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Abstract  

In spite of decades of research, no feasible method for obtaining sufficient numbers of uncommitted 

muscle stem cells (MuSCs) for therapy of degenerative muscle diseases exists. One of the most 

fundamental problems associated with stem cell therapy of muscle is that removal of MuSCs from 

their tissue microenvironment and expansion in conventional culture induces their terminal 

commitment to myogenic differentiation. This in-vitro loss of stemness impairs the long-term 

engraftment potential of MuSCs and renders them unsuitable for stem cell therapy. In another 

disease relevant context, aging, dramatic changes in the functionality of MuSCs have been shown 

to depend on an altered composition of their microenvironment. Thus, muscle progenitors are 

fundamentally dependent on their local environment, commonly known as the “stem cell niche", and 

a better understanding of its role in guiding stem cell function is highly relevant for the development 

of therapies for aging and muscle diseases.  

The muscle stem cell niche is composed of diverse cellular and acellular elements, including different 

supportive cell types, growth factors and extracellular matrix, and as outlined above, is critical for 

maintaining healthy stem cell characteristics such as the capacity for self-renewal, commitment, and 

differentiation. Using molecular biology approaches, we decided to interrogate (I) the role of the 

cellular environment on stem cell commitment, (II) to test whether, in a physiological context, the 

systemic circulation has niche-independent effects on MuSC stemness, and (III) to study a 

population of MuSC-supportive cells that is affected by the aging process. 

In the first study of this thesis, we have successfully developed an organoid-like-approach for the 

scalable derivation of uncommitted MuSCs from human induced pluripotent stem cells (iPSCs) in a 

biologically faithful cellular 3D-environment in suspension embryoids. To this end, we employed 

human iPSCs and a spectrum of immortalized cell lines to screen for 3D-aggregation conditions 

promoting mesoderm formation and subsequent specification to the myogenic lineage without the 

parallel upregulation of myogenic commitment markers. Compared to myogenic cells derived from 

adult human skeletal muscle, this niche-mimetic embryoid derived progenitors display significantly 

enhanced engraftment into the muscle stem cell position peripheral to muscle fibers, and restoration 

of dystrophin expression when transplanted into muscles of a mouse model of Duchenne muscular 

dystrophy.  

In a second study, we present a novel method for encapsulation of human muscle progenitors in 

highly diffusible polyethersulfone hollow fiber capsules to identify highly specific “transcriptional-

signature” induced by systemic aging in-vivo. This technique allows to study the systemic circulation 

in health, disease and aging at an unprecedented level in human cell types of choice.  

Finally, in our third study, we investigated the cellular cross-talk between muscle stem cells and non-

myogenic niche-based cell type, called fibro/adipogenic progenitors (FAPs). Interestingly, the 
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support-function and the cross-talk with stem cells are dramatically impaired in aged FAPs. We 

demonstrate that this mechanism can be targeted to rejuvenate myogenesis.  

Taken together, “mimicking” the physicochemical-interactions of MuSCs with their niche-resident cell 

types, represents a powerful opportunity to manipulate MuSC function in aging and disease. 

 

Key-words:  

Stem cell therapy, Skeletal muscle, Muscle stem cells, iPSCs, Mesoderm, Organoid, Niche, 

Embryoid, Dystrophin, FAPs, Aging, Disease modeling, Cell therapy 
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Résumé 

En dépit des décennies de recherche, il n’existe à ce jour aucune méthode permettant d’obtenir des 

cellules souches musculaires (MuSCs) en quantité suffisante en vue d’une utilisation à des fins 

thérapeutiques, notamment dans l’éventualité d’un traitement contre les myopathies. L’un des 

problèmes fondamentaux associé à la thérapie par cellules souches du muscle relève du fait que 

l’extraction des cellules souches musculaires de leur environnement tissulaire, ainsi que leur 

expansion dans un contexte de culture conventionnelle, induit leur engagement définitif dans la 

différentiation myogénique. La perte de leur caractère souche in-vitro compromet le potentiel de 

greffe à long terme des cellules souches de muscle et rend leur utilisation impropre pour la thérapie 

cellulaire. Dans un autre contexte pertinent à la maladie, celui du vieillissement, il a été démontré 

que les changements spectaculaires impactant la fonctionnalité des MuSCs résultent d'une 

modification de la composition de leur microenvironnement. Ainsi, les précurseurs musculaires 

dépendent en grande partie de leur environnement local, communément appelé niche, et une 

meilleure compréhension de son rôle est nécessaire afin de promouvoir le développement de 

thérapies contre le vieillissement et les maladies musculaires.  

La niche dans laquelle résident les cellules souches du muscle est composée de divers éléments 

cellulaires et acellulaires, à l’instar de divers types de cellules de soutien, de facteurs de croissance 

et de matrice extracellulaire. De plus, la niche se révèle essentielle au maintien des caractéristiques 

des cellules souches saines, notamment de leur capacité à se renouveler, à s’engager et à se 

différentier. En utilisant des approches de biologie moléculaire, nous nous sommes intéressés (I) au 

rôle de l’environnement cellulaire sur l’engagement des cellules souches, (II) à savoir si, dans un 

contexte physiologique, la circulation systémique peut avoir un impact sur le caractère souche des 

cellules souches musculaires qui soit indépendant de la niche et (III) à l’impact du processus de 

vieillissement sur une population de cellules agissant en tant que soutien pour les MuSCs. 

Dans la première étude de cette thèse, nous avons mis au point avec succès une méthode de 

différentiation de cellules souches musculaires dans des organoïdes tridimensionnels qui permet la 

dérivation de progéniteurs musculaires humains dans un état souche à partir de cellules 

pluripotentes induites (IPS). Pour ce faire, nous avons combiné des cellules IPS humaines à des 

lignées cellulaires immortalisées permettant ainsi de cribler différentes conditions d’agrégation 

tridimensionnelle favorisant la formation du mésoderme et sa spécification ultérieure en une lignée 

myogénique sans pour autant sur-exprimer de marqueurs d’engagement myogénique. Comparés 

aux cellules myogéniques dérivées du muscle squelettique humain adulte, ces précurseurs dérivés 

d’embryoïdes mimétiques de la niche présentent une augmentation significative de leur capacité à 

se greffer en position satellite des fibres musculaires comme les cellules souches musculaires 
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endogènes. Par ailleurs, leur transplantation dans les muscles d’un modèle murin de la myopathie 

de Duchenne permet la restauration de l’expression de la dystrophine.  

Dans une deuxième étude, nous proposons une nouvelle méthode d’encapsulation des précurseurs 

musculaires humains à l’intérieur de capsules hautement diffusibles en fibre de polyethersulfone 

dans le but d’identifier une signature transcriptionnelle in-vivo induite spécifiquement par le 

vieillissement systémique. Cette technique permet d’étudier l’influence de la circulation systémique 

au cours du vieillissement et des pathologies musculaires, et ce, dans un modèle de cellules 

humaines qui confère une relevance thérapeutique de premier plan. 

Enfin, dans le cadre de notre troisième étude, nous nous sommes intéressés à la communication 

cellulaire entre les cellules souches du muscle et des cellules non-myogéniques trouvées dans la 

niche, les précurseurs fibro-adipogéniques (FAPs). Il est intéressant de noter que la fonction de 

soutien, ainsi que la communication avec les cellules souches, est considérablement altérée dans 

les FAPs âgés. Nous démontrons que ce mécanisme peut être ciblé afin de restaurer la myogenèse.  

En définitive, imiter les interactions physico-chimiques des MuSCs avec d’autres types cellulaires 

résidant dans la niche représente une opportunité inouïe de manipuler la fonction des cellules 

souches du muscle dans le contexte du vieillissement et de la maladie. 

 

Mots-clés: 

Thérapie par cellules souches, muscle squelettique, cellules souches musculaires, iPSCs, 

mésoderme, organoïde, niche, embryoïde, dystrophine, FAPs, vieillissement, modélisation des 

maladies, thérapie cellulaire 
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Background & Rationale: 

 

Complex higher-order regulatory interrelationships with the tissue and factors in the systemic 

circulation are integrated and propagated to the stem cells through their “niche”. The stem cell niche 

in skeletal muscle tissue is both, a paradigm for a structurally and functionally relatively static niche 

that maintains stem cell “quiescence” during tissue homeostasis and a highly dynamic regenerative 

niche that is subject to extensive structural remodeling and a flux of different support cell populations. 

Conditions ranging from aging to chronically degenerative skeletal muscle diseases affect the 

composition of the niche and thereby impair the regenerative potential of muscle stem cells (MuSCs).  

The MuSC niche is significantly altered during aging and directly affects the maintenance and 

regenerative capacity of skeletal muscle tissue. A holistic and integrative understanding of the 

extrinsic mechanisms regulating MuSCs in a broad physiological context will be imperative for the 

identification of regulatory hubs in the niche interactome that can be targeted to maintain, restore, or 

enhance the regenerative capacity of muscle tissue. Furthermore, diverse pathologic changes in the 

MuSC-niche during muscle diseases can both stimulate fibrosis and inhibit myogenesis.  

In order to develop new opportunities to ameliorate muscle repair and regeneration, it is required to 

better understand the microenvironmental regulation of MuSCs and how the stem cell niche 

dysfunction can contribute to disease. In this context, we summarized in this chapter the function of 

muscle stem cells during the process of skeletal muscle regeneration and also discussed emerging 

therapeutic applications.  
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Omid Mashinchian, Addolorata Pisconti, Emmeran Le Moal & C. Florian Bentzinger  

Publication*:  

The Muscle Stem Cell Niche in Health and Disease. Curr Top Dev Biol. 126: 23-65; 2018  
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1. Introduction  

 

Skeletal muscle is the most abundant tissue of the human body 1, 2. Its contractile properties are 

essential for vital functions such as locomotion, postural support and breathing. In addition, skeletal 

muscle has important endocrine and paracrine functions, and regulates thermogenesis and systemic 

metabolism 3. Apart from plastic adaptations to exercise or disuse, skeletal muscle function and 

mass remains relatively stable until the third or fourth decade of life 4, 5. In aged individuals, skeletal 

muscle becomes naturally smaller and weaker, and its metabolic activity decreases 6. However, an 

active healthy lifestyle and balanced nutritional intake can help to preserve muscle mass and quality 

to some extent into old age 7. 

As a consequence of contractile activity and stretch, the skeletal muscle fiber sarcolemma and T-

tubule system can be affected by micro-lesions. Skeletal muscle injuries at a larger scale, such as 

strains, contusions and lacerations, can occur due to accidents or surgery. While micro-lesions in 

the muscle fiber membrane are immediately sealed through a repair-patch containing specialized 

lipids and proteins, muscle fibers undergoing necrosis are rebuilt through cell-cell fusion of myoblasts 

8, 9. In addition, myoblasts might contribute to tissue repair by fusing to non-lethally damaged muscle 

fibers 10. 

Myoblasts are generated by tissue resident stem cells termed "satellite cells" or muscle stem cells 

(MuSCs) 11, 12. Following injury, the MuSC pool expands and gives rise to a subpopulation of 

transiently expanding cells that are committed to differentiation 9. Committed MuSC subsequently 

become myoblasts. Myoblasts can still proliferate but will ultimately differentiate into post-mitotic 

myocytes that fuse to existing fibers or to each other. Due to self-renewal mechanisms, such as 

asymmetric division, stochastic expansion and differentiation, the MuSC pool remains at constant 

size following bouts of regeneration 13. 

Owing to the MuSCs, skeletal muscle tissue has an outstanding ability to recover from damage and 

can undergo multiple cycles of de- and regeneration without any loss of functionality or major 

consequences on tissue architecture 14. However, a range of conditions such as aging, muscular 

dystrophy, cancer cachexia, and diabetes affect the composition of muscle tissue and can impair the 

function of MuSCs 15. These pathologies can lead to a vicious cycle of impaired muscle functionality 

and regenerative failure. For instance, in aging, hip arthritis or osteoporotic fractures, can require 

invasive surgery that causes significant muscle damage 16. Due to the age-associated reduction in 

MuSC function, recovery from such muscle damage is slow. Prolonged immobilization during the 

healing process may in turn accelerate disuse atrophy, weaken the patients further and increase the 

risk for falls that will necessitate additional surgical interventions. Muscular dystrophy, is another 

example of a condition in which regenerative failure is a contributor to pathology. This group of 

diseases is largely caused by mutations that lead to an instability of muscle fibers inducing chronic 

de- and regeneration of the muscle tissue. At a certain point, MuSCs in dystrophic muscles become 
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incapable to compensate for fiber degeneration and the tissue deteriorates progressively 17. Thus, 

strategies to improve the function of MuSCs hold great therapeutic promise and may help to maintain 

or restore functional skeletal muscle mass in aging and disease.  

