells (top) and verification of siRNA efficiency by analyzing expression of Pdk4 gene 
(RT-qPCR) upon Pdk4 siRNA (or scramble) treatment (bottom). (C) Verification of 
siRNA efficiency by analyzing expression of Pdk1,2,3,4 genes (RT-qPCR) upon mixed 
Pdk siRNA (or scramble) treatment. Values are normalized to the control level (si-
Scramble-treated group). Data are mean ± s.d. P values were determined by a two-
tailed unpaired t-test. 
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Next, we applied similar transplantation methodology as described 

previously (See Figure 32,33). Our results show that silencing Pdk4 

gene alone was able to increase the expansion of Drp1ΔPax7ER SCs 

following transplantation (Figure 38A,B) but had no effect on improving 

YFP+ fiber size (Figure 38C) whereas silencing all isoforms of Pdk 

genes improved significantly the YFP+ expansion as well as the YFP+ 

fiber size (Figure 39A-C).  

 
Figure 38 (A) Schematics of transplantation of SCs from Drp1ΔPax7ER mice (after Pdk4 
siRNA or scramble treatment) into pre-injured muscles of immunodeficient mice. (B) 
Representative images are shown of YFP and DAPI (top) and quantification (bottom) of 
YFP+ cells per area after Pdk4 siRNA or scramble treatment. Scale bar, 50 μm. (C) 
Representative images are shown of YFP and DAPI (top) and quantification of YFP+ 
fiber median CSA (lower left) and fiber size distribution (lower right). Scale bar, 25 μm. 
Data were analyzed at 4-days post-transplantation. Data are mean ± s.d. P values were 
determined by a two-tailed unpaired t-test. 
 
We therefore conclude that OXPHOS enhancement by either a 

pharmacological (DCA treatment) or a genetic (silencing Pdk genes) 

approach restored the proliferation and regenerative capacity of Drp1-

null satellite cells. 
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Figure 39 (A) Schematics of transplantation of SCs from Drp1ΔPax7ER mice (after mixed 
Pdk siRNA or scramble treatment) into pre-injured muscles of immunodeficient mice. (B) 
Representative images are shown of YFP and DAPI (top) and quantification (bottom) of 
YFP+ cells per area after Pdk siRNA or scramble treatment. Scale bar, 50 μm. (C) 
Representative images are shown of YFP and DAPI (top) and quantification of YFP+ 
fiber median CSA (lower left) and fiber size distribution (lower right). Scale bar, 25 μm. 
Data were analyzed at 4-days post-transplantation. Data are mean ± s.d. P values were 
determined by a two-tailed unpaired t-test. 
 

Based on the defective mitophagy in Drp1ΔPax7ER satellite cells, we next 

assessed whether restoring autophagy could rescue the regenerative 

block of these cells. For this, we performed transplantation experiments 

of SCs previously subjected to rapamycin (a well-known autophagy-

inducing regime381 treatment to reactivate autophagy, as we described 

previously100. Freshly-sorted SCs from Drp1ΔPax7ER mice were pre-

treated with rapamycin or a control vehicle, labelled with Dil, and then 

transplanted into pre-injured muscles of immuno-deficient recipient mice 

(Figure 40). We showed that rapamycin pre-treatment significantly 

restored the expansion and engraftment of these mitochondrial fission 
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deficient SCs after transplantation, as shown by the higher number of 

Dil+ SCs in the regenerating muscles of the recipient mice (Figure 40). 

 

 
Figure 40 Schematics of transplantation of SCs from Drp1ΔPax7ER mice (after ex-vivo 
rapamycin (or vehicle) treatment (top)) into pre-injured muscles of immunodeficient mice. 
Representative images are shown of Dil and DAPI (lower left) and quantification (lower 
right) of Dil+ cells per area in muscles transplanted with Drp1ΔPax7ER vehicle- or 
rapamycin-treated satellite cells. Data were analyzed at 4-DPI post-transplantation. The 
values presented are relative to the level of control (si-Scramble-treated group). Scale 
bar, 25 μm. Data are mean ± s.d. P values were determined by a two-tailed unpaired t-
test. 
 

  



/  Results 

Page | 120  
 

3. Assessing mitochondrial dynamics in aging 
satellite cells 
 

3.1 Age-related loss of satellite cell function is 

associated with deficient mitochondrial fission at old age 
 

Interestingly, we noticed that the functional defects of young Drp1-null 

SCs resemble those of SCs from old mice. Consistent with published 

data reporting reduced SC proliferation in aging100,101, we showed 

reduced total SC number at 3- and 4-DPI (Figure 41A,B) in aging (24- 

to 28-month-old) mice compared to young (3- to 5-month-old) mice with 

less proliferation (Figure 41B). Previous work from our colleagues 

revealed that autophagy was down-regulated in aging satellite, leading 

to increased cellular ROS and entry into senescence cells100. By 

measuring mitochondria-ROS colocalization, we showed an 

upregulation of total as well as mitochondria-specific ROS in aged SCs 

compared to young SCs (Figure 41C). Consistently, aged SCs show 

blunted LC3 flux upon Baf treatment (Figure 41D) and increased 

accumulation of lysosomal-associated membrane protein 1 (LAMP1) 

proteins in the mitochondria (Figure 41E), indicating reduced autophagy 

and mitophagy. These observations correlated with defective muscle 

regeneration in old mice after injury (Figure 41F), as expected (see 

revision382–384 ). Our results show that both young Drp1ΔPax7ER young SCs 

and WT aged SCs have reduced mitophagy and impaired proliferation, 

suggesting that SCs with genetic mitochondrial-fission impairment 

undergo a form of premature aging. 
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Figure 41 (A) Quantification of the number of 3DPI-SCs by FACS from muscles of 
young (2.5-3 months old) or old (24-28 months old) mice. (B) Quantification of the 
amount of total (left, PAX7+ or Myogenin+) or proliferating (right, PAX7+EdU+) 4DPI-SCs 
per mm2 injured area of TA muscle from young or old mice. (C) Representative IF 
images of mitochondria (MitoTracker CMXRos Red) and ROS (CellRox Deep Red) (top) 
and quantification of total (lower left) and mitochondrial (lower right) ROS in young or 
old 3DPI-SCs. Scale bar, 3 μm.  (D) Representative IF images of LC3 (left), and 
quantification of LC3 flux (ΔLC3) (right), in young or old SCs after 4 h of treatment with 
vehicle (veh, DMSO) or bafilomycin A (Baf). Scale bar, 3 μm. (E) Representative IF 
images of LAMP1 and mitochondria (top) and quantification of LAMP1-mitochondria 
colocalization (bottom). Scale bar, 3 μm. (F) Representative images of eMHC IHC in 
young and old TA muscle at 7-DPI (top), and quantification of fiber size distribution 
(bottom). Scale bar, 50 μm. Data are mean ± s.d. P values were determined by a two-
tailed unpaired t-test.. 
 
To further investigate potential aging molecular signatures in Drp1ΔPax7ER 

SCs, we performed a comparative bioinformatic analysis of RNA-seq 
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data of genes and pathways altered in aging SCs (compared to young 

SCs) and in Drp1ΔPax7ER SCs (compared to Drp1WT SCs). First, our RNA-

seq data comparing young vs old WT SCs in quiescence or at 1-DPI or 

3-DPI showed drastic alterations of pathways associated with 

mitochondria, cell cycle, RNA metabolism, immune response, and 

ECM/tissue organization (Figure 42).  

 

 
Figure 42 Enrichment map of gene sets enriched in young (grey) or old (orange) SCs 
obtained from resting muscle (QSCs), or injured (1-DPI or 3-DPI) limb muscles (GSEA 
GO_BP, FDR < 0.075). Grey node, negative NES, enriched in young; orange node, 
positive NES, enriched in old. Node size is proportional to the number of genes identified 
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in each gene set (minimum 10 genes/gene set). Clusters were automatically annotated 
using Autoannotate app in Cytoscape.  
 

Comparing DE genes commonly altered in aging and Drp1ΔPax7ER SCs, 

we show that aged and Drp1-null SCs do not share great similarities in 

the quiescent stage except for 6 commonly down-regulated genes 

(Figure 43). The finding that few genes contribute significantly to the 

autophagy pathway coincides with our previous results that autophagy 

is downregulated in both aging and Drp1ΔPax7ER SCs (Figure 27-29; 

Figure 41C-E). At 1-DPI, however, striking similarities of genes and 

pathways were identified in aging and Drp1ΔPax7ER SCs related to mitosis 

and cell cycle (Figure 43), in accordance to the fact that both old and 

Drp1-null SCs showed defective proliferation post-injury (Figure 23; 

Figure 41A,B). Based on GSEA-Cytoscape analysis, we further 

detected pathways related to mitochondrial ETC and ATP synthesis that 

are commonly down-regulated in old and Drp1ΔPax7ER SCs (Figure 44), 

indicating potential common defects in mitochondrial functions. At 3-DPI, 

increasing number of common DE genes were detected between aging 

and Drp1-null SCs, most of which are associated with cellular 

metabolism. Notably, genes related to electron transport chain and 

mitochondrial organization pathways are commonly down-regulated in 

aging and Drp1ΔPax7ER SCs, again suggesting potential common defects 

in mitochondrial metabolism. 
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Figure 43 Commonly altered pathways detected in QSC, 1DPI- and 3DPI-SCs from 
young vs old, and Drp1WT vs Drp1ΔPax7ER dataset. Commonly altered DE genes were 
analyzed in g:Profiler. The top GO, REACTOME and KEGG pathways are shown. DE 
genes of the 2 datasets are listed in Supplementary Table 1 and 3. 
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Figure 44 Enrichment map of common pathway clusters enriched in old or Drp1ΔPax7ER 
1DPI-SCs. Orange nodes represent pathways downregulated in old vs young 1DPI-SCs 
(GSEA GO_BP, FDR < 0.25); blue nodes, pathways downregulated in Drp1ΔPax7ER vs 
Drp1WT 1DPI-SCs; and nodes with 2 colors, commonly altered gene sets in old and 
Drp1ΔPax7ER 1DPI-SCs. Node size is proportional to the number of genes identified in 
each gene set (minimum 10 genes/gene set). Clusters were automatically annotated 
using Autoannotate app in Cytoscape.  
 
Given the similarities between young Drp1ΔPax7ER and old WT SCs, we 

hypothesized that mitochondrial dynamics might also be altered with 

normal aging and impede stem-cell metabolic and regenerative 

functions. Our transcriptomic data indicated continuous increase of Drp1 

(Dnm1l) gene expression post injury in young WT SCs. On the other 

hand, while old SCs showed an initial up-regulation of Drp1 gene at 1-

DPI, the trend is blunted at 3-DPI (Figure 45A). Consistent with the 

RNA-seq results, at the peak of proliferation (3-DPI), the level of DRP1 

was significantly reduced in Pax7+ SCs in the injured aged muscle as 

compared to young controls (Figure 45B). Moreover, both the total and 

the activated form of DRP1 (i.e., phosphorylated protein at serine 

residue 579 in mice, equivalent to residue 616 in humans (pDRP1)) 

were reduced in SCs from old mice as compared to those from young 

mice (Figure 45C), suggesting reduced mitochondrial fission activity 

with aging. Consistent with this, old SCs showed a higher number of 

large mitochondria with a higher average volume as compared to young 
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SCs (Figure 45D), indicating that with aging, SCs remodel their 

mitochondria after muscle injury, with an abnormal shift towards fusion 

due to the reduced DRP1 activity.  