MuSC function is regulated at two levels. Firstly, through intrinsic pre-programmed mechanisms and, 

secondly, through extrinsic regulation imposed by the stem cell microenvironment, the so called 

“stem cell niche” (Figure 1). The stem cell niche concept was first proposed by Raymond Schofield 

based on the observation that hematopoietic stem cells require the association with support cells to 

maintain their stem cell character 18. The stem cell niche has subsequently been defined as a specific 

anatomic location that regulates how stem cells participate in tissue generation, maintenance and 

repair 19. The niche maintains adult stem cells throughout life and instructs fundamental stem cell 

behaviors such as quiescence, self-renewal, lineage progression and differentiation. In skeletal 

muscle, the niche is relatively static under homeostatic conditions, but becomes dynamically 

remodeled following injury. During the regenerative response, MuSC function is controlled by a 

spatiotemporally tightly coordinated flux of different cell types. Regulatory signals originating from 

these cells involve the remodeling and deposition of extracellular matrix (ECM), the release of growth 

factors, and direct cellular interactions. 

In this article, we will review the composition and the regulatory function of the MuSC niche. In 

addition, we summarize how aging and disease affect the niche, and discuss how these processes 

can be targeted for the development of stem cell based therapeutic approaches.  
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Figure 1. Intrinsic and extrinsic regulation of MuSCs. The niche microenvironment is composed 

of structural elements, locally bound and secreted signaling molecules, and cell-cell interactions. 

Systemic signals such as nutrients, hormones and circulating growth factors can regulate MuSC 

function directly, or influence them through effects mediated on the tissue level or imposed by 

support cells. Intrinsic mechanisms such as epigenetic adaptations, telomerase activity and 

constitutively activated or repressed signaling loops that act in concert with extrinsic mechanisms to 

regulate MuSC function. 
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2. The Perinatal Muscle Stem Cell Niche  

 

Perinatally, skeletal muscles go through a phase of intense growth 20. At this stage MuSCs are highly 

proliferative and account for about 30% of sublaminal nuclei 21, 22. Thus, active MuSCs comprise a 

major cell population in growing postnatal muscle. Auto-regulatory deposition of ECM components 

by MuSCs has emerged as an important mechanism shaping the niche in this period 23. Fetal and 

postnatal MuSCs express high levels of certain ECM molecules some of which are differentially 

regulated when compared to quiescent or active adult MuSCs. For instance, both, fetal and 

quiescent adult MuSCs synthesize high levels of the ECM protein collagen VI, while activated adult 

MuSCs do not deposit this factor into their niche 23, 24. Collagen VI has been shown to be involved in 

bridging ECM components and likely serves as a modulator of biomechanical properties of the 

perinatal and quiescent MuSC niche. As opposed to collagen VI, the high-molecular weight ECM 

glycoprotein fibronectin is expressed in the fetal stage as well as in activated adult MuSCs, but 

displays very low expression in quiescent adult cells 23, 25. Fibronectin is a ligand for integrin and 

syndecan receptors that are expressed at high levels by MuSCs and has been shown to be a critical 

factor mediating the adhesion of proliferating cells to the niche ECM 26-30. Interestingly, only fetal 

MuSCs appear to secrete tenascin-C into their niche 23. Loss of this factor reduces the proliferation 

and differentiation potential of fetal but not of adult MuSCs. While its molecular function in the 

perinatal MuSC niche remains to be further investigated, in other tissue niches, tenascin-C is 

required for modulation of growth factor signals and controls stem cell proliferation and differentiation 

31, 32. Globally, the ECM in developing muscle tissue progresses from an embryonic state that is rich 

in large chondroitin sulfate proteoglycans implicated in cell adhesion, migration, and proliferation, to 

a mixture of growth-factor-regulating dermatan sulfate, chondroitin sulfate and heparan sulfate 

glycosaminoglycans in the perinatal period 33. 

Next to regulatory structural elements, the perinatal MuSC niche contains several different cell 

populations that modulate MuSC function. For instance, a sub-population of PW1+ interstitial cells 

(PICs) expressing the marker Sca1 at intermediate levels is present in early postnatal muscle 34. 

PICs secrete follistatin and insulin-like growth factor-1 (IGF1), which promote proliferation and 

differentiation of MuSCs 35. Vice versa, Pax7 knockout mice that are devoid of MuSCs after puberty, 

display a marked increase in PIC numbers 36. Thus, MuSCs appear to restrict the number of PICs in 

postnatal muscle through yet to be identified signals. Apart from PICs, connective tissue fibroblasts 

are highly abundant in perinatal muscle where they promote the differentiation of MuSCs and the 

maturation of muscle fiber types 37. Cells constituting blood vessels, such as endothelial cells, 

smooth muscle cells and pericytes, represent another important component of the perinatal MuSC 

niche that is differentially regulated when compared to the adult situation. The microcirculation in 

perinatal muscle is characterized by small intercapillary distances, short capillary lengths and a 
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tortuous network geometry 38. Endothelial cells have been shown to secrete several different growth 

factors that promote MuSC proliferation 39, 40. Postnatally, MuSCs become increasingly associated 

with pericytes lining the vessel walls. These cells secrete IGF1 and angiopoietin-1, which promotes 

the progressive withdrawal of MuSCs from the cell cycle and their transition into the quiescent state 

40, 41. Another notable difference between the perinatal and adult niche may originate from 

neuromuscular signals. Recent work has revealed that neuromuscular junction (NMJ) remodeling 

can induce regionalized fusion of MuSCs 42. In contrast to adult muscle fibers that generally contain 

only one NMJ, muscle fibers in newborn animals are polyinnervated 43. Therefore, augmented 

synaptic signals may contribute to the differential regulation of perinatal MuSCs. 

Ephrin receptor (Eph) tyrosine kinases, which are involved in cell contact-dependent signaling of 

MuSCs with muscle fibers, show a highly dynamic expression during development 44, 45. During the 

fetal to postnatal transition, MuSCs induce the expression of EphA2 and EphB1. Moreover, the 

ephrin ligands EfnA1 and EfnB2 are up-regulated at this stage. Next to Eph/ephrin signaling, notch 

receptors and their ligands, for instance delta-like 1, delta-like 4, jagged 1, and jagged 2, have 

emerged as signals regulating MuSC function perinatally 46, 47. During embryonic development, a 

major source of delta-like1 appears to originate from proliferating committed myogenic progenitors 

48-50. Reduced levels of delta-like 1 or loss of the notch downstream effector RBP-J in fetal muscle 

progenitors lead to muscle hypotrophy and MuSC exhaustion 50, 51. Conversely, constitutive notch 

signaling blocks differentiation and arrests lineage progression 52. Thus, notch signaling is required 

for the temporal specification of MuSCs during embryonic development and in the perinatal period. 

Interestingly, notch signaling in perinatal MuSCs also appears to stimulate them to adhere to 

developing myofibers and to secrete basal lamina ECM components 53.  

Taken together, the secretion and signaling cues of ECM crosstalk with the myogenic lineage and 

constitute critical regulatory signals in the perinatal MuSC niche.  
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3. The Quiescent Muscle Stem Cell Niche  

 

During puberty, postnatal muscle growth ceases and the MuSC pool completes the transition into 

quiescence 54, 55. In 1961, two pioneering studies have employed electron microscopy to provide the 

first description of adult quiescent MuSCs adopting a "satellite cell position" in the periphery of 

muscle fibers in rat and frog muscles 11, 56. The quiescent state is characterized by a very low 

cytoplasmic to nuclear volume ratio, a low metabolic activity and mitotic inactivity 57. Quiescent 

MuSCs are wedged in-between the plasma membrane of their associated host fiber and the ECM of 

the basal lamina (Figure 2). Thus, their niche is highly polarized and characterized by ECM 

interactions on their apical pole and cell-cell interactions with the muscle fiber on the basal pole. 

The basal lamina ECM is rich in members of the collagen and laminin family, in particular in laminin 

containing α2, β1 and γ1 subunits (also called laminin-2) and collagen IV 58. The polymerized 

collagen and laminin networks in the basal lamina are structurally linked through the glycoprotein 

nidogen 59, 60. Heparan sulfate is the glycosaminoglycan component of several heparan sulfate 

proteoglycans present in the basal lamina and on the surface of cells, including MuSCs and muscle 

fibers 61. Heparan sulfates are linear polysaccharides composed of repeated disaccharide units of 

N-acetylglucosamine and uronic acid which can be variably sulfated in several different positions. 

Perlecan, which can also bind to laminin and collagen, is an example of an abundant heparan sulfate 

component of the basal lamina that plays important roles in the local sequestration of growth factors 

62.  

The linkage of quiescent MuSCs to the basal lamina is established through the apically localized 

membrane receptors α7β1 integrin and dystroglycan 30, 63-65. MuSC specific loss of integrin β1 in 

adult mice leads to a break in quiescence and aberrant cell cycle entry 30. On the other hand, loss of 

laminin α2 in mice reduces the number of myogenic progenitors generated during development and 

the MuSC pool in perinatal muscle fails to undergo the normal progressive reduction in cell number 

relative to fetal muscles 66. Together, with the observation that postnatally, laminin α2 deficiency also 

leads to increased expression of the differentiation marker myogenin, this supports the idea that 

impaired basal lamina interactions prevent or disrupt MuSC quiescence. Interestingly, laminin α2 

deficiency induces a secondary loss of the α7β1 integrin and, vice-versa, integrin α7 knockout mice 

display reduced levels of laminin α2 67, 68. 

Gene expression studies revealed that quiescent MuSCs contribute to the ECM in their own 

microenvironment 25, 69. Candidate auto-regulatory ECM components include vitronectin, laminins, 

perlecan, decorin, nidogen, biglycan and collagen VI. Quiescent MuSCs also express the 

transmembrane proteoglycans syndecan-3 and -4, which carry extracellular heparan sulfate and 

chondroitin sulfate chains allowing for binding of several growth factors such as fibroblast growth 
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factors (FGFs), hepatocyte growth factor (HGF), vascular endothelial growth factor (VEGF) and 

transforming growth factor beta 1 (TGFβ1) 28, 70, 71. In addition, syndecans can serve as co-receptors 

for integrins. Loss of syndecan-3 leads to spontaneous MuSC activation in adult muscles, while 

deletion of syndecan-4 has no effect on the base-line stem cell pool 72, 73. Since syndecan-3 knockout 

cells exhibit increased ERK map kinase phosphorylation following stimulation with FGF-2 or HGF, it 

has been suggested that they are missing an inhibitory signal rendering them overly sensitive to 

growth factors. Apart from syndecan-3, MuSCs employ multiple other strategies to limit the impact 

of growth factor signals in their niche. These include the attenuation of FGF mediated ERK signaling 

by the receptor tyrosine kinase inhibitor sprouty 1, as well as the expression of the insulin-like growth 

factor-2 (IGF2) inhibitor insulin-like growth factor-binding protein 6 74, 75. Notably, the importance of 

restricted growth factor signaling in maintaining the quiescent stem cell state is underlined by the 

observation that a culture medium containing FGF and HGF receptor inhibitors promotes MuSC in 

quiescence in-vitro 76. 

Apart from the basal lamina, the muscle fiber membrane represents another major compartment of 

the quiescent MuSC niche. Quiescent MuSCs and muscle fibers interact through the sialomucin 

CD34 and m-cadherin 77-79. Interestingly, m-cadherin knockout mice display no overt muscle 

phenotype and it has been postulated that this could be due to compensation by other cadherins, in 

particular n-cadherin 80, 81. Furthermore, n-cadherin and m-cadherin have been introduced as 

components of the quiescence-promoting MuSC-niche which could be utilized as potential targets 

in therapeutic strategies 82.  

Quiescent MuSC also express the calcitonin receptor suggesting that electrical signals from 

innervated myofibers are involved in the regulation of the quiescent state 69. Loss of the calcitonin 

receptor specifically from MuSCs leads to a break in quiescence, cell cycle entry and extravasation 

into the interstitial space 83. Furthermore, notch ligands present at the surface of myofibers can likely 

bind to receptors at the surface of MuSC to promote the maintenance of quiescence. Genetic 

ablation of the notch effector RBP-J in MuSCs results in spontaneous activation and terminal 

differentiation 52, 84. Conversely, constitutive expression of the notch intracellular domain in myoblasts 

inhibits s-phase entry and Ki67 expression, and stimulates expression of the self-renewal marker 

Pax7 85. In addition, syndecan-3 interacts with notch receptors and is required for notch processing 

and signal transduction 86. Recently, it has been shown that myofibers express an E3 ubiquitin ligase 

family member called mind bomb 1 that allows the activation of notch signalling to prime MuSC 

towards quiescence 87. Notably, mind bomb 1 is induced by sex hormones, which connects 

alterations in the quiescent stem cell niche to the systemic circulation. Moreover, a recent study 

using chromatin immunoprecipitation followed by sequencing revealed that Notch–Collagen V 

(COLV)–Calcitonin receptor signalling cascade is required to maintain the MuSC in a quiescent state 

in a cell-autonomous manner 88. 
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In addition to the myofiber, blood vessels have been implicated in the maintenance of the quiescent 

MuSC state. Histological observations have revealed a close proximity between MuSCs and 

endothelial cells, and a linear relationship between MuSC numbers and capillarization has been 

demonstrated 39. Vessel associated smooth muscle cells and pericytes have been shown to exert 

paracrine secretion of angiopoietin 1 that binds to Tie2 receptors on the surface of MuSCs and 

thereby promotes their quiescence 40, 89. 