 
Figure 45 (A) Expression levels of Dnm1l (Drp1) gene in young and old QSC, 1DPI- or 
3DPI-SCs. Gene expression is represented in transcript per million (TPM). (B) 
Representative IF images of PAX7, DRP1 and DAPI staining (left) and quantification of 
DRP1 signal (right) of young and old 3DPI TA muscles. Scale bar, 5 μm. (C) 
Representative IF images of total and active DRP1 (phosphorylated DRP1, pDRP) 
staining (left) and quantification of DRP1 (upper right) and pDRP (lower right) signal in 
3DPI-SCs from young or old mice. Scale bar, 3 μm. (D) Representative images of 
mitochondrial morphology in 3DPI-SCs from young or old mice using MitoTracker 
CMXRos Red (left, upper panel) followed by deconvolution and 3D-reconstruction using 
Imaris software (left, lower panel) and the quantification of average mitochondrial 
volume in each cell (upper right) and average number of mitochondria in each cell is 
categorized as small (< 0.5 μm3), medium (0.5–4 μm3) or large (> 4 μm3) (lower right). 
Data are representative of young and old SCs mitochondrial size distribution at 3-DPI. 
The reconstructed mitochondria were colored based on their sphericity. Scale bar, 3 μm. 
Data are mean ± s.d. P values were determined by a two-tailed unpaired t-test. 
 
Of note, human SCs with high levels of active DRP1 were found in 

damaged areas of human muscle biopsies but not in intact muscle areas 

(Figure 46A), confirming an increased mitochondrial fission activity also 

in SCs of human muscle after damage/regeneration. Further, as in mice, 
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human myoblasts from old individuals showed reduced DRP1 activity 

compared to young human myoblasts (Figure 46B,C), consistent with 

their reduced proliferative potential (Figure 46D). Thus, fission activity 

is specifically induced in SCs after muscle damage, but this activity is 

reduced with aging in both humans and mice.  

 
Figure 46 (A) Representative images (left) and quantification (right) of pDRP1S616 in 
human SCs in basal (upper panel) or regenerating (lower panel) muscle areas. Scale 
bar, 25 μm. (B) Representative images (top) and quantification (bottom) of pDRP1S616 
intensity in human SCs isolated from young or old individuals. Scale bar, 10 μm. (C) 
Western blotting of pDRP1S616 in protein lysates extracted from young vs old human 
satellite cells. (D) Representative images of BrdU incorporation in young vs old human 
SCs after 48 h in culture (top). Cell proliferation curve is shown from 0–96 h (lower left), 
and BrdU incorporation is shown at 48 h after plating (lower right). Data are mean ± s.d. 
P values were determined by a two-tailed unpaired t-test. 
 
Bases on these observations, we intended to study whether restoring 

proper mitochondrial fission in aging SCs could rescue their proliferative 
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phenotype. To directly increase DRP1 expression in aged satellite cells, 

we designed a lentiviral vector expressing DRP1 under a PGK promotor 

(LV-DRP1). As an experimental control for transduction efficiency, we 

first showed that LV-DRP1 transduction in Drp1ΔPax7ER SCs induced 

DRP1 protein expression (Figure 47A) and successfully restored their 

proliferative capacity upon transplantation (Figure 47B).  

Figure 47 (A) Representative IF images of DRP1 staining in Drp1ΔPax7ER SCs with 
control (LV-control) or DRP1 (LV-DRP1) lentiviral vector treatment. Scale bar, 10 μm. 
(B) Schematics of transplantation of SCs from Drp1ΔPax7ER mice (after ex-vivo DRP1 or 
control lentiviral vector infection) (top) into pre-injured muscles of immunodeficient mice. 
Representative images are shown of YFP and DAPI (middle) and quantification (bottom) 
of YFP+ cells per area. Data were analyzed at 4-DPI post-transplantation. The values 
presented are relative to the level of control (LV-control-treated group). Scale bar, 50 
μm. Data are mean ± s.d. P values were determined by a two-tailed unpaired t-test. 
 
Importantly, we showed that re-introduction of DRP1 expression through 

LV-DRP1 transduction in aged SCs restored their engraftment capacity 

upon transplantation in regenerating muscle, as compared to LV-

control-transduced aged SCs (Figure 48). 
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Figure 48 Schematics of transplantation of SCs from old mice (after DRP1 or control 
lentiviral vector infection) (top) into pre-injured muscles of immunodeficient mice. 
Representative images are shown of Dil and DAPI (lower left) and quantification (lower 
right) of Dil+ cells per area. Data were analyzed at 4-DPI post-transplantation. The 
values presented are relative to the level of control (LV-control-treated group). Scale bar, 
25 μm. Data are mean ± s.d. P values were determined by a two-tailed unpaired t-test. 
 

3.2 Restoring OXPHOS and mitophagy rescues the 

regenerative failure of physiologically-aged satellite cells 
 

In agreement with the downregulation of OXPHOS pathways with aging, 

old SCs showed reduced expression of genes involved in all ETC 

complexes compared to young (Figure 49A) and had lower 

mitochondrial respiration (Figure 49B) (see also38). This difference 

reached a maximal level in 3DPI-SCs, which also showed a significant 

increase in total and mitochondria-specific ROS levels at old age 

(Figure 49C). As in young Drp1-null SCs, mitophagy was impaired in 

old SCs (Figure 41C-E) (see also100). Thus, despite having less 

mitochondrial OXPHOS activity, old SCs accumulated more oxidative 

damage than young ones after injury, which could be ascribed to the 

impaired mitophagy and accumulation of defective mitochondria. 

Furthermore, after muscle damage, old SCs showed an abnormal 

mtDNA replication, as evidenced by the 10-fold increase in mtDNA copy 

number in young 3DPI-SCs but only 2- to 3-fold in aged 3DPI-SCs 
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(Figure 49D). These findings further show that the molecular, cellular 

and functional alterations of physiologically-aged WT SCs are 

comparable to those of young Drp1-null SCs, and reinforce the notion 

that i) Drp1-null young SCs show premature aging, and ii) the decline in 

mitochondrial fission activity in aging SCs may trigger their regenerative 

deficits.  

 
Figure 49 (A) Z-score analysis of ETC complex I-V genes throughout analyzed states 
in young or old SCs (QSCs, 1DPI-SCs or 3DPI-SCs), presented in dot graph. Detailed 
gene names are shown in Supplementary Table 4. (B) Normalized OCR of 48-h 
cultured young or old SCs at baseline and in response to oligomycin A (oligo), FCCP or 
rotenone plus antimycin A (R + A). Data were obtained using Seahorse XF96 and 
normalized to protein level using Cyquant cell proliferation assay. (C) Quantification of 
total (left) and mitochondrial (right) ROS (CellRox) in young or old 3DPI-SCs. (D) 
Quantification of mtDNA copy number relative to young QSC levels. mtDNA copy 
numbers were normalized to genomic DNA copy numbers, as quantified by qPCR (2-

ΔCT). Data are mean ± s.d. P values were determined by a two-tailed unpaired t-test. 
 

Prompted by these shared features, we searched for more hallmarks of 

aging in Drp1-null SCs and old SCs that could further explain their 

dysfunction, by comparing their transcriptomes with those of old tissues 

from various species (including humans)385–387. We found common 

downregulation of OXPHOS and cell cycle-related pathways, such as 

G2/M cell-cycle checkpoint and E2F and MYC signaling (Figure 50), 

consistent with multiple previously published transcriptional datasets of 
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aging human, 

rodent and 

killifish385–387. 

Notably, 

unlike old WT 

satellite cells, 

Drp1ΔPax7ER 

SCs did not 

reveal signs 

of 

exacerbated 

inflammation, 

another 

hallmark of 

aging 

(Figure 50). Thus, young Drp1-null SCs exhibited some (but not all) 

specific hallmarks of aging, in particular the downregulation of 

metabolic/mitochondrial and proliferative pathways. Old SCs did exhibit 

most hallmarks of aging, including age-associated inflammation 

(inflammaging)388, particularly at the 3-DPI proliferative stage, which 

could in turn add to their reduced regenerative potential. 

 

Similar to young Drp1ΔPax7ER SCs, we hypothesized that the 

dysregulated mitochondrial OXPHOS and impaired mitophagy underlie 

the loss of regenerative potential in physiologically-aged WT satellite 

cells. We confirmed that the regenerative capacity of SCs in injured 

muscles of old WT mice was enhanced upon DCA treatment, as 

revealed by the higher number of SCs that incorporated EdU 

(PAX7+/EdU+) in tissue cryosections of aging mice (Figure 51A), 

suggesting that enhancing OXPHOS through pharmacological 

approach restores the proliferative capacity of aged SCs. In addition, 
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DCA treatment also rescued the defective muscle regeneration in aged 

WT mice, as shown by the increased number and size of newly-formed 

eMHC+ myofibers after injury (Figure 51B).  

 
Figure 51 (A) Schematics of DCA/vehicle (PBS) treatment scheme in old mice (top), 
and representative images of PAX7, EdU, DAPI IF staining in old muscle (+/– DCA 
treatment) at 4-DPI (middle). Quantification of percentage of EdU+ SCs (lower left) and 
number of EdU+ SCs per mm2 injured area and (lower right) in old muscle (+/– DCA 
treatment) at 4-DPI. Scale bar, 25 μm. (B) Representative images of eMHC IHC (top) 
and quantification of: number of eMHC+ fibers normalized to mm2 injured area (middle 
left); eMHC+ fiber median CSA (middle right); fiber size distribution (bottom) in old mice 
+/– DCA treatment. Scale bar, 50 μm. Data are mean ± s.d. P values were determined 
by a two-tailed unpaired t-test. 
 

Moreover, we show that Pdk gene silencing in aged SCs (by targeting 

all Pdk genes) significantly increased the engraftment of these cells 

upon transplantation in regenerating muscle, as evidenced by the higher 

number of Dil+ cells in the damaged muscle area (Figure 52), 

suggesting an improved stem cell proliferation potential of old SCs when 

Pdk genes are down-regulated. Thus, OXPHOS enhancement by DCA 

treatment and Pdk silencing restores the proliferative and functional 

capacity of physiologically-aged SCs with impaired mitochondrial fission 

activity, as well as of young cells with genetic loss of mitochondrial 
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fission (that showed “aged-like” features) (Figure 36-39), thus bringing 

back muscle regeneration. These results demonstrate that defective 

mitochondrial fission causes proliferative failure in satellite cells, at least 

in part, by reducing functional mitochondrial metabolism; critically, 

enhancement of mitochondrial OXPHOS function rescues these defects. 