Traditionally, the study of quiescence has been hindered by the fact that MuSCs become activated 

within a very short time window after isolation, making it difficult to examine them in a true quiescent 

state in-vitro. Notably, the Rando group has recently described a culture model for the maintenance 

of isolated quiescent MuSCs 76. The authors developed collagen based artificial myofibers with an 

elasticity around 1,3 kPa that were functionalized with the vascular cell adhesion protein 1 ligand 

α4β1 integrin and that were coated with a layer of laminin. In combination with a specialized medium, 

this engineered microenvironment allowed for the prolonged in-vitro maintenance of mouse and 

human MuSCs that display key characteristics of quiescent cells.  

Overall, a wide range of niche mediated mechanisms regulate MuSC quiescence. In particular, 

attachment sites in the basal lamina, cell-cell receptors presented by muscle fibers, and ECM that 

sequesters growth factors are critical characteristics of the quiescent MuSC niche.  
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Figure 2. The adult MuSC niche in homeostasis and regeneration. The stem cell niche that 

maintains MuSCs in their quiescent state in the absence of muscle injury contains a relatively well 

defined number of macroscopic elements, namely the interface with the muscle fibers and the 

basement membrane, as well as nearby capillaries. In the immediate phase following injury, the 

niche contains debris of degenerated muscle fibers and a high abundance of pro-inflammatory 

immune cells. Subsequently, the niche changes into a milieu that promotes the proliferation of 

MuSCs and that is characterized by extensive ECM synthesis by fibroblastic cells and angiogenesis. 

In the differentiative phase, anti-inflammatory macrophage subtypes become dominant and MuSC 

derived myoblasts fuse into young muscle fibers that are reinnervated, and basement membranes 

mature.  
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4. The Regenerative Muscle Stem Cell Niche  

 

Much of our knowledge about muscle regeneration and MuSC function originates from experimental 

injury models in rodents. Multiple protocols including freeze injury, intramuscular injection of barium 

chloride, glycerol, or the snake venoms notexin and cardiotoxin, have been well established in the 

research community. Depending on the injury paradigm considerable variation in the kinetics of the 

MuSC response, the engagement of support cells and re-vascularization dynamics need to be taken 

in to consideration 90, 91. The regenerative response that follows all types of muscle injury can be 

broadly divided into three distinct phases (Figure 2). An initial inflammatory phase during which the 

tissue is cleared of necrotic muscle fibers, a mitogenic period characterized by extensive muscle 

progenitor and support cell proliferation, and a differentiative period during which new muscle fibers 

are generated through myoblast fusion. In the following paragraphs, we discuss how the cellular and 

acellular microenvironment regulates MuSCs during these different phases of muscle regeneration. 

4.1. The Inflammatory Niche 

At early timepoints following muscle injury necrotic muscle fibers hypercontract within their basal 

lamina sheet 92. The remaining basal laminae, that have been termed “ghost fibers”, serve as a 

template for the subsequent de-novo formation of muscle fibers during regenerative myogenesis and 

guide motor neuron growth cones for reinnervation at original synaptic sites 93-98. Destruction of the 

basal lamina tubes during muscle injury using trypsin leads to a disorientation of myoblasts and 

transiently irregular myofiber pattern 93. Moreover, activated MuSCs that happen to migrate away 

from the basal lamina ghost and start to divide in the interstitial space form branched disorganized 

myotubes 97. Migration of MuSCs on the basal lamina has been shown to depend on the laminin 

receptor integrin α7β1 99. Transcriptional profiling of regenerating muscles revealed that early after 

muscle injury remnant basal lamina is modified by matrix remodeling enzymes that contribute to the 

liberation of growth factors and cytokines from it, while in later stages of regeneration extensive de-

novo synthesis of ECM components is induced 100, 101.  

Immediately after muscle injury circulating fibrin, is deposited at the injury site where it stabilizes the 

tissue and provides a scaffold for the engagement of infiltrating immune cells 102. Necrosis of 

damaged muscle fibres leads to leakage of normally muscle-compartmentalized factors into the 

surrounding tissue and the circulation 103, 104. These damage-associated molecular patterns 

(DAMPs), which include DNA, heat shock proteins, and the redox-sensitive high-mobility group box 

1, collectively contribute to immune cell recruitment mediated by toll-like receptors 105. In a zebrafish 

model, a tissue-scale gradient of hydrogen peroxide observed in the first minutes after muscle injury 

has been linked to leukocyte recruitment at the damaged site 106. This observation suggests that a 
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cascade of both chemical and biological molecules orchestrates the earliest events of the immune 

response. 

Muscle resident mastocytes and macrophages sense DAMPs and recruit neutrophils by releasing 

pro-inflammatory cytokines, including the chemoattractants CXC-chemokine ligand 1 and CC-

chemokine ligand 2 (CCL2) 107. Cytotoxic lymphocytes have recently also been described to 

contribute to CCL2 production early after muscle damage 108. CCL2 signaling is critical for the early 

immune response as genetic ablation of its receptor CC-chemokine receptor 2 reduces subsequent 

macrophage recruitment and impairs regeneration 109. Neutrophils peak their number early after the 

induction of injury and initiate the phagocytic clearance of muscle fiber debris 104, 110. Eosinophils 

become abundant in the injured area after about one day and secrete interleukin (IL) 4, which 

promotes the proliferation of fibro-adipogenic progenitors (FAPs) and stimulates them to contribute 

to tissue clearance 111. Following the onset of neutrophil infiltration, circulating blood monocytes, also 

referred to as patrolling monocytes, extravasate and enter the regenerating muscles 112. These cells 

are then primed towards a pro-inflammatory M1 macrophage phenotype by T helper 1 cytokines 113. 

M1 macrophages further support phagocytosis of cellular debris and release cytokines and nitric 

oxide-related molecules that generate a proinflammatory and nitrosative environment 114, 115. Both 

Neutrophils and macrophages release the cytokine tumor necrosis factor (TNF) α which curbs the 

high expression of Pax7 and notch in quiescent cells to levels permissive for myogenesis 116, 117. 

Early studies have reported that HGF expression is steeply upregulated in injured muscles 118. 

Subsequently, it was shown that quiescent MuSCs express the HGF receptor c-Met and enter the 

cell cycle upon HGF stimulation 119, 120. HGF is deposited in the basal lamina and liberated due to 

matrix metalloproteinase (MMP) 2 activation, which is mediated by nitric oxide derived from 

infiltrating cells 121, 122. The earliest stage of MuSC activation has been shown to involve a HGF-

induced transition from the quiescent state to a poised alert state 123. Interestingly, a transition into 

the alert state also occurs in muscles distant from the injury site due to proteolytic activation of HGF 

by systemic hepatocyte growth factor activator (HGFA) 124. Next to HGF, FGF2 has also been shown 

to be involved in MuSC activation. The ability of both HGF and FGF2 to induce MAP kinase signaling 

in MuSCs, depends on syndecan-4 72. Syndecan-4 knockout MuSCs display delayed entry into the 

cell cycle and an impaired upregulation of the myogenic commitment marker MyoD. An additional 

mechanism involved in the activation of MuSCs involves the quiescence marker CD34 that, under 

homeostatic conditions, interfaces with the muscle fiber 79. MuSCs in CD34 knockout mice show 

impaired entry into proliferation and delayed myogenic progression 125. Thus, CD34 is required for 

the activation of MuSCs in early stages after injury, possibly by sensing the altered membrane 

properties of necrotic fibers. 
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4.2. The Mitogenic Niche 

Following the inflammatory response that characterizes the early stages of muscle regeneration, the 

MuSC niche becomes permissive to proliferation. During this period the MuSC pool expands and a 

large number of transiently amplifying myoblasts committed to differentiation are generated. The 

fibrinolytic proteases uPA and plasmin are critical for resolving the transient pro-inflammatory fibrin 

rich matrix that formed at the site of muscle injury 126, 127. The importance of this process is illustrated 

by the persistent accumulation of fibrin, and the occurrence of chronic inflammation and fibrosis in 

transgenic mice lacking uPA and plasmin. MMPs are an additional class of proteolytic enzymes 

involved in remodelling of the ECM during the expansion of the MuSC pool 128. For instance, MMP10 

released from vascular cells and MuSCs is induced in early stages of muscle regeneration 129. This 

protease degrades a variety of ECM components and can activate other MMPs 130, 131. MMP10 

knockout mice display impaired MuSC proliferation and differentiation, and contain fewer arterioles. 

Paradoxically, regenerating muscle tissue of MMP10 knockout mice contains lower levels of 

collagen, laminin and fibronectin, which is likely due to the compensatory upregulation and activation 

of other MMPs 129. 

Apart from proteolytic modifications, the structural composition of the niche during the proliferative 

response of MuSCs and their support cells, is dramatically modified through the de-novo deposition 

of several ECM components. One of the most strongly induced components of this regenerative 

matrix is the glycoprotein fibronectin 29.  In activated MuSCs, fibronectin binds to integrins containing 

β1 subunits and to the Frizzled-7/Syndecan-4 (Fzd7/Sdc4) co-receptor complex 25, 30. Fibronectin is 

produced by a range of cells in muscle tissue including fibroblasts, FAPs, cells of the hematopoietic 

fibrogenic lineage, as well as MuSCs themselves 29, 132. Adhesion to fibronectin is required to prevent 

anchorage-dependent cell death and regulates asymmetric division and strand segregation of 

MuSCs 25, 133. Linking niche adhesion of MuSCs to growth factor signaling, integrin β1 has been 

shown to cooperate with FGF2, while the Fzd7/Sdc4 co-receptor complex potentiates Wnt7a 

signaling 25, 30. Both, the FGF receptor 1 and the Fzd7/Sdc4 complex have been demonstrated to be 

critical for self-renewal mechanisms regulating the MuSC pool during regenerative myogenesis 25, 

134, 135. Collagen VI, released from fibroblasts, represents another ECM protein that is upregulated 

during the peak of MuSC proliferation 24. Deposition of collagen VI in the MuSC niche is critical for 

the regulation of its mechanical properties. Collagen VI knockout mice show impaired MuSC function 

and muscle regeneration that is due to tissue elasticity diverging from the optimal 12 kPa of normal 

muscle to around 7 kPa 136.  

Several growth factors released from the niche ECM or originating directly from cellular sources, 

have been implicated in the regulation of the MuSC pool during the regenerative response 137. For 

instance, basal lamina bound FGF2 that is derived from MuSCs, myofibers and fibroblasts, promotes 
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expansion and maintenance of the MuSCs by repressing terminal myogenic differentiation 134, 138-144. 

IGF1 originating from the systemic circulation or locally produced in muscle tissue, represents 

another factor that has been shown to promote an expansion of the MuSC pool 145-147. IGF1 

downregulates expression of the cell-cycle inhibitor p27kip and thereby increases MuSC proliferation 

147, 148. 

The mitogenic response of MuSCs is coordinated by a range of resident and infiltrating cells. In 

particular, immune cells have emerged as pivotal regulators of the MuSCs in this phase. Activated 

MuSCs attract monocytes that eventually differentiate into macrophages and mediate cell-cell 

contact induced inhibition of apoptosis 149. M1 macrophages that are still present in the niche during 

the proliferative MuSC response, release TNFα, IL-6, IL-1β and VEGF to stimulate MuSC 

proliferation and limit early differentiation 112, 114. Secretion of interferon (IFN) γ by M1 macrophages, 

lymphocytes, and natural killer cells, correlates with MuSC expansion 150. IFNγ induces the myogenic 

differentiation repressor MHC Class II transactivator that prevents myogenic differentiation 151. In the 

recent years, a role for muscle regulatory T (Treg) cells within the mitogenic MuSC niche has 

emerged 152. These resident cells, with high clonogenic potential, accumulate in injured skeletal 

muscle around the time when MuSC proliferation is maximal, and their genetic ablation impairs 

muscle regeneration and increases collagen deposition. This might be due to altered transition of 

M1 to M2 macrophages, as well as to a loss of direct supportive signals for MuSCs. Illustrating the 

complexity of cellular crosstalk in the niche, IL-33 expressed from FAPs has been shown to be 

required for the recruitment of Treg cells to injured muscle 153. 

At more advanced timepoints during the proliferative expansion of the MuSC pool, when the first 

myoblasts begin to differentiate, M2 macrophages become dominant over M1 macrophages in the 

regenerating tissue 154. M1 deactivation is required for sequential steps of macrophage activation 155. 

IGF1 has been shown to be essential for this process 156. Its genetic loss from myeloid cells impairs 

M1 to M2 skewing, dysregulates tissue cytokine levels and impairs muscle repair. Similarly, a null 

mutation of IL-10 amplifies M1 on the expense of M2 macrophages due to blunted skewing, and 

leads to premature differentiation of MuSCs 157. Supporting these observations, diphtheria toxin 

mediated ablation of intramuscular macrophages during the transitional period leads to defective 

regeneration 112. Thus, efficient skewing of macrophage phenotypes is critical for the regulation of 

the MuSC pool. Transcriptomic profiling of muscle macrophage subsets from regenerating muscles 

revealed that M2 macrophages express a large set of ECM-related genes such as thrombospondin-

4, microfibrillar-associated protein 5, lumicam and dermatopontin, and thereby significantly 

contribute to structural remodeling of the niche 113.  