 
Figure 52 Schematics of transplantation of SCs from old mice (after mixed Pdk siRNA 
or scramble treatment (top)) into pre-injured muscles of immunodeficient mice. 
Representative IF images are shown of Dil and DAPI (lower left) and quantification 
(lower right) of Dil+ cells per area. Data were analyzed at 4-DPI post-transplantation. 
The values presented are relative to the level of control (si-Scramble-treated group). 
Scale bar, 25 μm. Data are mean ± s.d. P values were determined by a two-tailed 
unpaired t-test. 

 

On the other hand, based on the defective mitophagy in old WT SCs, 

we investigated whether enhancing autophagy and mitophagy could 

rescue the regenerative defects of these cells. We found that rapamycin 

pre-treatment significantly restored the expansion and engraftment of 

old SCs after transplantation, as shown by the higher number of Dil+ 

SCs in the regenerating muscles of the recipient mice (Figure 53A,B). 

Additionally, treatment of a recently described natural mitophagy 

inducer urolithin A375,389,390 also enhanced the engraftment results 

(Figure 53C) although to a lesser extent compared to rapamycin 

treatment. Furthermore, LV-DRP1 transduction also enhanced the 

mitophagic flux in aged satellite cells, as shown by the reduced LC3 

accumulation in basal state (without BafA1 treatment) (Figure 53D), 
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thus suggesting that enhanced functionality of aged SCs upon DRP1 re-

expression may be partially ascribed to mitophagy re-induction. 

 
Figure 53 (A) Schematics of transplantation of SCs from old mice (after rapamycin, 
urolithin A or vehicle treatment) into pre-injured muscles of immunodeficient mice. Rapa, 
rapamycin; UA, urolithin A. (B) Representative IF images are shown of Dil and DAPI 
(top) and quantification (low) of Dil+ cells per area in muscles transplanted with old 
vehicle- or rapamycin-treated satellite cells. The values presented are relative to the 
level of control (vehicle-treated group). Scale bar, 25 μm. (C) Representative IF images 
are shown of Dil and DAPI (top) and quantification (low) of Dil+ cells per area in muscles 
transplanted with old vehicle- or urolithinA-treated satellite cells. The values presented 
are relative to the level of control (vehicle-treated group). Scale bar, 25 μm. (D) 
Schematics of ex vivo DPR1 or control lentiviral vector infection followed by 4 h of 
treatment with vehicle (veh, DMSO) or bafilomycin A1 (Baf) (left).  Quantification of LC3-
mitochondria colocalization in old SCs after ex vivo DPR1 or control lentiviral vector 
treatment (right). Data are mean ± s.d. P values were determined by a two-tailed 
unpaired t-test. 
 

Thus, the detrimental functional consequences of impaired 

mitochondrial fission in satellite cells, as during aging, and even after 

complete ablation of the Drp1 gene, can be positively overcome by re-

inducing mitochondrial metabolism and mitophagy, as well as by direct 

DRP1 expression.   



 

 

DISCUSSION 
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The results obtained in the present work can be summarized in the 

following concepts:  

1. Satellite cells dynamically regulate their mitochondrial morphology 

and metabolism during their quiescence-to-proliferation transition 

induced by muscular injury.  

2. Disturbance of mitochondrial dynamics by genetic deletion of DRP1 

in satellite cells leads to impaired OXPHOS metabolism and mitophagy, 

thereby causing defective proliferation and muscle regeneration.  

3. Altered mitochondrial dynamics during physiological aging 

contributes to the loss of function in satellite cells and muscle 

regenerative defects. 

4. The proliferative defects in young Drp1-null or old WT satellite cells 

can be rescued by restoring the mitochondrial dynamics balance or by 

boosting OXPHOS and mitophagy in these cells.  

 

In the first part of the project, we revealed the nature of mitochondrial 

morphology in three satellite states and demonstrated the metabolic 

changes during SC quiescence-to-proliferation transition. We showed 

that the mitochondrial network in SCs first undergoes increased fusion 

during activation, followed by increased fission during proliferation. This 

process is accompanied by substantial mitochondrial biogenesis and 

drastic increase of OXPHOS metabolism.  

 

In the past decade, emerging studies have attempted to uncover the 

role of mitochondrial dynamics in stem cell fate modulation in numerous 

cell types153,157,159,160. However, due to the cell type–specific metabolic 

requirements and the high plasticity of the mitochondrial dynamics, 

conclusions drawn from one cell type are hardly applicable to another153. 

A few studies have tried to decipher the metabolism of muscle satellite 

cells (SCs) in quiescence and during activation/proliferation38,103, but no 

conclusion has been reached due to the low number of studies and 
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certain discrepancies in the results. Moreover, no study to date has 

documented the mitochondrial morphology in SCs or how mitochondrial 

dynamics affect SC function.  

 

Glycolysis is a relatively inefficient way to generate ATP compared to 

OXPHOS. However, glycolysis is advantageous for fast proliferating 

cells (such as cancer cells) due to its ability to rapidly generate ATP as 

well as to generate glycolytic intermediates for the biosynthesis of 

essential biomolecules391,392. It was long believed that quiescent SCs 

(QSCs) rely mainly on FAO, undergoing a metabolic switch from FAO 

to glycolysis upon activation and relying mainly on glycolysis during 

proliferation103. However, another recent study showed that injury-

induced SC activation and proliferation is accompanied by simultaneous 

increase of glycolysis, TCA cycle and OXPHOS metabolism38. In 

addition, transcriptomic data from different labs (including ours) 

suggested increased expression of genes involved in glycolysis, TCA 

cycle. and OXPHOS38,60,101. In this thesis, we show increased 

mitochondrial biogenesis as well as mitochondrial OXPHOS during SC 

quiescence-to-proliferation transition. We believe that the apparent 

discrepancies to previous studies is due to the approaches used to 

induce activation. For instance, the revolutionary study by Ryall et al.103, 

illustrated for the first time the metabolism of SCs in quiescence and 

activation. However, the activation of SCs was induced by 24-h in vitro 

culture in growth medium, which is rich in glucose and growth factors. It 

is therefore possible that the availability of glucose in the medium 

contributes to the glycolytic phenotype of the activated SCs. On the 

other hand, during toxin-induced injury, the myofibers undergo necrosis, 

accompanied by large infiltration of immune cells36; therefore, the 

environment is vastly different from the in vitro scenario. Indeed, it was 

shown by Pala et al.38 that proliferating fetal myogenic cells rely mainly 

on glycolysis, suggesting different environment affect the metabolic 
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requirement of proliferating SCs. For this reason, our work through this 

thesis is mainly based on in vivo injury-induced muscle injury. 

 

We show that SCs adjust their mitochondrial morphology and 

mitochondrial content according to the stem cell state they are 

(quiescence, activation or proliferation). Interestingly, unlike some cell 

types in which the mitochondria display a clear preference towards 

fused or fragmented morphology157,159,160, we observed a balanced 

mitochondrial morphology in QSCs with a few medium-sized elongated 

mitochondria and a bunch of small fragmented mitochondria. In addition, 

we believe the mitochondrial morphology in QSCs is in a dynamic 

balance instead of a static balance based on the fact that the alteration 

of mitochondrial shape was observed in the inducible Drp1 deletion 

model within 3 weeks after TMX induction. This equilibrium of 

mitochondrial fusion and fission is then transiently disturbed in the 

activation state (1-DPI) with enlarged mitochondrial network 

accompanied by increased mitochondrial volume. Since mitochondria 

cannot be generated de novo393, it is reasonable that mitochondrial 

morphology displays a transient shift towards fusion during activation in 

which the biogenesis of mitochondria is initiating (indicated by increased 

mitochondrial volume and ETC gene expression). During proliferation, 

the enlarged mitochondria should be fragmented for the efficient 

distribution of mitochondrial in the daughter cells394. Indeed, we 

observed significant increase of fragmented mitochondria in 3DPI-SCs 

with significantly increased mitochondrial content (summarized in 

Figure 54).  
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Figure 54 Schematics illustrating the mitochondrial morphology, content and 
OXPHOS metabolism in SCs in quiescence and upon activation and 
proliferation. 
 

In addition, loss of DRP1 resulted in a “primed”-like molecular signature 

in quiescent Drp1ΔPax7ER with increased ROS, suggesting mitochondrial 

dynamics might also play in a role in the maintenance of SC quiescence. 

The morphology of mitochondria has been associated with 

mitochondrial metabolism and function, however, how exactly does 

Drp1 loss affect mitochondrial OXPHOS activity remains unclear. While 

numerous studies showed that Drp1 silencing by genetic or 

pharmacological approaches increases mitochondrial 

respiration157,205,395, others claim that Drp1 loss or inhibition lead to 

impaired OXPHOS212,373,396,397. Our study for the first time analyzed the 

effect of Drp1 deletion on the progression of stem cell in vivo 

regeneration, whereby the replicative stress, metabolic requirements, 

and extra cellular environment of the SCs are extremely distinct from the 

homeostasis (quiescence). Our RNA-seq and metabolic analysis results 

revealed a distinct molecular and metabolic signature of mitochondria- 

and cell cycle-related genes in Drp1ΔPax7ER SC across different states, 

implying that Drp1ΔPax7ER SCs might have uncoupled mitochondrial 

activity to the cellular demands.  
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In adult animals, SCs are maintained in quiescence with low metabolic 

activity and the disruption of the quiescent state is detrimental to their 

homeostatic and regenerative capacity64,84,100,101. Drp1ΔPax7ER QSCs 

showed QSCprimed-like molecular signature with increased OXPHOS and 

cell cycle gene expression as well as altered metabolic features such as 

increased ΔΨm and ROS compared to control SCs. It has been shown 

that haematopoietic stem cells (HSC) with low ΔΨm (ΔΨmlow) have 

higher capacity for multi-lineage reconstitution compared to ΔΨmhigh 

HSCs, indicating that ΔΨmlow HSCs represent a population with more 

“stemness”398. Of note, the low ΔΨm referred to is still within a 

physiological range, as opposed to the extreme low ΔΨm presented in 

damaged mitochondria. Similarly, Drp1ΔPax7ER QSCs show significantly 

increased ΔΨm and less quiescent molecular signature compared to 

Drp1WT QSCs, indicating that loss of Drp1 leads to impaired quiescence 

maintenance and decreased stemness in QSCs. Further, the mitophagy 

machinery was shown to be down-regulated in Drp1ΔPax7ER QSCs, 

possibly due to defective recruitment of Parkin. Since low ΔΨm in 

damaged mitochondria is responsible for Parkin recruitment263,376–378, 

the high ΔΨm exhibited in Drp1ΔPax7ER QSCs could explain the defects 

in Parkin recruitment and thereby deficient mitophagy and increased 

ROS in these cells. Interestingly, although the role of DRP1 in ROS 

regulation remains poorly understood, increasing number of recent 

studies have revealed association of Drp1 with antioxidative genes399,400.  