Next to immune cells, the expansion of the MuSC pool is supported by fibroblasts that display 

comparable proliferation kinetics 158. Partial ablation of fibroblasts during muscle regeneration 
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reduces the number of MuSCs, leads to premature differentiation and reduces the size of myofibers 

formed in late myogenic stages. Since fibroblasts are major producers of ECM, these effects are 

likely due to a deregulation of the niche architecture. FAPs represent another rapidly expanding 

niche cell type that supports MuSCs in response to injury 159, 160. FAPs regulate MuSCs through the 

secretion of promyogenic cytokines and ECM. Inhibition of FAP-induced transient collagen 

deposition using the pharmacological tyrosine kinase inhibitor Nilotinib impairs MuSC expansion and 

results in defective muscle regeneration 161. 

Angiogenesis and myogenesis have been reported to proceed in parallel after skeletal muscle injury 

162, 163. Pro-angiogenic factors as such as VEGF, angiopoietin-1 and -2 increase markedly in 

regenerating muscle tissue 164. Cycling MuSCs are largely co-localized with endothelial cells and 

release VEGF to stimulate microvascular sprout frequency and enlargement 39, 165. Reciprocally, 

endothelial cells appear to promote MuSC proliferation through the release of several growth factors 

including IGF1 and FGF2.  

4.3. The Differentiative Niche 

After the proliferative phase, myoblasts will extensively fuse to generate multinucleated muscle fibers 

and MuSCs that resisted myogenic commitment, will begin to transition back into the quiescent state. 

During this period the vasculature enlacing the basal lamina tubes of the newly generated muscle 

fibers becomes denser and more organized, and pericytes and smooth muscle cells are recruited to 

stabilize its structure 91, 163, 166. Analogous to the mechanism that promotes the acquisition of 

quiescence during postnatal development, the activation of the Tie-2 receptor in MuSCs by pericyte-

derived angiotensin 1 progressively promotes their withdrawal from the cell cycle 40, 41. This process 

is essential to guarantee the availability of sufficient quiescent MuSCs that can be activated for 

subsequent rounds of regeneration. 

During myoblast fusion, changes in the heparan sulfate content of the niche ECM lead to an 

increased retention of pro-proliferative anti-differentiative growth factors 61. For instance, 

differentiating myoblasts sequester FGF2 through the lipid raft associated proteoglycan glypican-1 

and, at the same time, downregulate the expression of syndecans, FGF and HGF receptors 167, 168. 

Certain growth factors such as IGF2 also promote differentiation directly. IGF2 induces the 

expression of the cyclin-dependent kinase inhibitor p21 to promote cell cycle exit and cell fusion 169-

171. 

During the differentiation phase, immune cells are mainly primed to limit inflammatory responses 

and to promote tissue repair through the release of anti-inflammatory cytokines such as IL-10 157. In 

macrophages, the lipid activated peroxisome proliferator activated receptor gamma (PPARγ), has 

been shown to be required for the transcription of growth differentiation factor 3, which decreases 

myoblast proliferation and promotes fusion 172. FAPs have also been suggested to promote 
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myogenic differentiation through the secretion of IL-6 159. As myogenesis progresses and muscle 

fibers become more mature FAP numbers are reduced through apoptosis induced by macrophage 

derived TNFα 173.  

Interestingly, pericytes themselves as well as PDGF receptor negative PICs have been shown to 

participate in muscle fiber formation during the differentiative stage of regeneration 34, 36, 174-176. The 

niche signals required for fate decisions and recruitment of these interstitial cell types to myogenesis 

remain to be elucidated, and appear to involve a complex interplay with other regenerative processes 

such as reinnervation, angiogenesis, fibrosis and adipogenesis 166, 177. 

Altogether, the MuSC niche instructs all stages of regenerative myogenesis through the timed 

availability of signals originating from supportive cell types and from the ECM. The different cell types 

involved in these processes communicate extensively and coordinate their function to create the 

transitory environmental conditions that control MuSC activation, proliferation, self-renewal, 

differentiation and return to quiescence. As outlined in the subsequent paragraphs these processes 

are highly susceptive to perturbation and their deregulation in aging and disease can have profound 

consequences on muscle regeneration. 
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5. The Muscle Stem Cell Niche in Aging  

 

Virtually every tissue of the body undergoes a decline as an organism ages. The molecular 

mechanisms of aging are complex and for many tissues have been shown to involve a failure of 

stem cells to maintain tissue integrity and function over time 178, 179 (Figure 3). In case of human 

skeletal muscle, one of the most prominent features of aging is the loss of muscle mass and strength, 

also known as sarcopenia, which is accompanied by an impaired regenerative capacity and a 

pathological increase in baseline ECM levels 180. 

The implications of MuSCs in muscle aging are subject to a long-lasting debate. One hypothesis, 

the numerical stem cell aging theory, is that MuSCs become less abundant with aging thus can 

contribute less to muscle maintenance and regeneration. Indeed, several studies have provided 

evidence that a decline in MuSC numbers occurs with aging both in humans and rodents 181-187. 

However, recent results suggest that ablation of a large fraction of MuSCs does not accelerate nor 

exacerbate sarcopenia 188. It is important to consider that some MuSCs where surviving the ablation 

procedure employed in this study and it is not yet known “how few is too few MuSCs” for maintenance 

of muscle tissue throughout life 189. Notably, transplantation of just a few myofibers carrying no more 

than a few dozens of associated MuSCs into regenerating host muscles has been shown to 

contribute to large portions of the recipient tissue 190, 191. It has also been described that next to a 

complete loss of regenerative capacity following injury, fibrosis was increased in old mice that had 

had their MuSC pool depleted earlier in life 188. This phenomenon has been recently mechanistically 

explained by the same group with a loss of MuSC-mediated inhibition of fibroblast activity via 

exosomes secreted by MuSCs 192. 

A second hypothesis on muscle aging, the functional stem cell aging theory, argues that old MuSCs 

become exhausted and fail to maintain the tissue due to environmental changes and cell-intrinsic 

mechanisms. Strong evidence has been provided in the last two decades in support of this theory 

and important links with the numeric stem cell aging hypothesis have emerged 193. Compared to 

organs such as the gut or the skin, most skeletal muscles have a relatively low cellular turnover and 

MuSCs persist in a quiescent state with low metabolic activity over prolonged periods of life 194-196. 

Therefore, an intrinsic mechanism that limits number of divisions or the function of the cells through 

a combination of telomere attrition, DNA and oxidative damage, misfolded proteins, or mitochondrial 

dysfunction, would appear to be less dominant in contributing to MuSC aging than altered 

environmental signals in the surrounding tissue. Interestingly, recent work has shown that even 

aspects of aging that have traditionally been considered intrinsic can be influenced by environmental 

stimuli. For instance, telomere length is conserved in MuSCs from healthy and physically active 

individuals 197. This observation suggests that the control of telomere length is a dynamic process 

that can be affected by environmental stimuli and therefore may not be exclusively intrinsically 
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regulated. Similarly, epigenetic adaptations occurring with age can be modulated by environmental 

signals. A recent study by the Conboy group has shown that the loci of cyclin/cyclin-dependent 

kinase inhibitors p21 and p16 are less epigenetically silenced in MuSCs from old mice than in MuSCs 

from young mice 198. FGF-2 signaling can silence the p21 locus in old MuSCs and thereby restores 

cell proliferation. Lastly, several signaling pathways have been shown to be rewired in a sustained 

fashion in aged MuSCs contributing to impaired proliferation or function 134, 140, 199-201. Depending on 

definitions, this phenomenon may be considered an intrinsic or "cell-autonomous" property since it 

persists to some degree in isolated cells. However, recent studies indicate that disrupted 

environmental signals originating from the stem cell niche ECM may be upstream mechanisms 

leading to some of these long-lasting changes 29, 30. 

First evidence that the aged environment plays a critical role in regulating muscle regenerative 

capacity was provided by transplantation experiments in which extensor digitorum longus muscles 

were grafted between young or old donor rats 202. The results showed that when the recipient was 

young, no difference in the regenerative capacity of either young or old donor grafts was observed. 

In contrast, when the recipient was old, both young and old donor grafts failed to regenerate 

efficiently. These results clearly suggested that the old environment prevents regeneration. 

Subsequently, Conboy et al. showed that replacing the systemic environment of old mice with that 

of young mice via heterochronic parabiosis was able to improve the regenerative potential of old 

mice 203. This observation supports the idea that age affected systemic signals can either influence 

MuSCs directly or promote the function of supportive cells in the niche. Furthermore, several groups 

have shown that MuSCs explanted from both old and young mice show similar replicative and 

differentiative potential in culture 204. In contrast, if MuSCs are explanted along with their 

accompanying myofiber and basement membrane ECM, which constitute a portion of the stem cell 

niche, old cells show an impaired proliferative capacity 134, 204. Thus, under conditions where the 

native aged environment is partially present, the regenerative potential of old MuSCs is impaired, 

while in isolation, the regenerative potential of old and young MuSCs becomes equalized. However, 

this aspect remains controversial for human cells for which some groups observed no difference in 

culture when MuSCs where obtained from either young or old donors, while others reported a 

dramatic reduction in proliferative potential and accelerated senescence of aged cells 205, 206. 

In the course of the heterochronic parabiosis experiments outlined above, notch signalling was 

identified to be involved in mediating the positive effects of a youthful systemic environment on 

MuSCs. Inhibition of notch impairs regeneration in young muscle while forced expression of notch 

restores regeneration of old muscle 204. The notch pathway has also been studied in the context of 

cross-talk with other aging mechanisms, especially with TGFβ signals. In aged MuSCs, forced 

activation of notch blocks TGFβ-induced expression of several cyclin-dependent kinase inhibitors, 

namely p15, p15, p21 and p27 via Smad3 207. Notably, the effect of TGFβ on myoblast proliferation 
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is dose-dependent with small amounts promoting MuSC proliferation and higher concentrations 

having inhibitory effects 208. Importantly, blood levels of TGFβ1 increase with age, both in humans 

and in mice, possibly reaching concentrations that exceed the threshold for negative effects on 

MuSCs. Similarly, growth differentiation factor 11 (GDF11), another member of the TGFβ 

superfamily, is found in increased levels in the aged systemic circulation and inhibits MuSC function 

209. Correspondingly, a recent study by Hinken et al., indicated no positive-effect of GDF11 on 

MuSCs expansion in-vitro 210. But, some controversies exist regarding the role of GDF11 as a 

therapeutic agent in muscle growth and regenerative processes as initial studies exploiting 

heterochronic-parabiosis, demonstrated GDF11 as a protein capable of the rejuvenative influence 

on reversing the skeletal muscle dysfunction 211. Nevertheless, one possible reason for the current 

controversy surrounding GDF11 and some skepticism related to the results is that these studies rely 

on serum or plasma levels of GDF 11 and the performed analyses are associated with the different 

methods of processing of blood samples which could cause an increase in GDF11 levels in either 

plasma/serum 212, 213. 

Heparan sulfates are a major binder of growth factors in the ECM 214. In aged mouse muscles, the 

heparan sulfate composition changes and its binding capacity for growth factors becomes altered. 

Heparan sulfate extracted from young muscle can, for instance, inhibit the mitotic activity of FGF2, 

while extracts from old muscle have inverse effects 61. Thus, heparan sulfate from aged muscle fails 

to efficiently sequester growth factors, which may lead to a break in MuSC quiescence 140. 

Interestingly, the higher availability of FGF2 in the aged niche is paralleled by decreased sensitivity 

of the FGF receptor 1 30, 134. Next to FGF2, heparan sulfate also binds signalling molecules of the 

Wnt family, which display increased activity in aged muscle 215. These age-associated increases in 

Wnt signalling have been connected to an activation of β-catenin mediated canonical signaling in 

myoblasts that trigger an increased conversion into fibroblasts. Fibroblasts are able so secrete 

copious amounts of certain ECM components and further exacerbate fibrosis of old muscles. Since 

MuSCs seeded on decellularized ECM derived from old muscles express fibrogenic markers and 

are less myogenic than cells seeded on ECM from young muscle, the altered aged structural 

environment appears to also directly contribute to fibrogenic conversion 216. FAPs are another 

fibrogenic cell type closely related to fibroblasts that is resident in skeletal muscles and that appears 

to contribute to tissue fibrosis. Recent work has revealed that limiting the proliferation of FAPs 

through facilitating the expression of a truncated intronic variant of PDGFRα that acts as a decoy 

that limits PDGF signalling, can reduce fibrosis in aged muscles 217. In contrast to the age-associated 

increase in collagen-rich ECM in homeostatic muscles, the transient regenerative matrix that 

instructs MuSCs following injury is reduced in aged muscles 29. For instance, reduced upregulation 

of fibronectin leads to insufficient activation of integrin receptors, reduced sensitivity to FGF2 

signaling and to increased anchorage dependent cell death of MuSCs 29, 30. Reactivation of integrin 
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or restoration of youthful levels fibronectin in old regenerating muscles rescues MuSC function and 

improves the regenerative potential of aged muscles.  