Further, mutations in mitochondrial dynamics machinery can often lead 

to mtDNA loss401,402; however, there has been conflicts in published 

literature about the exact impact of Drp1 silencing on mtDNA content 

and mitochondrial function212,371,373. Our results confirmed that loss of 

Drp1 gene can lead to mtDNA loss in freshly-isolated stem cells. 
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In the activation and proliferation states (in which mitochondrial 

biogenesis and cell cycle activities are expected to be increased), 

Drp1ΔPax7ER SCs showed delayed increase of mitochondria- and cell 

cycle-related pathway gene expression. Since the regenerative process 

is normally accompanied by rapid rearrangement of mitochondrial 

morphology and mitochondrial biogenesis, it is highly possible that loss 

of Drp1 results in decreased efficiency in mitochondrial biogenesis and 

metabolic re-programing, which compromises the cells ability to meet 

the metabolic demand for entering cell cycle. Indeed, mtDNA replication 

was shown to be delayed in Drp1ΔPax7ER SCs. Furthermore, during 

mitosis, DRP1 is specifically phosphorylated by cyclin-dependent 

kinases 1 (Cdk1)/cyclin B on Ser585 and Ser616, which triggers 

mitochondrial fission during early cell cycle progression188. It is therefore 

possible that loss of Drp1 could retrogradely affect cell cycle progression 

through interactions with key cell cycle regulators.  

 

In mammalian cells, mtDNA genomes are packaged as a DNA-protein 

complex, termed a nucleoid403. In cultured cell lines, Drp1 deletion 

generally induces enlarged mitochondrial nucleoids, which comprise of 

high number of mtDNA in areas of mitochondria called “Mitobulbs”371 

although the exact effects of mtDNA clustering in Drp1-KO cells remain 

to be determined. Apart from the reduced mtDNA copy number, we 

observed aberrant sizes and distribution of mitochondrial nucleoids in 

the Drp1ΔPax7ER SCs, which were present already in quiescence and 

exacerbated at 3-DPI. Previous studies have suggested that the uneven 

distribution of mtDNA can lead to a mosaic pattern of respiratory subunit 

distribution across the mitochondrial inner network and therefore cause 

reduced efficiency of the ETC212,373. A study by Ban-Ishihara et al.371, on 

the other hand, showed that the mtDNA clustering did not affect 

respiration and had protective effects by inhibiting cytochrome c release 

and apoptosis. Our results indicate that Drp1 knockout in SCs causes 
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mtDNA clustering, especially at 3 DPI, accompanied by impaired 

mitochondrial functions. Importantly, introducing mitochondrial 

adynamism by silencing Mfn1 in Drp1-null SCs partially disassociated 

the aggregation of mitochondrial nucleoids and reduced the number of 

large “mitobulbs”. In addition, this rescue model also improved the 

maximal respiration and the proliferation of Drp1-null SCs, which 

supports the hypothesis that the uneven distribution of mtDNA could be 

responsible for the reduced ETC efficiency in Drp1-null SCs.  

 

Further, it is by far unclear whether loss of DRP1 affect the organization 

of mitochondrial ultrastructure. It has been demonstrated that Drp1-

dependent mitochondrial fission was essential for apoptotic cristae 

remodeling but Drp1-KO cells in homeostasis presented intact cristae 

structure180. In addition, Drp1 deletion in the skeletal muscle did not alter 

the general cristae structure, however, 20% of Drp1-KO fibers contained 

mitochondria with vacuoles in the ultrastructure which could be due to 

degeneration of large swollen mitochondria149. In our study, we showed 

the majority of mitochondria in myo-progenitors derived from Drp1ΔPax7ER 

SCs were enlarged but did not present disorganized cristae. However, 

these Drp1-null cells displayed some mitochondria with “onion-like”, or 

concentric cristae, a phenotype that is generally observed in cells with 

mutations in mitochondrial contact site and cristae organizing system 

(MICOS)404–406. Although the role of DRP1 in cristae organization is not 

yet fully understood, recent studies have reported similar concentric 

cristae structure in cells with genetically induced elongated 

mitochondria407,408, suggesting that proteins regulating mitochondrial 

dynamics could participate in mitochondrial ultrastructure maintenance. 

Further, in agreement to the phenotype in Drp1-null muscles, we 

observed disorganized cristae in a few but not all mitochondria in 

Drp1ΔPax7ER cultured myo-progenitors. Importantly, a very recent 

unpublished study409 has reported very similar results using human-
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derived fibroblasts from patients with mutations in DRP1. In this study, 

patient cells display elongated mitochondria and a lower coupling 

efficiency of the ETC, increased proton leak, and upregulation of 

glycolysis. In addition to these metabolic abnormalities, DRP1 mutant 

cells showed aberrant cristae structure and hyperpolarized 

mitochondrial membrane potential ΔΨm.  

 

In sum, in homeostasis (quiescence state), loss of DRP1 caused 

elevated oxidative stress, reduced mtDNA, and increased ΔΨm with 

impaired autophagy, resulting in a QSCprimed-like molecular signature of 

Drp1-null QSCs. These changes indicated loss of stemness in 

Drp1ΔPax7ER SCs in homeostasis.  On the other hand, upon replicative 

stress post-CTX injury, Drp1ΔPax7ER SCs failed to remodel their 

mitochondrial morphology and metabolism and thereby could not meet 

the cellular metabolic demand during proliferation, as indicated by 

insufficient increase of cell-cycle and OXPHOS genes during activation. 

At the time of proliferation peak in WT (e.g., at 3-DPI), Drp1ΔPax7ER SCs 

failed to increase their OXPHOS activity, possibly due to the joint effect 

of insufficient mitochondrial biogenesis and uneven mitochondrial 

nucleoid distribution as well as disturbed cristae organization 

(summarized in Figure 55). 

 

Further, in addition to the modulation of mitochondrial fission, DRP1 is 

the main protein that regulates the fission of the peroxisome206–208. 

Indeed, Drp1 KO SCs exhibit elongated peroxisome, forming a large 

network. In this work, our study was mainly focused on understanding 

the role of mitochondrial fission on SC function and muscle regeneration, 

however, future investigations of peroxisomal morphology and functions 

in SCs will be of our great interest. 
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Figure 55 Schematics illustrating the alterations of mitochondrial morphology, 
mtDNA and metabolism in QSC, 1DPI- and 3-DPI SCs from Drp1ΔPax7ER vs 
Drp1WT mice. CTX, cardiotoxin; ΔΨm, mitochondrial membrane potential; 
OXPHOS, oxidative phosphorylation.  
 

The regenerative capacity of stem cells declines with aging. In the third 
part, we demonstrated the age-related SC functional decline was 

associated with lack of DRP1 activity, especially during the proliferation 

phase. We showed that young Drp1ΔPax7ER SCs resembled old WT SCs 

in several aspects: both old WT SCs and young Drp1ΔPax7ER SCs showed 

proliferative defects, reduced OXPHOS and impaired autophagy, 

resulting in defective muscle regeneration post injury (summarized in 

Figure 56).  
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Figure 56 Schematics illustrating the alterations of mitochondrial morphology, 
mtDNA and metabolism in QSCs, 1DPI-SCs, and 3DPI-SCs from aged (24- to 
26-month-old) vs young (2.5- to 3-month-old) mice.  
 

Importantly, aged SCs showed decreased DRP1 expression and activity 

during the key proliferative stages, suggesting that a lack of DRP1 could 

contribute to the proliferative defects observed in old SCs. We showed 

that DRP1 re-expression in aging SCs by LV-DRP1 infection rescues 

the proliferative defect and improved mitophagy, indicating 

mitochondrial dynamics could be a potential target to achieve 

rejuvenation of aged stem cells. Interestingly, in elderly individuals, 

mitochondria have been shown to be abnormally enlarged, to be more 

rounded in shape, and to display matrix vacuolization and shorter 

cristae410. In accordance, another study has reported reduction of fusion 

and fission proteins in atrophic muscles of old sedentary people411, 

confirming the loss of mitochondrial dynamics in aging. We show that 
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myoblast obtained from aged human donors showed reduced DRP1 

activity, suggesting our findings have implications for therapies of 

muscle regeneration in sarcopenia. 

 

It is also notable that aged SCs show large similarities with Drp1ΔPax7ER 

SCs during activation and proliferation, but less in quiescence. In 

quiescence, our transcriptomic data revealed low OXPHOS and 

mitochondria-related genes in aging QSCs, in accordance to previously 

published data38, whereas Drp1ΔPax7ER QSCs showed the opposite 

molecular signature with regard to mitochondria-related pathways. 

Nevertheless, both cell types show increased ROS and reduced 

autophagy. One can notice that the ROS puncta in Drp1ΔPax7ER QSCs 

are located in the large mitochondrial matrix (Figure 27A) while in aging 

QSCs the ROS puncta are generally found in tiny fragmented 

mitochondria (Figure 41C), indicating that while mitophagy is impaired 

in both old and Drp1-null SCs, the detailed mechanisms might be distinct. 

The accumulation of ROS puncta in Drp1ΔPax7ER QSCs suggests that the 

mitophagy is impaired mainly due to inability of the cells to separate the 

damaged part of mitochondria from the healthy part, which is expected 

considering the mitochondrial fission is inhibited. On the other hand, the 

accumulation of ROS in fragmented mitochondria in old QSCs indicates 

inefficient removal of the damaged mitochondria by the autophagy 

machinery, consistent to our published data100.  

 

Finally, in both Part 2 and Part 3 of the thesis, we showed the 

proliferative defects observed in young Drp1-KO or aged WT SCs could 

be rescued by restoring the mitochondrial dynamics balance (either by 

re-expressing DRP1 or silencing Mfn1) or by boosting OXPHOS and 

mitophagy in these cells.  
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The regenerative capacity of the skeletal muscle replies on the proper 

function of its resident stem cell in homeostasis and in response to 

stress. Our results indicate that SCs of adult skeletal muscle require 

complex mitochondria physical remodeling after tissue injury to meet the 

regenerative demands—namely, they must rapidly expand and 

generate sufficient stem cell progeny to form new myofibers to replace 

damaged tissue.  

 

Our data illustrate that inadequate mitochondria remodeling, either due 

to genetic ablation of Drp1 or during physiological aging, compromises 

regeneration. We propose that mitochondrial morphology and 

mitochondrial function are tightly interconnected in stem cells, and that 

this connection is critical in the switch between quiescence and the 

proliferative fate of these cells during tissue repair. Our findings point to 

a model in which mitochondrial fission is indispensable for providing 

sufficient stem cell progeny during the regeneration process, by 

governing two major activities—mitochondrial OXPHOS and mitophagy 

(Figure 57). This fission mechanism fails with aging.  

 

Mitochondria dynamics determine mtDNA distribution and transmission, 

as well the structure of the cristae and mitochondrial segregation and 

elimination. Therefore, its alteration directly impacts OXPHOS function 

at multiple levels: 1) by affecting the balanced synthesis and assembly 

of the mtDNA encoded proteins (reviewed in412; 2) by disturbing proper 

quality control of mitochondria by mitophagy261; and 3) by impacting the 

structural organization of the ETC226,413. Here we show that, unlike 

young/fit SCs, aged SCs (as well as those genetically impaired for 

mitochondrial fission) have: i) quantitative deregulation of most 

mitochondrial ETC subunits; ii) impaired mtDNA replication; and iii) an 

aberrant presence of nucleoids. Together, these mitochondrial 
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abnormalities underpin the low efficiency of the ETC and OXPHOS, 

which are critical functions for the stem cell proliferative phase after 

tissue injury. SCs were also incapable of removing damaged 

mitochondria when fission was impaired, due to depressed mitophagy, 

thus provoking excessive ROS (Figure 57). Thus, we propose that 

mitochondrial fission is a decisive factor in the switch between 

quiescence and the proliferative fate of muscle stem cells during 

regeneration, by governing metabolism and proteostasis. Restoration of 

mitochondrial fission (by directly increasing DRP1 levels) or provoking 

mitochondrial adynamism through mitochondrial fusion blockade (by 

silencing the fusion regulator Mfn1) enhanced the proliferative capacity 

of Drp1ΔPax7ER satellite cells, and aged satellite cells, correlating with 

enhanced mitochondrial respiratory capacity and mitophagy.  

 
Figure 57 Summary schematic of the essential role of mitochondrial fission in 
regulating SC proliferation, and its decline during aging. DRP1 activity and 
mitochondrial fission are reduced during aging (and are lost in Drp1-null cells), 
leading to hyper-fused mitochondria in SCs during their proliferation (as after 
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injury or trauma). The hyperfused mitochondrial network causes i. inefficient 
oxidative phosphorylation (OXPHOS) metabolism (as a consequence of 
inadequate ETC component synthesis, reduced mtDNA replication and 
abnormal size and distribution of mitochondrial nucleoids) and ii. inefficient 
proteostasis (as a consequence of impaired autophagy and mitophagy, which 
in turn precipitates the accumulation of damaged mitochondria and enhances 
ROS levels). The combination of inefficient reprogramming towards OXPHOS 
metabolism and impaired proteostasis provokes faulty proliferation after injury 
in SCs from physiologically-aged mice (or from Drp1-null mice), eventually 
leading to defective muscle regeneration. Stimulation of OXPHOS, enhancing 
autophagy or increasing mitochondrial fission (by re-expressing DRP1, or by 
introducing mitochondrial adynamism) restore SC proliferation and muscle 
regeneration.   
 

We also observed signs of reduced mitochondrial fission that correlated 

with deficient cell functions in human SCs from aged humans; notably, 

these cells also showed impaired autophagy100. Thus, this fission 

regulatory mechanism is also likely to deteriorate in human SCs during 

aging. Although aging-induced stem cell regenerative decline is often 

viewed as an irreversible process, we provide evidence that in vivo 

enhancement of either OXPHOS or autophagy rejuvenated SCs and 

surmounted their mitochondrial fission and functional failure. 

Conceptually, these findings suggest that the intrinsic hallmarks of aging 

in stem cells (such as the ones we identified here) can be 

pharmacologically manipulated to achieve better regeneration in human 

sarcopenia. 
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Experimental Model and Subject Details  
 
Mice 

Male mice C57BL/6J (wild type, WT), C57BL/6N (WT), and the offspring 

of crossing Drp1fl/fl (Ishihara et al., 2009) (generously provided by L. 

Scorrano, University of Padova)  with Pax7CRE-ER;ROSA26YFP line414 

(kindly provided by Dr. C. Keller) (Drp1DPax7ER;ROSA26YFP) were used at 

indicated ages. In Drp1DPax7ER;ROSA26YFP and, the deletion of the Drp1 

gene is inducible in satellite cells. The Pax7CreER mouse line414 was 

kindly provided by Dr. C. Keller). Pax7CRE-ER;ROSA26YFP or the CRE 

negative littermates were used as controls. In aging studies, female 

mice with different ages from the exact same WT lines were used. No 

statistical methods were used to predetermine sample size. CRE activity 

was induced by intraperitoneal injection (one injection per day for 4 

continuous days) with 2 mg/30 g body weight tamoxifen (TMX) (Sigma; 

20 mg/ml in corn oil) and experiments were carried out at 21 days post 

TMX induction. All animal experiments and procedures were approved 

by the CNIC Institutional and Regional animal research committees of 

the Madrid and Catalan Governments using sex-, age- and weight-

matched littermate animals. 

 

Human samples 

Muscle biopsies from human adult subjects were obtained via the Tissue 

Banks for Research from Vall d’Hebron and Sant Joan de Deu Hospitals 

(Barcelona) and especially via the EU/FP7 MyoAge Consortium, and 

Incliva (Valencia) after electrical stimulation of muscles. Muscle biopsies 

were taken from the vastus lateralis muscle under local anesthesia (2% 

lidocaine). A portion of the muscle tissue was directly frozen in melting 

isopentane and stored at −80 °C. Human satellite cell-derived primary 

myoblasts from 3 young/adult (25 ± 4 years old) and 4 aged (75 ± 4 
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years old) subjects were obtained from the EU/FP7 Myoage Consortium 

or purchased from Cook Myosite and cultured following the provided 

instructions. Human cells were cultured in MyoTonic basal medium (MB-

2222) with Myotonic growth supplement (MB-3333). 

 

Method details 
 
Muscle regeneration experiments 

Mice were anesthetized with isoflurane inhalation. Regeneration of 

skeletal muscle was induced by intramuscular injection of cardiotoxin 

(CTX, Latoxan) in the tibialis anterior (TA), gastrocnemius and 

quadriceps muscle of the mice as previously described415. At the 

indicated times after injury, mice were euthanized and muscles were 

dissected, incubated in OCT and snap-frozen in isopentane/liquid 

nitrogen double bath, and stored at –80 °C until analysis. For GFP and 

YFP immunostaining samples and specially indicated samples, muscle 

samples were prefixed 2 h in 2% PFA at 4 ºC, washed and embedded 

in 30% sucrose at 4 °C and then frozen in isopentane/liquid nitrogen 

double bath.  

 

SC isolation by FACS  

Collected muscles were minced manually and dissociated in DMEM 

media containing Liberase (0.1 mg/g muscle weight) (Roche, 

5401020001; 5 mg/ml) and Dispase (Sigma-Aldrich, D4693-1G) 0.3% 

at 37 °C for 1 h using the gentleMACS™ Octo Dissociator (Miltenyi 

Biotec, 130-095-937) or 1.5 h using the conventional water bath. The 

muscle homogenate was then filtered and pelleted. Cells were 

incubated in lysis buffer (eBioscience, 00-4333-57) for 5 min on ice, re-

suspended in PBS with 1% goat serum (FACS buffer) and counted. PE-

Cy7-conjugated anti-CD45 (Biolegend, 103114) and anti-Sca-1 
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(Biolegend, 108114), PE-Cy7-conjugated anti-CD31 (Biolegend 102418) 

antibodies were used for lineage-negative selection and Alexa Fluor 

647-conjugated anti-CD34 (BD Pharmigen, 560230) and PE-conjugated 

anti-α7-integrin (AbLab, AB10STMW215) were used for double-positive 

staining of QSCs. Cells were sorted using a FACS Aria II (BD) sorter. 

Isolated SCs were collected in lysis buffer for RNA extraction and in 

FACS buffer for ATP and mtDNA quantification. For cell culture, 

proliferation assay and immunofluorescence (IF) staining, cells were 

collected in growth medium (GM) (Hams F10 (Biowest, L0140-500): 

DMEM 1:1 supplemented with 20% fetal bovine serum (FBS, Sigma-

Aldrich F7524), 1% Penicillin/Streptomycin (P/S, Sigma-Aldrich, 15140-

122) and 1% L-glutamine (Lonza, 17-605E) and bFGF (PEPROTECH, 

100-18B; 0025 µg mL−1)).  

 
RNA sequencing and transcriptomic analysis 
 
RNA-seq sample and library preparation  

RNA-seq of FACS sorted QSCs, 1-DPI SCs, or 3-DPI SCs 

from Drp1ΔPax7ER and Drp1WT as well as from young and aged 

animals was performed as follows:  500 pg of total RNA were used for 

preparing RNA-seq libraries using the NEBNext Single Cell/Low Input 

RNA Library Prep Kit for Illumina (New England Biolabs) according to 

the manufacturer’s instructions. Libraries were sequenced on a HiSeq 

2500 (Illumina) to generate 60 bases single end reads. FastQ files for 

each sample were obtained using bcl2fastq 2.20 software (Illumina). 

NGS experiments were performed in the Genomics Unit of the CNIC. 

 
Bulk RNA-seq Data Pre-processing  
Reads were pre-processed by means of a pipeline that used FastQC 

(Babraham Institute), to asses read quality, and Cutadapt416  to trim 

sequencing reads, eliminating Illumina adaptor remains, and to discard 
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reads that were shorter than 30 bp. Resulting reads were mapped 

against reference transcriptome GRCm38 and gene expression levels 

were calculated with RSEM417, whose output includes raw count 

estimates, as well as Transcript per million (TPM)  values. Raw count 

estimates (expected expression counts) were used to calculate trimmed 

mean of M-values (TMM)-normalized counts per million (CPM) values 

using Bioconductor package edgeR418. 

 

Differential gene expression and pathway enrichment analysis  
For the differential analysis of gene expression, we considered only the 

genes with more than 4 CPM in all but one samples in at least one 

experimental group. Differentially expressed genes were found using 

Bioconductor package limma419 with voom transformation, robust 

regression method for linear modeling and empirical Bayes statistics. 

Genes with adjusted p-value < 0.05 were considered for further analysis. 
Pathway enrichment was performed using the following protocol 420. DE 

genes (adjusted p-value < 0.05) were analysed on g:Profiler platform 

(https://biit.cs.ut.ee/gprofiler/gost). Total annotated genes from the full 

reference genome were used as the reference set and a Benjamini-

Hochberg FDR method was applied.  

 
Gene Set Enrichment analysis (GSEA) and Cytoscape 

Transcript per million (TPM) matrix of genes expressed with at least 1 

TPM in at least three samples served as an input for GSEA software421. 

We used signal-to-noise metric to rank the genes, 1000 permutations 

with the gene set permutation type, and weighted enrichment statistics. 

Gene set sizes were chosen as 15-500 for MSigDB 7.1 Gene Ontology 

and Canonical Pathways422. Gene sets passing FDR < 0.075 threshold 

were subjected for further analysis. Network representation and 

clustering of GSEA results were performed using EnrichmentMap 
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(version 3.2.1) and AutoAnnotate (version 1.3.2) for Cytoscape (3.8.0) 

with the Jaccard coefficient set to 0.375. 