Next to changes that manifest at the level of the ECM, aged skeletal muscle tissue is also 

characterized by altered microvascular structure and function, mild chronic inflammation and 

increased production of reactive oxygen species 218, 219. These phenomena appear to be closely 

interconnected. For instance, higher numbers of immune cells in the aged niche increase reactive 

oxygen species levels, which in turn might affect nitric oxide signaling and thereby lead to altered 

vascular function 218, 220. The chronic inflammatory state that characterizes aged muscle is also 

present in other tissues and has been termed as "inflammaging" 221. In skeletal muscle this 

phenomenon is associated with altered levels of several cytokines 222-226. TNFα appears to decrease 

myoblast differentiation in aged muscles and thereby impairs regeneration. IL-6, which is similarly 

increased with aging, might also perturb MuSC function 200, 227. Jack/STAT signalling, which is 

downstream of IL-6, is increased in aged MuSCs, and its inhibition restores self-renewal and 

myogenic potential 199, 200. Yet another inflammation-related factor that increases with aging and 

might directly affect MuSC function is osteopontin secreted by aged CD11+ macrophages. 

Neutralization of osteopontin promotes MuSC differentiation and improves the regenerative capacity 

of old muscles 228.  

In conclusion, extensive evidence supports the notion that the MuSC niche is significantly altered 

with aging and that such changes inevitably affect the maintenance and regenerative capacity of 

skeletal muscle tissue. The development of interventions that holistically stall the aging process or 

even rejuvenate muscle, will be facilitated by the identification of the physiological upstream triggers 

leading to the deterioration of the stem cell niche with old age.  
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Figure 3. Intrinsic and extrinsic regulators influence age-related changes in MuSC function. 

MuSCs are transiently activated in young muscles by stimulating regulatory pathways (e.g., Delta–

Notch) through released inflammatory cytokines and diverse growth factor signaling leaded by 

immune cells, fibroblasts and fibro/adipogenic progenitors (FAPs) 13, 229. However, self-renewal 

signals (e.g., Delta 230) in aged muscles are dramatically diminishing and concurrently inflammatory 

and fibrogenic signals are amplifying, causing in aberrant stem cell activation and subsequently loss 

of quiescence in MuSCs 231-235. In the schematic illustration, the thickness of the arrow shows the 

strength of activation of the different pathway in young and aged MuSCs. Reprinted with permission 

from [179] © Springer Nature (2015) (Appendix 3.).   
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6. The Pathologic Muscle Stem Cell Niche  

 

Several diseases, including primary myopathies, neuromuscular, metabolic and inflammatory 

disorders, are associated with changes in the MuSC niche. The best studied group of primary 

myopathies in the context of pathologic changes in the MuSC niche, are the muscular dystrophies. 

In the majority of muscular dystrophies described so far, muscle fibers are structurally more fragile 

and tend to rupture under the mechanical stress of contraction 236. This causes protein leakage which 

attracts inflammatory cells such as neutrophils, macrophages, natural killer cells and lymphocytes 

237. The presence of several foci of injury in dystrophic muscle, which develop asynchronously and 

continuously, trigger an inflammatory response that is different from the one caused by acute trauma-

induced injury 238. In muscular dystrophy, inflammation becomes chronic and the continuous 

presence of inflammatory cells dramatically alters the MuSC niche through thickening and stiffening 

of the extracellular matrix and the accumulation of ectopic adipose tissue 17. In the long run, these 

sustained changes in the extracellular milieu impair MuSC function up to the point where they can 

no longer compensate for the dystrophic muscle fiber degeneration. This state of regenerative failure 

leads to a deterioration of the tissue and progressively impairs muscle functionality. 

Early studies using traditional biochemical and histological approaches to characterize the 

extracellular environment, have identified an accumulation of collagen type I, III, IV and V in human 

dystrophic muscles 239, 240. In-vitro studies carried out with isolated myogenic cells obtained from 

dystrophic patients suggested that the increase in collagen deposition in these conditions was due 

to augmented cell autonomous secretion 241. However, this simplified view has been revised and it 

is now clear that dystrophic muscle fibrosis is the result of highly complex processes involving 

several cell types that act in concert with myogenic cells, namely FAPs, macrophages, pericytes and 

other cells of mesenchymal or hematopoietic origin 17. 

Next to collagens, various heparan sulfate proteoglycans are increased in the ECM in dystrophic 

muscle compared to healthy muscle 242, 243. These molecules include perlecan, syndecan 3 and 

glypican 1 in muscle of Duchenne muscular dystrophy patients and decorin in a mouse model of this 

disease. Moreover, the expression and levels of ECM modifiers, such as MMPs and their 

endogenous inhibitors, the tissue inhibitors of metalloproteinases (TIMPs), are also affected in 

muscular dystrophy 128, 244-246. These observations suggest that not only the abundance of ECM 

molecules, but also their structural arrangement becomes altered as a consequence of the disease. 

In addition to MMPs and TIMPs, several serine proteases and their endogenous serine protease 

inhibitors (Serpins) are differentially regulated in muscular dystrophy. These include members of the 

coagulation cascade, such as the PAI-1/uPA system and those produced by neutrophils, such as 

neutrophil elastase and its inhibitor serpinb1a and the latent TGFβ-binding protein 4 247-250. The 
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imbalance described for several proteolytic systems in the dystrophic MuSC niche can affect MuSCs 

in diverse ways. Firstly, it affects the structure of the ECM and therefore adhesion signaling, which 

is critical for MuSC function 29, 30. Secondly, it affects the bioavailability and activation status of growth 

factors, cytokines and other signaling molecules such as TGFβ, CTGF, IL-1, IL-6 and Ang2 that can 

simultaneously promote fibrosis and inhibit myogenesis 17, 251-255. Thirdly, it might affect MuSCs 

directly through protease-activated receptor (PAR) 1 and 2 256, 257. 

Matricellular proteins are ECM bound non-structural proteins that interact with various integrins, 

growth factor receptors and growth factors to modulate their function and activity 258. Proteomics-

based profiling of dystrophic muscle has revealed an upregulation of several matricellular proteins 

such as dermatopontin, decorin, asporin, prolargin, periostin, lumican and fibrinogen, while levels of 

nidogen and fibrillin were found to be decreased 248, 259-261. The TGFβ inducible protein periostin that 

can bind to collagen, fibronectin, tenascin-C, bone morphogenetic protein (BMP) 1, and notch 1, was 

found to play a critical role in the pathogenesis of muscular dystrophy 262. Genetic deletion of periostin 

in δ-sarcoglycan null mice, which display a severe form of muscular dystrophy phenotypically similar 

to Duchenne muscular dystrophy, promotes regeneration and reduces fibrogenesis through 

inhibition of TGFβ signaling. Likewise, decorin that is upregulated in dystrophic muscles, modulates 

members of the TGFβ superfamily, especially TGFβ1, TGFβ2, myostatin, BMP2 and connective 

tissue growth factor signaling, and may thereby contribute to MuSC deregulation 263-268. Lastly, the 

chronic matricellular deposition of fibrinogen in dystrophic muscles favors inflammation through 

sustained leukocyte activation 269. Inhibition of fibrinogen binding to the αMβ2 integrin receptor limits 

macrophage activation and ameliorates disease progression in a mouse model of Duchenne 

muscular dystrophy. 

As a consequence of chronic inflammation and the infiltration of CD4+ and CD8+ T cells, 

macrophages, eosinophils and natural killer T cells, the MuSC niche in dystrophic muscle is highly 

enriched in signaling molecules such as prostaglandins, cytokines, and chemokines 270. These 

molecules can influence the proliferation, differentiation, migration, fusion and survival of myoblasts, 

and their pathologic deregulation will ultimately affect normal MuSC function and thereby contribute 

to regenerative failure of dystrophic muscle 104. Increased prostaglandin levels have been described 

in muscles of mice and humans with muscular dystrophy 271-273. Similarly, several cytokines and 

chemokines, including TNFα, IL-1β, IL-4, IL-6 and IFNγ, are present in higher levels in dystrophic 

muscles 274-278. Pharmacologic normalization of IKK/NF-κB mediated cytokine signaling, 

neutralization of TNFα or genetic ablation of IFNγ, all decrease inflammation and promote 

regeneration in mouse models of muscular dystrophy 279-281. Supporting the assumption that these 

molecules are largely derived from immune cells, experimental depletion of either myeloid or 

lymphocyte populations greatly reduces dystrophic pathology 282-284. Moreover, immunosuppressive 
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therapy with glucocorticoids, can improve muscle strength in patients and in animal models of 

muscular dystrophy 285-287. 

Diseases other than muscular dystrophy can affect the niche and thereby the regenerative capacity 

of MuSCs. Diabetes mellitus (DM) is defined as a group of metabolic disorders characterized by 

hyperglycemia due to lack of insulin production or function. As the largest site for glucose uptake in 

the body and a main regulator of glycemia, skeletal muscle contributes significantly to the 

pathogenesis of DM. Although much is known about DM-associated changes in skeletal muscle 

composition and health, it remains subject to ongoing research how the diabetic environment affects 

MuSCs 288. Correlating with the general impairment in wound healing capacity in diabetic individuals, 

it has been shown that muscle regeneration is affected in type 1 and 2 DM 289-295. Hyperglycemia 

has been shown to increase free radical species and reducing antioxidant levels in diabetic rats 293, 

296. This phenomenon may involve nitric oxide synthase in endothelial cells that produces more 

reactive oxygen and nitrogen species when exposed to increased glucose levels 297. Administration 

of antioxidative compounds in these animals counteracts muscle fiber proteolysis and improves 

markers of muscle regeneration 293, 296. Muscles in obese or diabetic mice and humans also present 

an increased infiltration of M1 macrophages leading to fibrotic deposition of collagen and abnormal 

levels of TGFβ, interleukins and TNFα, which may collectively impair normal MuSC function 298-301. 

Lastly, the accumulation of proteins or lipids that become glycated as a result of continuous exposure 

to sugars, exert negative effects on both human and mouse myoblasts 302. 

Cachexia is a dramatic loss of skeletal muscle mass that can occur as a consequence of several 

conditions, including cancer, acquired immunodeficiency syndrome (AIDS), chronic obstructive 

pulmonary disease (COPD), and heart failure  303. It is plausible that such dramatic and rapid loss of 

muscle mass also alters the MuSC niche and affects MuSC function. Indeed, the onset of muscle 

atrophy usually triggers MuSC activation, while later stages appear to be characterized by reduced 

MuSC numbers 304-307. In contrast to dystrophic or diabetic skeletal muscles, muscles from cachectic 

patients or tumor-bearing mice show no signs of infiltrating immune cells, but exhibit abnormalities 

in the structure of the basal lamina and the muscle fiber membrane 308, 309. This altered niche, in 

combination with changes in circulating serum factors, leads to hyperactivation of both MuSCs and 

other muscle resident cell populations such as PICs and pericytes. Interestingly, under these 

conditions MuSCs display sustained expression of the self-renewal factor Pax7 leading to a 

suppression of the differentiation program and compromised muscle repair. Other adaptations in the 

cachectic muscles include altered levels of (I) TNFα, which was originally called “cachectin” because 

of its strong association with cachexia, (II) angiotensin 2, (III) myostatin, (IV) oxidative stress, and 

(V) corticosteroids 310-316. 
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Taken together, changes in structural and soluble signals in the MuSC niche contribute to the 

pathology of several types of muscle disease. Altered dynamics of inflammatory cells appear to be 

an important upstream trigger involved in most of these adaptations. Thus, further investigation of 

the intricate interplay of immune cells, MuSCs and other supportive niche cells, will provide us with 

a much-needed improved understanding of the pathological adaptations in diseased muscle, and 

will help to device novel therapeutic strategies to maintain, normalize, or restore the endogenous 

repair potential of MuSCs.   
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7. Targeting the Niche for Therapy  

 

Several strategies that promote youthful MuSC function and that maintain the regenerative capacity 

of skeletal muscle into old age, have been trialed both in humans and animal models. Arguably the 

most successful anti-aging intervention amongst those tested so far, is a moderate but constant level 

of exercise, which supports MuSCs through a spectrum of adaptations in the niche. Exercise has 

been shown to promote vascular function and angiogenesis, which are systemically compromised 

in aging, leaving the MuSC niche depleted of nutrients, oxygen and endothelial cell-mediated support 

317-319. An important mechanism by which physical activity exerts positive effects on the vasculature 

appears to involve the release of nitric oxide, a regulator of vessel cell proliferation, vascular tone 

and leukocyte–endothelial cell adhesion 320-323. Exercise also promotes the release of pro-angiogenic 

factors such as VEGF that are known to modulate MuSC function directly 39, 324. Chronic inflammation 

and oxidative stress have emerged as additional age-associated processes that can be influenced 

through exercise. Physical activity has been shown to correlate with reduced levels of pro-

inflammatory markers in elderly individuals and stabilizes the muscle redox system 325-327. The 

positive effects of exercise on the MuSC niche are not limited to better vascular health, reduced 

inflammation and oxidative stress, but appear to also involve ECM remodeling. Although the 

response to exercise is globally blunted in older individuals, it still leads to rapid expression of ECM 

proteins and certain matrix remodeling enzymes, especially various collagens, MMP2 and MMP9 328-

332. Niche elasticity critically influences MuSC function and aging is generally associated with stiffer 

muscles 136, 333, 334. Notably, muscles of aged trained individuals are characterized by reduced 

collagen cross-linking and therefore display an improved elasticity that may promote MuSC function 

335. Taken together, a moderate but constant training regime is associated with the reversal of a wide 

spectrum of age-associated changes in the MuSC niche. An important additional benefit of physical 

activity is that it will contribute to reducing adipose mass and counteract the development or 

progression of age-related diabetes, which can also affect MuSC function. 

As outlined above, the excessive fibrotic deposition of certain ECM molecules that characterizes 

aging and degenerative muscle diseases, can impair MuSC function through a broad spectrum of 

mechanisms. Moreover, secreted pro-fibrotic signaling factors often also inhibit MuSCs directly. The 

TGFβ pathway represents an obvious target for the therapeutic reduction pro-fibrotic signaling in the 

pathologic niche. Inhibition of TGFβ using neutralizing antibodies or pharmacologic inhibition of its 

downstream effectors reduces fibrosis and improves MuSC function 336-340. The peptide hormone 

angiotensin 2 promotes TGFβ signaling at several levels in the TGFβ signaling pathway 341. Losartan 

is an angiotensin 2 receptor antagonist drug approved for the treatment of high blood pressure, 

which has been shown to reduce skeletal muscle fibrosis in mouse models of both Duchenne and 



 

*Curr Top Dev Biol. 126, 2018. Reprinted with permission from © Elsevier.  

 Chapter 1 

38 

congenital muscular dystrophy 342-346. Similarly, the angiotensin-converting enzyme inhibitor 

Lisinopril has been shown to efficiently reduce fibrosis in dystrophic muscle 347. 

Chronic inflammation is a major contributor to pathologic changes in the MuSC niche in aging and 

muscle disease, and can both promote fibrosis and inhibit myogenesis. Anti-inflammatory treatment 

with glucocorticoids represents the current standard of care for Duchenne muscular dystrophy. 

Muscles of prednisone-treated Duchenne muscular dystrophy patients become stronger and contain 

lower numbers of mononuclear inflammatory cells 286, 287. Unfortunately, anti-inflammatory 

treatments can only delay loss of ambulation by a few years and side effects, such as weight gain 

and reduced bone mineral density, are often quite significant 348. In support of the idea that reducing 

inflammation ameliorates pathology in muscular dystrophy by rendering the niche more permissive 

to MuSC function, the glucocorticoid Deflazacort increases muscle strength and stimulates myogenic 

differentiation in dystrophic mice 349. Other anti-inflammatory strategies under investigation for the 

treatment of muscle diseases involve biologics targeting cytokines, chemokines or other pro-

inflammatory signaling. Examples include biologics with anti-TNFα activity, which have proven to 

ameliorate fibrosis, but may negatively impact cardiac function 350, 351.  A more direct way to reduce 

chronic inflammation and to reduce peripheral side effects, is to directly target specific pro-

inflammatory cell types. For instance, neutrophil depletion via a cytotoxic anti-mouse granulocyte 

antibody has been shown to reduce muscle necrosis in dystrophic mice 351.  

Deregulation of redox control is another hallmark of several muscle disorders and muscle aging. A 

number of natural and synthetic antioxidant compounds have been trialed for improving muscle 

health and regeneration. In the context of aging, the green tea component epigallocatechin gallate, 

vitamin C, vitamin E, beta-carotene, retinol and melatonin have described to be beneficial 352-354. 

Epigallocatechin gallate, vitamin C and melatonin have also been demonstrated to improve 

pathologic features in mouse models of Duchenne muscular dystrophy, while several antioxidative 

vitamins, zinc, and selenium supplementation have shown efficacy in patients with 

facioscapulohumeral muscular dystrophy 355-359. Mitochondrial dysfunction appears to be a critical 

downstream effect of oxidative stress in muscle pathology 360. Importantly, damaged mitochondria 

themselves contribute to the overproduction of reactive oxygen and nitrogen species and thereby 

exacerbate oxidative damage. Idebenone is a synthetic analogue of coenzyme Q10 and as such 

has a protective effect on mitochondria. Clinical trials on patients affected by Duchenne muscular 

dystrophy have shown efficacy of Idebenone based on respiratory function outcomes 361.  

In conclusion, aging and degenerative muscle diseases are highly complex processes leading to 

multifactorial defects in the MuSC niche. Tackling specific aspects of the pathology has proven to 

ameliorate MuSC dysfunction and future integrative strategies combining treatments that keep 

immune cells, fibrosis and oxidative stress in check hold great promise. Moreover, the raise of 
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exercise mimetics may open entirely new avenues for the reversal or prevention of pathologic 

changes in the MuSC niche 362. 

 

8. Concluding Remarks 

 

Experimental models allowing to genetically tag, modify or ablate cellular components of the MuSC 

niche have provided important insights into the enormous complexity and interconnectivity of niche 

elements, as well as their susceptibility to signals arising on the tissue or systemic level. With the 

emergence of transformative new technologies such as mass cytometry, single cell sequencing and 

super resolution imaging, the field is poised to leap forward towards a comprehensive road map of 

the niche regulation of MuSCs in quiescence and during regenerative myogenesis. In the long run, 

these advancements will provide us with the toolkit and the molecular targets to develop strategies 

to efficiently boost stem cell function and thereby promote the endogenous regenerative capacity of 

healthy and diseased muscle. The clinical development of personalized therapies is very slow and 

faces significant challenges, in particular in the case of rare muscle diseases 363-365. Thus, therapeutic 

approaches such as the stimulation of endogenous repair, which may be applicable over a spectrum 

of muscle diseases and conditions, represent an important complementary path. 
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2. Background of My Main Project  

The genetics and the pathophysiology of muscle wasting are poorly understood and there is a crucial 

need for effective treatments to counteract these conditions 366, 367. Several studies have 

demonstrated the potential of induced pluripotent stem cells (iPSCs) derived myogenic progenitors 

for the treatment of muscular dystrophy 368-370. In section 2.3 we will review that iPSCs were 

successfully used to produce multinucleated muscle fibers with organized myofibrils to model the 

development of the muscle lineage in-vitro 369, 370. These iPSC derived cells are able to reconstitute 

muscle fibers when grafted into the muscle of dystrophic mdx mice. However, up to date it has not 

been explored whether it is possible to differentiate iPSCs towards the muscle lineage and stop 

differentiation at an early stem-cell stage when the cells are not yet committed to fuse into fibers. 

The availability of such an “uncommitted” cell-type would tremendously advance the options for cell 

therapy of muscular dystrophy since it would allow for sustained engraftment into the stem cell 

compartment and life-long genetic correction. However, muscle progenitors are highly dependent on 

their environment and such a derivation protocol for uncommitted muscle stem cells (MuSCs) would 

have to take the native environment of the stem cells, the so called “stem cell niche”, into account. 

 

2.1. The Muscle Stem Cell Niche 

In chapter 1, we discussed the remarkable capacity of MuSCs to self-renew and their role in skeletal 

muscle growth and repair. In response to damage of muscle tissue, MuSCs become activated, 

proliferate and a fraction of cells become committed and fuse to repair myofibers. Once tissue repair 

is complete, the MuSC pool will return to quiescence. Their self-renewal capacity enables MuSCs to 

maintain the pool of uncommitted cells during muscle repair, while supplying progeny for 

differentiation. Behavior and fate of tissue-specific stem cells are strongly influenced by structural 

and biochemical cues emanating from their surrounding microenvironment 371. MuSCs also reside 

in a highly specialized environment, which consists of the extracellular matrix (ECM) 372, different 

types of surrounding cells 373, vascular and neural networks 374, and numerous diffusible molecules 

(e.g., Wnt, IGF, and FGF) 375. The dynamic interactions between MuSCs and their niche specifically 

regulate quiescence, self-renewal, proliferation, and differentiation.  

A number of cell types, such as immune cells, endothelial and vessel associated cells, and 

fibroblasts, are particularly critical mediators of MuSC regulatory niche-signals. For instance, it has 

been shown that periendothelial cells such as smooth muscle cells and endomysial fibroblasts 

promote a subset of MuSCs to return to the quiescent state 376. It was also demonstrated that 

endothelial cells promote myoblast proliferation in co-culture systems by secreting a large panel of 

growth factors (e.g., IGF-I, FGF and VEGF) 376. Moreover, ablation of fibroblasts in muscle 
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connective tissue altered the regenerative dynamics of MuSCs, leading to premature differentiation 

and consequently depletion of the stem cell pool 377.  

 

2.2. Myoblasts & Cell Therapy 

The first evidence of utilizing “exogenous-myoblasts” in cell therapy was reported by the laboratory 

of T.A. Partridge in 1989 378 in innately dystrophin-deficient mdx muscle fibres. The authors 

successfully reported to induce the conversion of dystrophic-mdx myofibers from negative to 

dystrophic-positive by intramuscular injection of normal muscle precursor cells 378. During the 

following years, myoblast transplantation was successfully achieved into nonhuman-primates which 

led to optimization of conditions for further clinical applications in humans 379, 380. These studies 

represent a critical step towards a better designing of myoblast transplantation strategies in humans, 

such as types and dosages of immunosuppression 379-381. Numerous clinical trials in the 1990s tested 

myoblast transplantation in dystrophic patients 382. While their results have been announced to the 

community very positively in the beginning, deep analysis of patient biopsies revealed the existence 

of dystrophin-positive fibers that were spontaneously “revertant fibers” 383.    

All subsequent clinical trials using MuSC derived cells that were amplified in-vitro, so called 

myoblasts, had poor success due to inefficient engraftment 384-386. As a consequence of their 

adaptation to the niche of muscle tissue, MuSCs degenerate into committed myoblasts if they are 

expanded for multiple passages in conventional 2D culture. Myoblasts can proliferate extensively in-

vitro, but cannot self-renew and are predetermined to differentiate. Consequently, when myoblasts 

are transplanted the cells are not able to engraft as stem cells and most of them will differentiate and 

fuse into muscle fibers. In dystrophic tissue that is highly proinflammatory and has a relatively high  

cellular turnover, these donor derived fibers are then quickly eliminated and the therapeutic effect is 

lost 385.  

Previous works have conclusively revealed loss of MuSC-stemness when grown in-2D based-

condition 136, 229, 369. For instance, niche elasticity significantly influences MuSCs function and their 

stemness 136. Thus, common in-vitro culture leads to a degeneration of MuSCs because it does not 

take the niche into account. It is critical to consider this problem when developing protocols for the 

derivation of muscle progenitors from iPSCs because all current protocols are based on 2D-culture. 

 

2.3. Current Protocols for the Derivation of Myogenic Cells from iPSCs or ES Cells 

Pluripotent stem cells (PSCs) exhibit unlimited proliferative potential and possess a strong 

regenerative potential while maintaining the ability to differentiate into any cell type including skeletal 
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muscle cells 387, 388 (Figure 4). PSCs such as human embryonic stem cells (ESCs) and iPSCs hold 

great promise as a source of cell replacement therapy for muscular dystrophy. Apart from 

approaches overexpressing Pax3 or Pax7 389, 390 in iPSCs and ESCs for myogenic induction, a 

number of different protocols have been developed over the past years in order to obtain myogenic 

cells from PSCs without transgenes. Xu et al showed that muscle differentiation in iPSCs could be 

induced by a simple cocktail of defined chemicals including bFGF, forskolin, and the GSK3β inhibitor 

BIO 391.  

Borchin and colleagues developed a transgene-free protocol for stringent FACS-based purification 

of IPSC derived PAX3+/PAX7+ muscle precursors that are demonstrated to differentiate in postsort 

cultures into the mature myocytes 392. An alternative protocol for the hESCs was introduced by 

Shelton and colleagues with 90% of skeletal myogenic cells using the GSK3 inhibitor CHIR99021 

followed by FGF2. They showed that 47% of treated cells were myosin heavy chain (MYH) positive 

myocytes/myotubes surrounded by a 43% population of PAX7+ myogenic progenitor cells by 7 

weeks 393. A more recent study reports that after the presomitic mesoderm (PSM) induction by WNT 

activation, BMP inhibitor was subsequently added and then several growth factors, including FGF2, 

IGF and HGF, were utilized to induce the final maturation of muscle fibers without the introduction of 

transgenes or cell sorting 369. 

The fact that the respective derivation protocols make use of 2D-culture systems, without paracrine 

and mechanical signals from the niche, likely leads to commitment and degeneration of PSC derived 

MuSC and significantly impairs their therapeutic value. In addition, due to their length (>5 weeks) 

and varied efficiency these protocols remain challenging. In addition, present biochemical 

differentiation protocols do not take into consideration that in the developing embryo, myogenic fate 

decisions are not solely controlled by the activation of a few pathways but are directed by a plethora 

of microenvironmental interactions in a three-dimensional niche, including locally deposited 

extracellular matrices, heterogeneous cell-cell contacts, and paracrine growth factors. Interestingly, 

a recent study has been shown that multilineage hPSC-derived artificial skeletal muscle containing 

vascular endothelial cells, pericytes, and motor neurons could provide deeper insights into human 

muscle regeneration dynamics 394.  