 
Comparative enrichment analysis of senescent cells and 
previously published aging dataset  
We used the minimum hypergeometric test implemented in R package 

mHG for the comparative enrichment analysis of senescent cells and 

previously published aging datasets: mouse, rat, African turquoise 

killifish, and human385–387. Data processing and analysis were performed 

as described before 385 with the following modifications: (1) differential 

expression analysis of SCs was performed using Bioconductor package 

limma, (2) to assess the differential expression for rat, killifish, and 

human datasets the Bioconductor DESeq2423 1.28.1 package version 

was used (instead of DESeq2 version 1.6.3), (3) both genders were 

analyzed for human dataset, (4) conversion to human orthologs was 

performed before the enrichment with MSigDB 5.1 hallmarks for all 

datasets except the Benayoun’s mouse tissues, for which we took 

previously published enrichment results. 
 

In vivo experiments 
 
SC transplantation 
Cell transplants were performed as described in424, following an adapted 

protocol101.  

For treatments with lentiviral particles:  
Recombinant lentiviruses (LV) for expressing the human DRP1 wt form 

(LV-DRP1) or a fluorescent reporter gene instead as control (LV-

control), were custom-designed and assembled using the Vectorbuilder 

platform (Vectorbuilder). Briefly, the LVs consists in a third-generation 

lentiviral vector backbone containing the human dynamin-like 1 

(DNML1) ORF expression cassette driven by the human 
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phosphoglycerate kinase 1 (hPGK) promoter, and packed in a VSV-G 

envelope in our in-house viral vector facility. 

For lentiviral ex-vivo transductions: 

Freshly FACS-isolated SCs were collected in growth medium (GM) and 

plated in six-well plates coated with collagen (3 mg/ml, 40-50 k cells/well) 

overnight as described previously101,424,425. The cells were then 

transferred to a six-well plate coated with RetroNectin (Takara) and 

treated with lentiviral particles, followed by 5 min centrifuge at 50g and 

overnight incubation. The cells were collected the following day, 

centrifuged at 900g for 15 min and resuspended in PBS (1000 cells/µl). 

10,000 cells were injected with a Hamilton syringe into pre-injured 

muscles of immunodeficient (recipient) mice. 4 days after cell injections, 

engrafted muscles were collected and processed for muscle histology.  

For rapamycin and Urolinthin A treatment: 

FACS-isolated SCs were collected in growth medium (GM), plated on 

collagen-treated plates and treated for 48 h with Rapamycin (100 ng/ml, 

LC Laboratories), Urolinthin A (Tocris, 100 µM) or vehicle (DMSO), to 

reactivate autophagy as described in100. The rapamycin/vehicle or 

Urolithin A/vehicle treated cells were labeled with Vybrant Dil Cell 

Labelling solution (Invitrogen, #V22889) according to manufacturer 

instructions before engraftment into as previously described 425.  

For siRNA treatment:  

FACS-isolated SCs were transfected with siRNA for 3h on ice and 

transplanted, as previously described 425. For the transfection, 

Lipofectamine® 3000 reagent (Invitrogen) was applied according to the 

manufacturer’s instructions with 20 nM of ON-TARGETplus 

non/targeting siRNA control pool or ON-TARGETplus siRNAs targeting 

the following genes: 
Table 2.  List of ON-TARGETplus siRNAs used in this study 

Gene Target Sequence Gene Target Sequence 
Mfn1 CGAAAGAGAGAGAGUUUAA Pdk1 CAAUACAAGUGGUUUAUGU 
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CAGCAAGAAAUCAUCGAAA CCUGUUAGAUUGGCAAAUA 

AGGGAAGACCAAAUCGAUA  UCAAUUAGAAUGCUACUCA 

GGAGAAUCCUAACGGCAGA  GGUUACGGAUUGCCCAUAU 

Pdk2 

CGACGUAUCGGGUCAGCUA 

Pdk3 

UAAUGUAGCUGAUGUGGUU  

GAGGACCACCGGACUCUAA  GACAAGAUCAAGAGUAAUA 

GAUCCCAACUGCAGCGUGU AGACUUGUCCAUUAAGAUA 

GAGAAGACGUCAUUCACUU CGAAACAUAUAGGGAGUAU 

Pdk4 

AGUCAGCCUUCAAACAUUA 

 
GUACGUUCCUUCACACCUU  

CGACCAGUAUUAUCUAACA 

GAUCUGAAUCUCUACUCUA 

 
In vivo DCA treatment 
TA muscle of each mouse (old WT mice and young DRP1 mice) was 

injured with CTX as described in “Muscle regeneration experiments”. 

The same day of the injury, sodium dichloroacetate (DCA, Sigma 

347795) or vehicle (saline) was administered daily subcutaneously for 

four days, over the lesioned area (5 mg/100 µl). For samples containing 

YFP+ cells (Drp1WT;ROSA26YFP vs Drp1DPax7ER;ROSA26YFP), at 4-days 

post injury, the muscles were collected and cut in two parts at the cross-

section in the middle of the muscle. One part the muscle was incubated 

in OCT and snap-frozen in isopentane/liquid nitrogen double bath 

whereas the other half was cryo-preserved (fixed in 2% PFA at 4 ºC for 

2 h, washed and embedded in 30% sucrose at 4 °C) and then frozen in 

isopentane/liquid nitrogen double bath. For samples without YFP (WT 

young vs old), the TA muscle was incubated in OCT and snap-frozen in 

isopentane/liquid nitrogen double bath. Samples were stored at -80 °C 

until analysis. All experiments requiring YFP IF were carried out using 

the cryo-preserved samples whereas other experiments (eMHC IHC, 

other IF stainings) were carried out using snap-frozen samples. 
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Ex vivo experiments 
 
Cell culture 
For mouse studies, SCs or proliferating progenitors were maintained in 

collagen-coated plates and in growth medium (GM) (Hams F10 (Biowest 

L0140-500): DMEM 1:1 supplemented with 20% fetal bovine serum 

(FBS, Sigma-Aldrich F7524), 1% Penicillin/Streptomycin (P/S, Sigma-

Aldrich 15140-122) and 1% L-glutamine (Lonza 17-605E) and bFGF 

(PEPROTECH 100-18B; 0025 µg mL−1)). For coating, collagen (3 mg/ml) 

was added into the cell culture plate to cover the full surface, incubated 

at 37 °C for 30 min and removed and washed once with sterile PBS. For 

human cell studies, human primary myoblasts were maintained in 

Myotonic Basal Medium (MB-2222) supplied with MyoTonic Growth 

Supplement (MS-3333) and 1% P/S. Medium was changed every other 

day. The medium was changed every other day and the cell confluency 

was maintained below 50%. For ex vivo DCA treatment, DCA was 

dissolved in PBS and stored as 1M stock. For treatment, a final 

concentration of 2 mM and 5mM DCA was used and PBS was used as 

vehicle.  

 
Transfection and infection 
For the siRNA transfection, Lipofectamine® 3000 reagent (Invitrogen) 

was applied according to the manufacturer’s instructions with 20 nM of 

ON-TARGETplus non/targeting siRNA control pool or ON-TARGETplus 

siRNAs. Lipofectamine and siRNA was first diluted in Opti-MEM™ 

medium separately. The siRNA prep was mixed the lipofectamine prep 

at 1:1 and the mixture was incubated at RT for 15 min before being 

added into the cell culture medium drop by drop. The total mixture 

volume added is 10% of the final total medium volume. For lentiviral 

infection, cells were maintained in six-well plates coated with collagen. 

The culture medium was moved and fresh medium supplied with 
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polybrene (1/500, provided by VectorBuilder) was added. The cells were 

incubated with LV-DRP1 or LV-control for 24 h, and the medium was 

replaced. Transduced cells were maintained in fresh medium for 3 days 

after lentivirus removal before further experiments were carried out to 

ensure expression of DRP1 protein. 

 
Bafilomycin A and Urolithin A in vitro treatment for analysis of 
autophagy/mitophagy flux  
FACS-isolated SCs were seeded into wells of 15-well chamber slide 

(Ibidi µ-Slide Angiogenesis 81506) coated with 0.01% poly-L-lysine 

(Sigma-Aldrich, P8920) at a density of 2000-3000 cells/well. Bafilomycin 

A (10 nM Sigma B1793) or Urolithin A (100 μ, Tocris 6762) was added 

to the cells for 4 h at 37 °C. At 3.5h after the treatment, 100 nM 

MitoTracker Red CMXRos was added to the cells and incubated for 

another 30 min at 37 °C in dark. After that, the cells were fixed with 4% 

PFA, washed with PBS and either proceed directly for 

immunofluorescence staining or sealed and stored in 4 °C.  

 
Assays 
 
Histology and immunohistochemistry (IHC) in muscle 
cryosections 
TA muscles were snap-frozen or pre-fixed (4% PFA 2 h at 4 °C and 

washed in PBS), cryo-preserved and frozen in isopentane/liquid 

nitrogen double bath and stored at –80 °C until analysis. 

Hematoxylin/eosin (HE), immunochemistry and IF staining were 

performed in 10 μm sections. Labeling of cryosections with embryonic 

myosin heavy chain was performed using the peroxidase M.O.M kit 

staining (Vector Laboratories) according to the manufacturer’s 

instructions. Double immunostaining was performed by sequential 

addition of each primary and secondary antibody using appropriate 
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positive and negative controls. For snap-frozen samples, sections were 

air dried, fixed on PFA 4%, washed on PBS and permeabilized with ice-

cold methanol before antigen retrieval. For antigen retrieval, the 

sections were incubated in boiling citric acid (0.01 M, pH 6) for 10 min, 

cooled and washed with PBS. For pre-fixed TA muscles, 0.5% Triton-

100 was used for permeabilization and no antigen retrieval was 

performed. The samples were then incubated with primary antibodies 

according to manufacturer’s instructions after blocking for 1 h at room 

temperature with 5% BSA and M.O.M blocking diluted in PBS (30 min). 

Subsequently, the slides were washed on PBS and incubated with 

appropriate secondary antibodies and labeling dyes. For 

immunofluorescence, secondary antibodies were coupled (see below) 

and nuclei were stained with DAPI (Invitrogen) or SYTOX™ Green 

Nucleic Acid Stain (Invitrogen™, S7020). After washing, tissue sections 

were mounted with Fluoromount G (SouthernBiotech). Selected primary 

and secondary antibodies were applied.  

 

Immunofluorescence (IF) in isolated satellite cells 
SCs isolated from FACS were seeded into wells of 15-well chamber 

slide (Ibidi µ-Slide Angiogenesis 81506) coated with 0.01% poly-L-lysine 

(Sigma-Aldrich, P8920) at a density of 2000-3000 cells/well. The cells 

were fixed with 4% PFA, washed with PBS, permeabilized with 0.5% 

Triton-100 and blocked with 3% BSA for 1h at RT. Selected primary and 

secondary antibodies were applied.  