Thus, we hypothesized that mimicking this developmental complexity could increase the efficiency 

of hiPSC to muscle progenitors (MP) differentiation and maintain myogenic progenitors in a more 

favorable state of stemness for cell therapy. In this context, we developed a novel derivation system 

for MuSCs from iPSCs that allows arresting myogenic lineage determination at an uncommitted state 

by mimicking critical niche signals. We then systematically compared our derivation system to 

current protocols in-vitro and, to primary myoblasts by assessing the engraftment efficiency into the 

muscle stem cell compartment in-vivo (Chapter 3).  
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Figure 4. Different source of stem cells and their applications. Tissue-specific endogenous stem 

cells (adult) are capable of both self-renewal and tissue-restoration in certain tissues (e.g., epidermis, 

skeletal muscle and blood). Pluripotent stem cells (PSCs) comprising embryonic stem cells (ESCs) 

which are derived from undifferentiated inner mass cells of blastocyst-stage embryos and human 

induced pluripotent stem cells (iPSCs) that are generated from adult somatic cells (e.g., blood, skin, 

or urine) through the overexpression of four transcription factors (OSKM) (Oct4, Sox2, klf4 and c-

Myc) 395 in-vitro. Patient-specific human iPSCs offer a unique opportunity to model human disease 

in-vitro, screen for drugs and eventually utilizing in clinical-settings. They can be extensively 

propagated in culture and are able to differentiate toward diverse cell states, such as skeletal 

muscles and neurons. Reproduced with permission from [387], © Copyright Massachusetts Medical 

Society (2019) (Appendix 4.). 
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2.4. Background of the Project 2 & 3  

Age-related changes within the stem cell niche contribute directly to the decline the stem cell 

quiescence and function 235, 396, 397. Deterioration in the ability of niche-resident stem cells in individual 

tissues have been proposed to play a role in the observed impairment in tissue homeostasis, repair, 

and regeneration with “age” 235. 

To decipher the procedures that contribute to the decline of the function of the niche with age, it 

would be required to systematically recognize the diverse factors that directly/indirectly influence 

stem cell activity. Most importantly, niche-resident cells have to be investigated with the 

understanding that stem cell identity is governed by “combinatorial” factors involving cell‐extrinsic 

and cell‐intrinsic mechanisms in the niche.  

A better understanding of the age‐related changes in components of the microenvironment and their 

influence on stem cell fate decisions will facilitate the development of novel therapeutic interventions 

in order to improve the MuSC activity and skeletal muscle plasticity in aged individuals. 

 

2.5. A “Niche-Mimetic” Approach for Systemic Profiling of Aging  

In our second study, introduced as chapter 4 in the thesis, we developed a novel method to 

encapsulate human stem cells in highly diffusible polyethersulfone hollow fiber capsules in mice to 

study systemic-effects on MuSCs and myogenesis independent of local signals from niche. These 

engineered-fibers can be implanted subcutaneously into mice with different genotype or pathology, 

and become vascularized over a time-course of ten days. Using aging as a proof of principle, we 

were able to identify highly specific transcriptional signature induced by systemic aging that covers 

a wide range of novel age affected factors, as well as pathways previously characterized to be 

deregulated during aging including Akt/mTOR and cytokine signaling.  

This protocol represents an incremental step forward in the field of experimental research into 

systemic metabolism and the aging process. For the first time, we are able to read out isolated 

systemic molecular signatures in human cell types of choice. Importantly, the implications of our 

novel protocol are not limited to preparations of single cell-types. Consequently, human iPSC derived 

miniature organs and also myogenic progenitors from chapter 3 could strongly synergize with this 

method. Future studies employing encapsulated human iPSC derived human tissues will allow to 

study the systemic circulation in health, disease and aging at an unprecedented level. In addition, 

our method is (I) feasible to implement in a standard molecular biology laboratory that has a 3D 

printer at its disposal, (II) can partially replace complicated and ethically challenging parabiosis 

experiments, and (III) is not limited by species barriers. 
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 2.6. “Supporting Cells” Ameliorate the Regenerative Niche for Muscle Repair 

Lastly, as we discussed in the previous chapters, during adult myogenesis, MuSC function is under 

the control of a wide range of paracrine signals originating from different cell types in the stem cell 

niche. In the last study (chapter 5), we demonstrated that aged mesenchymal fibro/adipogenic 

progenitors (FAPs) fail to support MuSCs due to reduced secretion of the matricellular protein WNT 

Inducible Signaling Pathway Protein 1 (WISP1). Our study showed that loss of WISP1 from FAPs 

contributes to MuSC dysfunction in aged skeletal muscles and demonstrate that this mechanism can 

be efficiently targeted to rejuvenate regenerative myogenesis.   

In conclusion, the chapters presented in this thesis provide new innovative tools and models 

to study human muscle stem cells, increase our understanding of the muscle stem cell niche 

and provide an important step-forward in the field of regenerative medicine by creating new 

opportunities for cell therapy of muscle dystrophy and the treatment of age-associated stem 

cell dysfunction.
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Background & Rationale: 

 

One of the most fundamental problems associated with stem cell therapy of skeletal muscle is the 

limited availably of progenitor cells (uncommitted cells) that can robustly engraft into the stem cell 

compartment. It has extensively been attempted to isolate adult MuSCs and expand them in 2D-

culture to obtain sufficient cell numbers for such treatments. The challenge associated with this 

approach is that, once isolated from their native-niche and maintained in conventional culture, 

MuSCs become terminally committed to myogenic differentiation and show a dramatically reduced 

engraftment potential in-vivo. 

In this chapter, we presented a novel 3D-method or the derivation of uncommitted MuSCs from 

human iPSCs. In contrast to all other current 2D-based protocols for the generation of myogenic 

cells from pluripotent cells, we have focused on conditions that allow for the generation of 

uncommitted population that maintain the expression of stem cell markers (stemness) but remain 

negative for commitment factors. We aimed to mimic the niche-microenvironment by using 

bioengineering approaches for 3D-nurturing the muscle progenitors, as stem cell fate decisions in 

the embryo are controlled by a plethora of microenvironmental interactions in a three-dimensional 

niche398. To investigate whether recreating aspects of this microenvironmental complexity improves 

the efficiency of myogenic human iPSC differentiation, we screened cell types present in the 

developmental or adult stem cell niche in heterotypic “embryoids”.   

Briefly, we identify embryonic fibroblasts combined with endothelial cells as the most permissive 

microenvironmental components for mesoderm induction and myogenic specification of hiPSCs.  

Embryoid derived progenitors display markedly enhanced engraftment into the satellite cell position, 

and restoration of dystrophin expression when transplanted into muscles of a mouse model of 

Duchenne muscular dystrophy.  

Altogether, by combining niche-engineering and biochemical pathway targeting, we establish a 

powerful method for 3D-myogenic hiPSC differentiation with unique disease modeling and cell 

therapy applications.   
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Main  

Myogenic progenitors (MPs) are promising candidates for cell-therapy of skeletal muscle diseases399, 

400. Human pluripotent stem cells (hPSCs) represent an abundant source for the generation of 

therapeutic MPs401-404. Myogenic hPSC differentiation can be induced by ectopic expression of 

transcription factors401, 403, 405-407, or using small molecules and growth factors that modulate 

pathways involved in mesoderm specification and commitment to the skeletal muscle lineage404, 408-

412. Protocols for myogenic hPSC differentiation are commonly adapted to two-dimensional culture 

environments. In contrast, myogenic fate decisions in the embryo are controlled by complex 

microenvironmental interactions mediated by diverse cell types that deposit extracellular matrices, 

present heterogeneous cell-cell contacts, and secrete paracrine growth factors398. Collectively these 

niche-elements modulate batteries of intertwined pathways specific to each developmental stage. 

We hypothesized that recreating aspects of this microenvironmental complexity could improve the 

efficiency of myogenic hPSC specification and preserve embryonic stem cell characteristics that are 

favorable for cell-therapy outcomes. 

To identify cell types with permissive effects on mesoderm induction and commitment to the 

myogenic lineage we screened embryonic fibroblasts, mesenchymal stem cells, endothelial cells, as 

well as adult smooth muscle cells, myoblasts and fibroblasts in combination with human induced 

pluripotent stem cell (hiPSCs) in suspension embryoids413 (Fig. 1a and Supplementary Fig. 1a). 

As a readout for this assay we quantified the expression of the conserved myogenic marker Pax714, 

414. Embryonic or adult fibroblasts and embryonic mesenchymal stem cells did not increase Pax7 

expression at 7, 13 or 21 days after embryoid formation with hiPSCs in any of the tested ratios, while 

adult smooth muscle cells had minor effects at day 7 (Supplementary Fig.  1b-e). Interestingly, 

irradiated growth arrested embryonic fibroblasts (GAeFib), embryonic endothelial cells (eEC) and 

adult myoblasts (aMyo) in combination with hiPSCs lead to a 4- to 8-fold induction of Pax7 at day 7 

and 13 (Fig. 1b,c and Supplementary Fig. 1f,g). To test for additive or synergistic effects we 

generated four-component embryoids of GAeFib, eEC, aMyo and hiPSCs.  

However, we did not observe a significant increase in Pax7 expression compared to two-component 

embryoids containing hiPSCs with GAeFib, eEC or aMyo (Supplementary Fig. 1h). To reduce the 

probability of cross-inhibition by one of the cell types, we subsequently tested three-component 

embryoid conditions. No additive effects were observed for eEC and aMyo when combined with 

hiPSCs (Supplementary Fig. 1i). In contrast, the combination of GAeFib and aMyo in a 1:1:2 ratio 

with hiPSCs led to a more than 10-fold induction of Pax7 expression at day 7 and 13 

(Supplementary Fig. 1j). Furthermore, GAeFib in combination with eEC and hiPSCs at a 1:1:2 ratio 

induced Pax7 expression at day 13 more than 30-fold (Fig. 1d). Thus, three-component embryoids 

(TCEs) of GAeFib, eEC and hiPSCs are most permissive for Pax7 induction. 
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Most established protocols for the derivation of MPs from hPSCs are performed in 2D culture and 

rely on activation of the Wnt-pathway through glycogen synthase kinase-3 (GSK3) inhibitors in the 

early stages of differentiation and subsequently switch to basic fibroblast growth factor (bFGF) 

stimulation404, 408-412. Suggesting increased differentiation at the expense of proliferation, Wnt 

pathway activation using CHIR99021 from day 1-7 of aggregation and bFGF stimulation from day 7-

13, reduced TCE growth (Fig. 1e and Supplementary Fig. 1k).  

Notably, expression analysis revealed an almost 2000-fold induction of Pax7 in Wnt/FGF pathway 

induced TCEs (Fig. 1f). At day 7 of this differentiation protocol, TCEs contained abundant epithelial-

like structures with distinct domains of Pax7 positive (Pax7+) cells (Fig. 1g). TCEs also expressed 

high levels of the early mesoderm marker brachyury (T)415, the paraxial mesoderm markers 

mesogenin 1 (Msgn1)416 and T-box 6 (Tbx6)417, and the dermomyotome marker Pax3418 (Fig 1h-k). 

Between day 7 and 13 of the Wnt/FGF protocol, TCEs underwent an epithelial–mesenchymal 

transition-like process and invaginated (Fig. 1l). Pax7+ cells in day 13 TCEs were more evenly 

distributed than at day 7 and preferentially resided in actin-poor regions (Fig. 1m).  

Expression of the myogenic commitment marker Myf5 increased in day 13 TCEs, while MyoD was 

not detectable (Supplementary Fig. 1l,m). Immunostainings revealed that TCEs contain copious 

amounts of the muscle niche extracellular matrix component laminin, while high numbers of Pax3 

and homeobox 1 (Meox1)419 positive cells confirmed mesoderm induction (Fig. 1n,o). In contrast to 

day 13, TCEs at day 7 stained positive for the primitive endoderm marker alpha-fetoprotein420 (AFP) 

in their center while peripheral regions were positive for the mesoderm marker smooth muscle actin 

(SMA)421 (Fig. 1p). A transient endoderm induction in day 7 TCEs was confirmed by Gata4422 

expression (Supplementary Fig. 1n).  