 
Table 3.  List of antibodies used for IF or IHC staining 

Anibody Ref Company Ig Type Dilution 
Citrate synthetase ab 96600 abcam Rabbit IgG 1:200 

TOM20 ab56783 abcam 
Mouse 

IgG1 
1:100 
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eMHC F1.652 DHSB 
Mouse 

IgG1 
1:1 

GFP GFP-1020 AVES Labs 
Chicken 

IgG 
1:400 

KI67 ab15580 Abcam Rabbit IgG 1:100 

Laminin 

(AlexaFluor647) 

NB300- 

144AF647 

Novus 

Biological 
Rabbit IgG 1:300 

MYOD, M-318 sc-760 Santa Cruz Rabbit IgG 1:20 

Myogenin (M-

225) 
sc-576 Santa Cruz Rabbit IgG 1:50 

PAX7 sc-81648 Santa Cruz 
Mouse 

IgG1 
1:50 

DRP1 #8570 

Cell 
Signaling 

Technology 

(CST) 

Rabbit IgG 1:200 

pDRP1 #3455 CST Rabbit IgG 1:200 

CD56 (NCAM) MON 9006 Monosan Mouse IgG 1:50 

dsDNA ab27156 Abcam 
Mouse 

IgG2a 
1:500 

LC3 
0231-100  

(clone5F10) 
Nanotools 

Mouse 

IgG1 
1:50 

P62 P0067 Merck Rabbit IgG 1:150 

Parkin ab15494 Abcam Rabbit IgG 1:100 

LAMP1 sc-19992 Santa Cruz Rat IgG2a 1:100 

γ-H2AX 2577S CST Rabbit IgG 1:200 

Cleaved 

Caspase-3 

(Asp175) 

9661T CST Rabbit IgG 1:200 

PEX14 10594-1-AP Proteintech Rabbit IgG 1:200 

Alexa Fluor 488  

goat anti mouse 
A11017 Invitrogen 

Mouse IgG 

(H+L) 
1:400 

Alexa Fluor 488  A21121 Invitrogen Mouse  1:400 
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goat anti mouse IgG γ1 

Alexa Fluor 488 

 goat anti rabbit 
A11008 Invitrogen 

Rabbit  

IgG (H+L) 
1:400 

Alexa Fluor 568  

goat anti mouse 
A21124 Invitrogen 

Mouse  

IgG γ1 
1:400 

Alexa Fluor 568  

goat anti rabbit 
A11036 Invitrogen 

Rabbit  

IgG (H+L) 
1:400 

Alexa Fluor 568  

goat anti rat 
A11077 Invitrogen 

Rat  

IgG (H+L) 
1:400 

Alexa Fluor 647  

goat anti mouse 
A21240 Invitrogen 

Mouse  

IgG γ1 
1:400 

Alexa Fluor 647  
goat anti rabbit 

A21245 Invitrogen 
Rabbit  
IgG (H+L) 

1:400 

Alexa Fluor 647  

goat anti rat 
A21247 Invitrogen 

Rat  

IgG (H+L) 
1:400 

FITC goat anti 

chicken  
F-1005 Aves Lab 

Chicken 

IgY (H+L) 
1:400 

Alexa Fluor 568  

goat anti chicken 
A11041 Invitrogen 

Chicken 

IgY (H+L) 
1:400 

 
Proliferation assays. To assess SC proliferation in vivo, muscles were 

injured by local CTX injection, and mice were administered with ethynyl-

labeled deoxyuridine (EdU, Invitrogen, #A10044; 25.5 mg/kg; i.p.) 4 

hours before the sacrifice at 3-4-DPI. Muscles were collected and 

processed for immunofluorescence staining in tissue slides or cell 

isolation by FACS. EdU-labeled cells were detected using the Click-iT 

EdU Imaging Kit (Invitrogen, #C10086). EdU-positive cells were 

quantified as the percentage of the total number of cells analyzed. 

Proliferation assays of human satellite cell-derived primary myoblasts 

from young and aged human individuals (see above) were cultured in 

MyoTonic basal medium (MB-2222) with Myotonic growth supplement 

(MB-3333), and cells were pulse-labeled with bromodeoxyuridine (BrdU, 



/  Material and Methods 

Page | 165  
 

Sigma-Aldrich, #B9285-1G; 1.5 μg/ml) for 1 h. BrdU-labeled cells were 

detected by immunostaining (Abcam, #AB6326; 1:500). Antibody 

binding was visualized using Vectastain Elite ABC reagent (Vector 

Laboratories, #PK-6100) and 3,3’-diaminobenzidine (DAB). BrdU-

positive cells were quantified as the percentage of the total number of 

cells analyzed.  

 
ATP content analysis  

10,000 sorted SCs were pelleted and boiled in 100 mM Tris, 4 mM EDTA, 

pH 7.74 for 2 min. After boiling, the samples were centrifuged and the 

supernatant was used for analysis. ATP levels were measured using the 

ATP Bioluminescence Assay Kit CLS II (Roche) according to the 

manufacturer’s instructions. Samples and ATP standard mixtures were 

mixed with one equal volume of luciferase and measured immediately 

in a luminometer (Berthold Detection Systems). 
 
mtDNA quantification  

10,000 sorted SCs were pelleted and lysed overnight in 150 µl Bradley 

lysis buffer (10 mM TRIS-HCL pH 7.5; 10 mM EDTA; 0.5% SDS; 10 mM 

NaCl in ddH2O) with proteinase K (0.5 mg/ml) at 56 °C. Once cooled 

down to RT, samples were precipitated with 300 µl ice-cold EtOH/NaCl 

(75 mM NaCl in 100% EtOH) mix for 30 min at RT. The samples were 

centrifuged at 13,000 ´ g for 15 min and the supernatant was discarded. 

The pellet was washed twice with ice-cold 70% EtOH and the liquid was 

discarded and evaporated at RT. The dried pellet was resuspended in 

20 µL TE buffer and incubated at 56 °C for 10 min. mtDNA was 

quantified by RT-qPCR using primers amplifying the Cytochrome b 

region on mtDNA (forward primer: 5´-CATTTATTATCGCGGCCCTA-3´, 

reverse primer: 5´-TGTTGGGTTGTTTGATCCTG-3´), relative to the β-

actin region on gDNA (forward primer: 5´-

CGGCTTGCGGGTGTTAAAAG-3´, reverse primer: 5´-
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CGTGATCGTAGCGTCTGGTT-3´). 10 µl reaction volume for each well 

was loaded (1.5 µl DNA (2.5 ng/μl), 0.25 µl 10 mM forward and reverse 

primer, 5 µl SYBR green reagent and 3 µl H2O). 2*(2ΔCt) was presented 

as the read-out (ΔCt= genomic Ct-mitochondrial Ct). 

 
Cellular metabolic analysis 

Cell oxygen consumption was measured using either the Seahorse 

XF96 Extracellular Flux Analyzer or the Oxygraph-2k (Oroboros).  
 

For Seahorse analysis, SCs were sorted into GM. The cells were then 

placed into XF96-well plate precoated with CellTak (CorningÒ, 354240 

following manufacturer’s instructions) at a density of 80 k/well 

(quiescence) or 30 k/well (3-DPI). For experiments that require 48h in 

vitro treatments before Seahorse analysis (siRNA, DCA), 20 k 

QSCs/well or 8k proliferating myoblasts/well were seeded. After a gentle 

centrifuge (5 min, 50 g), the medium in each well was carefully removed 

without drying out the well and re-supplied carefully with 200 µl GM. For 

quiescence studies, the cells were maintained in hypoxia (3% O2, 

5%CO2) for 6 h before the Seahorse analysis. XF-calibrant (Agilent, 

100840) and cartridge submerged in ddH2O were maintained in CO2-

free Seahorse incubator overnight. At the day of the Seahorse assay, 

GM was replaced with XF medium (phenol red-free DMEM pH = 7.4 

supplied with 25 mM glucose, 1 mM sodium pyruvate and 2 mM 

glutamine) and incubated in CO2-free Seahorse incubator for at least 45 

min before the assay to deplete CO2. Selected drugs were dissolved in 

phenol red-free DMEM (pH = 7.4 supplied with 2 mM glutamine) at 

desired concentrations (final working concentration 1 µM for oligomycin, 

FCCP, rotenone + antimycin A). The cartridge was then submerged in 

calibration medium and drugs were loaded into the loading ports of the 

cartridge (25 µl/port). After calibration, calibration plate was replaced by 

cell plate as indicated by the Seahorse program. At the end of the assay, 
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a normalization step was applied using CyQUANT™ NF Cell 

Proliferation Assay Kit (Invitrogen™ C35006). Briefly, assay medium 

was replaced with CyQUANT normalization medium applied (50 µl/well) 

and the plate was incubated at 37 °C for 30 min and protected from light 

until the end of the procedure. The emission was analyzed in a 

fluorometer (filters: excitation 485 nm, emission 538 nm) as an indicator 

for protein content. 

 

For oxygraph analysis, proliferating primary myo-progenitors were 

trypsinized, counted, and resuspended in mitochondrial respiration 

medium (Mir05 Respiration Buffer, Oroboros Instruments).  300 k cells 

were loaded into the 0.5 ml chamber of the Oroboros instrument. For 

analyzing the respiration of each mitochondrial complex, the cells were 

permeabilized with 3 µg digitonin and the following substrates and 

inhibitors were sequentially injected: 5 mM pyruvate, 10 mM malate, 2.5 

mM ADP (complex I respiration), 10 mM succinate (complex I +II 

respiration), 0.5 µM rotenone (complex II respiration), 2.5 µM antimycin 

A (non-mitochondrial respiration), 2 mM TMPD, 0.5 mM ascorbate 

(complex IV respiration) and 100 mM sodium azide (correction of 

complex IV respiration). The oxygen consumption was expressed as 

pmol O2 consumed per second per ml per million of cells and the data 

was normalized to the level of WT cells in each experiment. 
 
Flowcytometry assays 

For mitochondrial membrane potential assay, SCs were sorted into GM 

and incubated with TMRM (50 nM) at 37 °C for 30 min, CCCP 5 µM was 

applied in parallel as quality control. TMRM signal was obtained using 

BD LSRFortessa™ flow cytometer. For mitochondrial content assay, 

SCs were resuspended in staining buffer (FACS buffer supplied with 50 

μM Verapamil hydrochloride (Sigma, V4629)) and incubated with 

MitoTracker Red CMXRos (Invitrogen™, M7512, 100 nM) or 
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MitoTracker Deep Red (Invitrogen™, M22426, 100 nM) at 37 °C for 30 

min. For pyronin Y assay, cells were resuspended in staining buffer and 

incubated in 1 μg/ml pyronin Y (abcam, ab146350) at 37 °C for 45 min 

and vortexed every 15 min. At the end of the staining, the cells were 

washed with ice-cold staining buffer and resuspended in an appropriate 

volume of ice-cold staining buffer. Median fluorescence intensity (M.F.I.) 

was calculated using FlowJo software.  

 

CellRox assay 

Freshly-sorted SCs were mixed with staining medium (5 µM CellROX 

Deep Red, 100 nM MitoTracker Red CMXRos) and loaded onto 15-well 

chamber slide (Ibidi µ-Slide Angiogenesis 81506) coated with 0.01% 

poly-L-lysine at a density of 2,000-3,000 cells/well. The chamber was 

then incubated at 37 °C for 30 min after a gentle centrifuge step (5 min, 

50 xg). The staining medium was carefully removed and the cells were 

fixed with 3.7% formaldehyde for 15 min, washed with PBS and imaged 

within 24 hours. Total CellRox+ puncta and mitochondria-located 

CellRox puncta were quantified. 

 
RT-qPCR: RNA extraction, cDNA synthesis and PCR 

Total RNA was isolated from FACS-isolated SCs using PicoPure™ RNA 

Isolation Kit (ARN ARCTURUS®, KIT0204) and analyzed by RT-qPCR 

and next-generation sequencing (NGS) as described above. For 

experiments using proliferating myoblasts, RNA extraction was 

performed using RNeasy® Micro Kit (QIAGEN, 74004) according to 

manufacturer´s instructions. For qPCR experiments, DNase digestion 

was performed following manufacturer’s instructions (QIAGEN). 

Complementary DNA (cDNA) was synthesized from 50 ng of total RNA 

using the First-Strand cDNA Synthesis kit (Roche). Real-time PCR 

reactions were performed on an AB7900-FAST-384 System using Light 

Cycler 480 SYBR Green I Master reaction mix (Roche Diagnostic 
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Corporation) and specific primers. Thermocycling conditions were as 

follows: initial step of 10 min at 95 °C, then 50 cycles of 15 s denaturation 

at 94 °C, 10 s annealing at 60 °C and 15 s extension at 72 °C. Reactions 

were run in triplicate and analyzed using SDS v2.3 Software. The 

detected threshold cycle (Ct) values were compared between samples. 

Transcripts of Tbp were used as the housekeeping gene.  

 
Table 3.  List of Taqman® primers used in this study  

Gene Forward primer sequence Reverse primer sequence 

Drp1 5′-GCGCTGATCCCGCGTCAT-3′  5′-CCGCACCCACTGTGTTGA-3′ 

Mfn1 5′-TTACTCAGTGGAACACCGCC-3′ 5′-TTGGAGAGCCGCTCATTCACCT-3′  

Pdk1 5′-TTACTCAGTGGAACACCGCC-3′ 5′- GTTTATCCCCCGATTCAGGT -3′  

Pdk2 5′-GAAGAATGCGTCCCTGGCAG-3′  5′-GGTTCCGGATGGTGACCAGG-3′ 

Pdk3 5′-TCCTGGACTTCGGAAGGGATA-3′ 5′- GAAGGGCGGTTCAACAAGTTA-3′  

Pdk4 5′-CCCGCTGTCCATGAAGCAGC-3′ 5′-CCAATGTGGCTTGGGTTTCC-3′  

Tbp 5′-ATCCCAAGCGATTTGCTG-3′ 5′-CCTGTGCACACCATTTTTCC-3′ 

 
Western blotting 

Preparation of mouse and human SC lysates and Western blotting were 

performed as described previously 426. Antibodies used were anti-

pDRP1S616 antibody produced in rabbit (CST #3455) and tubulin (Sigma 

T-6199).      

 

Microscopy and image analysis 
 
Digital image acquisition 

Digital images were acquired using: (1) confocal images of isolated SCs 

and muscle sections were taken using an inverted Leica gated STED-

3X- WLL SP8 confocal system with a HC PL Apo CS2 100×/1.4 NA or 
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63x/1.4 NA oil objective. (2) Low magnification IF images of muscle 

tissues were obtained using an inverted Nikon ECLIPSE Ti-TimeLapse 

microscope with a Plan Apo λ 20x/0,75 NA objective. The different 

fluorophores (3 to 4) were excited using the 405, 488, 568 and 633 nm 

excitation lines. Acquisition was performed using the LAS X 3.5.6. 21594 

software. (3) Muscle tissue histology sections were digitalized using the 

NanoZoomer-2.0RS® from Hamamatsu and processed with the 

NDP.view2 software. To assess myofibre size, individual fibers were 

manually outlined and their cross-sectional area (CSA) was determined 

using Fiji software. Fluorescence intensity of selected proteins for each 

cell was quantified as integrated intensity (IntDen) using Fiji software. 

Images were composed and edited in Fiji, in which background was 

reduced using brightness and contrast adjustments applied to the whole 

image. Gaussian blur (1.0) was applied to representative confocal 

images using Fiji.  

 
Mitochondrial morphology analysis 

A minimum of 5,000 SCs were mixed with MitoTracker Red CMXRos 

(Invitrogen™, M7512, 100 nM) and plated in 15-well angiogenesis Ibidi 

chambers pre-coated with 0.01% poly-L-lysine. The ibidi chambers were 

centrifuged lightly for 2 min at 50 ×g and incubated in an incubator (37 °C, 

21% O2, 5% CO2) for 45 min. After incubation, half volume of the 

medium was carefully removed and replaced with the same volume of 

8% electron microscope standard PFA. The cells were incubated in PFA 

for 10 min, washed 3x by PBS and stored in PBS before IF staining. 

Before imaging, other IF staining could be performed and the wells were 

mounted with Fluoromount G. Z-stack images were acquired by Leica 

SP8 microscope with pinhole = 0.5A, Z = 250 nm. Acquired images were 

processed with Huygens professional deconvolution software. 

Specifically, automatic estimation of background (lowest mode, area 

radius = 0.7 µm) and a CMLE algorithm (maximum iterations = 30; signal 
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to noise ratio = 15; quality threshold = 0.05 with optimized iteration mode 

and automatic brick layout) was applied for the deconvolution. All 

images were batch-processed with the same algorithm. The processed 

images were then loaded to the Imaris 3 software for 3D reconstruction 

and surface analysis using the surface creating function.  
 
Transmission electron microscopy 

Cultured proliferating myoblasts derived from YFP+ Drp1WT or 

Drp1ΔPax7ER SCs were prefixed with 1:1 volume of culture medium and 

fixation buffer (a mixture of 2.5% glutaraldehyde–2% paraformaldehyde 

in 0.1 M sodium cacodylate buffer pH 7.2 for 24 h) for 10 min at room 

temperature and the cells were harvested and pelleted. The pellet was 

then incubated at 4 °C  in pure fixation buffer over night and post fixed 

in 1% osmium tetroxide for 1 h at 4 °C in the same buffer. The pelletets 

were dehydrated in an ascending series of ethanol (50%, 70%, 90% and 

100%) in steps of 20 min each and transferred to propylene oxide (2 x 

20 min). Afterwards, the specimens were sequentially infiltrated in 

EMbed 812 resin (EMS, USA). We used the sequence propylene oxide–

resin 2:1, 1:1, and 1:2 throughout 24 h (8 h each). Then, samples were 

transferred to pure resin for 24 h. Resin blocks were then formed in 

silicon molds with fresh resin for 48 h at 65 °C. We placed the samples 

into the molds to obtain longitudinal sections of the tissues. After 

trimming, blocks were sectioned in an Ultracut Reicher ultramicrotome. 

Thin sections (50-70 nm thick) were mounted on nickel grids. After 

staining in aqueous 4% uranyl acetate and lead citrate, the sections 

were examined and photographed in a Jeol JEM 1400 electron 

microscope at the Servicio Centralizado de Apoyo a la Investigación 

(SCAI; University of Córdoba; Spain). 

 
Genotyping of mice  

For mice genotyping, the following PCR primers were used:  
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Drp1 flox (Fw): 5¢-CAGCTGCACTGGCTTCATGACTC-3¢  

Drp1 flox (Rv): 5¢-GTCAACTTGCCATAAACCAGAG-3¢ 

ROSA: (R316) 5¢-GGAGCGGGAGAAATGGATATG-3¢ 

            (R883) 5¢-AAAGTCGCTCTGAGTTGTTAT-3¢ 

            (R4982) 5¢-AAGACCGCGAAGAGTTTGTC-3¢ 

CRE pblast (Fw): 5¢-CCCGCAGAACCTGAAGATGT-3¢ 

CRE pblast (Rv): 5¢-CAGCGTTTTCGTTCTGCCAA-3¢ 

ACTIN-S: 5¢-TCATCAGGTAGTCAGTGAGGTCGC-3¢ 

ACTIN-AS: 5¢-CACCACACCTTCTACAATGAGCTG-3¢ 

 

Statistical analysis 

The sample size of each experimental group is described in the 

corresponding figure caption, and all of the experiments were conducted 

with at least three biological replicates unless otherwise indicated. 

GraphPad Prism software was used for all statistical analyses except 

for sequencing-data analysis. Quantitative data displayed as histograms 

are expressed as mean ± standard deviation (represented as error bars). 

Results from each group were average and used to calculate descriptive 

statistics. Statistical significance was set at a P-value <0.05.  
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SUPPLEMENTARY DATA on the informatic device 

 
Supplementary Table 1. List of differentially expressed (DE) genes 
between Drp1WT vs Drp1ΔPax7ER in quiescence, 1-DPI and 3-DPI. DE 
genes were found using Bioconductor package limma with voom 
transformation and adjusted p value of 0.05 was set as the threshold for 
significance.  
 

Supplementary Table 2. Gene expression matrices of G2_M, 
mitochondrial complex subunits (CI to CV subunits) as well as OXPHOS 
pahways of the following conditions: Quiescence Drp1WT (QWT); 
Quiescence Drp1ΔPax7ER (QKO); 1-DPI Drp1WT (1DPI_WT); 1-DPI 
Drp1ΔPax7ER (1DPI_KO), 3-DPI Drp1WT (3DPI_WT); 3-DPI Drp1ΔPax7ER 

(3DPI_KO). Data were represented in averaged value of transcript per 
million (TPM). 
  

Supplementary Table 3. List of differentially expressed (DE) genes 
between young vs old in quiescence, 1-DPI and 3-DPI. DE genes were 
found using Bioconductor package limma with voom transformation and 
adjusted p value of 0.05 was set as the threshold for significance. 
 

Supplementary Table 4. Gene expression matrices of G2_M, 
mitochondrial complex subunits (CI to CV subunits) as well as OXPHOS 
pahways of the following conditions: Quiescence young (QY); 
Quiescence old (QO); 1-DPI young (1DPI_Y); 1-DPI old (1DPI_O), 3-
DPI young (3DPI_WT); 3-DPI old (3DPI_O). Data were represented in 
averaged value of transcript per million (TPM). 
 



 

 



 

 

APPENDIX 

 

  



 

 

  



/  Appendix 

Page | 211  
 

In the course of my PhD Thesis, I have participated in two study of the 

laboratory and have collaborated in the publication of another article 

with collaborators (in which I am a first co-author) and in the writing of 

one review article (see below). 
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