The ectoderm marker fgf5423 and the neural commitment marker Neurog1424 were expressed at low 

levels in TCEs (Supplementary Fig. 1o,p). Immunostainings revealed that the center of TCEs 

contained small amounts of cells positive for the neuronal marker Tuj1425, while no staining was 

observed for the neural progenitor markers nestin426 or Sox2427 (Supplementary Fig. 1q). In 

summary, hiPSC derivation in TCEs in combination with biochemical targeting of the WNT and FGF 

pathways induces efficient mesodermal commitment and leads to the generation of Pax7+ cells. 
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Fig. 1: Three-component embryoids (TCEs) are highly permissive for myogenic specification. 

a, Schematic outlining the different embryonic and adult cell lines that were tested for their effects 

on the induction of the myogenic marker Pax7 in heterotypic human induced pluripotent stem cell 

(hiPSC) suspension embryoids. b,c, mRNA expression of Pax7 in embryoids containing different 

ratios of hiPSCs and growth arrested embryonic fibroblasts (GAeFib) or hiPSCs and embryonic 

endothelial cells (eEC). Mixtures of the respective cell types were analyzed immediately before (D0), 

and 7 and 13 days (D7 and D13) after aggregation. d, Pax7 mRNA expression in embryoids 

containing hiPSCs, GAeFib and eEC (TCEs). e,f, Size and Pax7 mRNA expression in embryoids 

containing only hiPSCs or in TCEs when combined with biochemical activation of the Wnt and FGF 

pathways. g, Representative Pax7 immunostaining of sections of Wnt/FGF induced D7 TCEs. h-k, 

mRNA expression of the mesoderm marker brachyury (T), the paraxial mesoderm markers 

Mesogenin 1 (Msgn1) and T-box 6 (Tbx6), and the dermomyotome marker Pax3 in hiPSCs and 

Wnt/FGF induced TCEs at D7 and D13. l, Representative Pax7 immunostaining of a Wnt/FGF 

induced D13 TCE. m-p, Representative stainings for actin, the extracellular matrix component 

laminin, the endoderm marker alpha-fetoprotein (AFP), and the mesoderm marker smooth muscle 

actin (SMA) in D7 or D13 TCEs stimulated using the Wnt/FGF induction protocol. g,l,m-p Scalebars 

= 25um. b-f,h-k, Data are represented as means ± S.E.M. p-values are *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 using an ANOVA followed by a Bonferroni post hoc test. 
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Enzymatic release of cells from Wnt/FGF stimulated day 13 embryoids and quantification by flow 

cytometry revealed ~50% more Pax7+ cells in TCEs when compared to hiPSCs alone (Fig. 2a and 

Supplementary Fig. 2a). Using hiPSC lines from two additional donors we confirmed a total yield 

of ~40-50% of Pax7+ cells from TCEs (Supplementary Fig. 2b,c). When GAeFib and eEC with 

hiPSCs where not aggregated but plated for 13 days in 2D and treated with the same Wnt/FGF 

scheme as TCEs, only 3.6% of the cells were observed to be Pax7+ positive (Supplementary Fig. 

2d). Moreover, when two established biochemical 2D protocols411, 428 were stopped after two weeks, 

no Pax7+ cells could be detected in the cultures (Supplementary Fig. 2e,f). Thus, the 3D context 

is essential for the improved efficiency of Pax7 induction in TCEs. 

To interrogate the number of cells expressing the myogenic commitment markers Myf5 and MyoD, 

we used RNA fluorescence in situ hybridization (FISH). This revealed expression of Myf5 in around 

16% of cells in TCEs, while MyoD was below 1% (Fig. 2b, Supplementary Fig. 2g). In contrast, 

myogenic progenitors isolated from adult human skeletal muscle (hskMPs) contain between 40 and 

50% of Myf5/MyoD+ cells (Fig. 2c). This suggests that TCE derived Pax7+ cells resemble a largely 

uncommitted embryonic progenitor with a high stemness. To isolate live Pax7+ cells and examine 

their myogenic potential we tested a panel of cell surface markers previously reported to be 

expressed by adult or embryonic MPs by flow cytometry. The adult human MP marker CD56429, as 

well as integrin α9430, when used independently, detected around >85% of the Pax7+ cells 

enzymatically liberated from Wnt/FGF induced day 13 TCEs (Fig. 2d,e). Purity was lower when 

CD271431, CD82432, CD362430 and CD54430 were used (Fig. 2f,i). Pax7+ cells were also negative for 

the adipogenic marker CD34433 and the neural crest marker CD57434 (Fig. 2j,k). Notably, 

combination of CD56 and integrin α9 antibodies allowed for the isolation of a 99% pure population 

of Pax7+ cells (SEM = ± 0.231, n = 5 independent experiments) (Fig. 2l). 

Following sorting of live CD56 and integrin α9 positive cells from Wnt/FGF induced TCEs using this 

strategy, the cells adhered most efficiently on vitronectin coated dishes compared to fibronectin, 

laminin, or gelatine (Fig. 2m). After isolation and 2D culture on vitronectin, most CD56 and integrin 

α9 positive embryonic-like myogenic progenitor cells (eMPs) sorted from Wnt/FGF induced TCEs 

stained positive for Pax7 but remained negative for the commitment marker MyoD (Fig. 2n). In 

growth factor depleted differentiation medium the number of eMPs expressing Pax7 dropped but 

was still higher than in proliferating hskMPs (Fig. 2o,p). While remaining lower than in hskMPs, 

MyoD positive cells became more abundant in eMPs in differentiation media (Fig. 2o,q,r). Under 

prolonged differentiation conditions, eMPs upregulated myosin heavy chain (MyHC) and formed 

multinucleated myotubes (Fig. 2s). With ~30%, the fusion index of eMPs was only slightly lower than 

hskMPs (Fig. 2t). Thus, eMPs are bona fide muscle progenitors capable of terminal differentiation.  
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Fig. 2: Characterization of TCE derived embryonic-like myogenic progenitors (eMPs). a, Flow 

cytometry quantification of the number of Pax7 positive cells in hiPSCs and TCEs at different stages 

of the Wnt/FGF differentiation protocol. b,c, RNA fluorescence in situ hybridization for the myogenic 

commitment markers Myf5 and MyoD in cells derived from D13 TCEs following Wnt/FGF induction 

(b) and primary adult human skeletal muscle myogenic progenitors (hskMPs) (c) by flow cytometry 

and in representative bulk post-sort cytospins. Scalebar = 25um. d-i, Flow cytometry quantification 

for Pax7 and myogenic progenitor surface markers in cells derived from Wnt/FGF induced D13 

TCEs. j,k, Flow cytometry quantification of Pax7, the adipogenic marker CD34 and the neural crest 

marker CD57 in cells derived from Wnt/FGF induced D13 TCEs. l, Flow cytometry quantification of 

Pax7, integrin α9 and CD56 in cells isolated from Wnt/FGF induced D13 TCEs. m, Representative 

bright field images of the adhesion of integrin α9 and CD56 positive flow cytometrically sorted eMPs 

isolated from Wnt/FGF induced D13 TCEs on vitronectin (Vtn), fibronectin (Fn), Laminin (Lmn) and 

gelatine (Gel) in the presence of ROCK inhibitor. Scalebar = 40um. n, Representative 

immunostainings for Pax7 and MyoD in eMPs plated on Vtn and maintained in proliferation media 

(PM) after isolation. o, Representative immunostainings for Pax7 and MyoD in eMPs plated on Vtn 

that were first maintained in PM and then switched to differentiation media (DM). p-r, Quantification 

of the number of Pax7 (p), MyoD (q) and Pax7/MyoD double positive (r) cells in hskMPs and eMPs 

in PM and after switching to DM. s, Representative immunostaining for the muscle fiber marker 

myosin heavy chain (MyHC) of eMPs maintained in DM. t, Quantification of the fusion index of 

hskMPs and eMPs in PM and DM. n,o,s, Left-hand scalebar = 75um, right-hand scalebar = 50um.  

a,p-r,t, Data are represented as means ± S.E.M. p-values are *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 using an ANOVA followed by a Bonferroni post hoc test. 
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To test their ability to engraft in a cell therapy setting we injected freshly sorted eMPs into muscles 

of the mdx mouse model of Duchenne muscular dystrophy435. Compared to hskMPs, eMPs 

generated a larger number of dystrophin positive fibers in the host tissue 10 days after 

transplantation (Fig. 3a, b). Indicating an extensive migratory capacity in the host tissue, dystrophin 

positive fibers were more evenly distributed in the eMP injected muscles when compared to hskMPs 

(Fig. 3a,c).  

Staining for human nuclear Lamin A/C revealed that eMP derived cells frequently remained unfused 

and engrafted into the satellite cell position in the periphery of muscle fibers with restored dystrophin 

expression (Fig. 3d). Engraftment in the satellite cell position was rarely observed for hskMPs 

(Supplementary Fig. 3a). These observations show that eMPs are well-suited for cell therapy of 

recessive genetic muscle diseases and, through their ability to engraft into the host stem cell 

compartment, are likely to have sustained therapeutic effects. 

Altogether, by mimicking the embryonic environment in heterotypic embryoids, we have significantly 

improved the efficiency and duration of established biochemical protocols for myogenic 

differentiation of hiPSCs. Our streamlined method allows for the two-week derivation of pure Pax7+ 

MPs from hiPSCs that have an engraftment potential superior to adult hskMPs. Notably, one of the 

primary reasons for the limited efficacy of hskMP transplantation in human trials is the use of adult 

donor hskMPs after prolonged 2D culture expansion399, 436.  

Adult hskMPs are strongly niche-dependent and ex-vivo proliferation impairs their stem cell character 

and engraftment potential. Given the high number of cells required for cell therapy treatments in 

humans, sufficient freshly isolated adult hskMPs are difficult to source. Our method provides a novel 

means to generate virtually unlimited amounts of myogenic progenitors with ideal stem cell 

characteristics in a biologically faithful 3D niche environment. Moreover, the scalability of embryoid 

suspension cultures allows for production at the bioreactor level and, next to much needed cell 

therapy applications for genetic SkM diseases, opens new avenues for disease modeling and 

biobanking (Fig. 3e).  
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Fig. 3: Engraftment of eMPs in diseased muscle. a, Representative immunostainings for 

dystrophin in cross-sections of muscles of mdx mice 10 days after transplantation of hskMPs or 

eMPs. Scalebars in the two left-hand side images = 300um. Scalebars in inserts 1 and 2 = 50um. b, 

Number of Dystrophin positive fibers in mdx muscles injected with vehicle (Ctrl), eMPs and hskMPs 

10 days after transplantation. Data are represented as means ± S.E.M. p-values are *p<0.05, 

**p<0.01 using an ANOVA followed by a Bonferroni post hoc test. c, Maximal distance of clusters of 

dystrophin positive fibers in cross-sections of mdx muscles transplanted with eMPs and hskMPs. 

Data are represented as means ± S.E.M. p-value is *p<0.05 using a student’s t-test. d, 

Representative immunostainings for the human nuclear marker lamin A/C and dystrophin in muscles 

of mdx mice 10 days after transplantation of eMPs. Arrows depict cells in the satellite cell position in 

the periphery of muscle fibers. Scalebars = 25um. e, Scheme summarizing the procedure for the 

generation of eMPs and downstream applications. 
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Methods 

Cell lines and 2D culture conditions 

The human-induced pluripotent stem cell (hiPSC) line HYS0103 (ACS-1020) was obtained from 

ATCC and lines 603 and 482 were purchased from Fujifilm Cellular Dynamics, Inc (FCDI). Unless 

otherwise stated, experiments were performed using 603 cells. HYS0103 hiPSCs were initially 

cultured in pluripotent stem cell SFM XF/FF (ATCC ACS-3002) media on CellMatrix basement 

membrane gel (ATCC ACS-3035), then the medium was switched to essential-8 medium 

(A1517001, Thermo Fisher Scientific) on vitronectin (VTN-N, A14700, Thermo Fisher Scientific) 

coated dishes. hiPSCs from FCDI were cultivated in essential-8 medium (A1517001, Thermo Fisher 

Scientific) in vitronectin (VTN-N, A14700, Thermo Fisher Scientific) coated culture vessels. Human 

skeletal muscle cells (hskMPs, LZ-CC-2580, Lonza) were plated on fibronectin-coated (F2006, 

Sigma-Aldrich) dishes and expanded in skeletal muscle cell growth medium (SKM-M, AmsBio). 

Murine embryonic endothelial cells (eEC, C166, ATCC CRL-2581), murine adult myoblasts (aMyo, 

C2C12, ATCC CRL-1772), murine adult smooth muscle cells (aSMC, MOVAS, ATCC CRL-2797), 

murine embryonic fibroblasts (eFib, NIH-3T3,  ATCC CRL-1658), murine adult fibroblasts (aFib, 

NOR-10, ATCC CCL-197), murine embryonic mesenchymal stem cells (eMSC, OP-9, ATCC CRL-

2749) were obtained from ATCC, mitomycin C-treated murine embryonic fibroblasts (GAeFib, 

PMEF-CF-1) were purchased from Merck Millipore, and human neural progenitor cells (hNPCs, 

ReNcell VM, SCC008) were purchased from EMD Millipore. eEC, aMyo and eFib were cultured in 

DMEM-High Glucose 4.5 mg/l (11995065) supplemented with 10% fetal bovine serum (FBS, 

10270098) and 1% antibiotic/antimycotic (15140122) solution (all from ThermoFisher Scientific). 

aSMC were cultured in DMEM-High Glucose 4.5 mg/l (11995065) supplemented with 0.2 mg/ml 

geneticin (G-418, 10131027), 10% fetal bovine serum (FBS, 10270098) and 1% 

antibiotic/antimycotic solution (all from ThermoFisher Scientific). aFib were cultured in DMEM 

containing 4.5 mg/l glucose (11995065) supplemented with 20% fetal bovine serum (FBS) and 1% 

antibiotic/antimycotic (15140122) solution (all from ThermoFisher Scientific). eMSC were cultured in 

alpha-minimum essential medium (α-MEM, without ribonucleosides and deoxyribonucleosides and 

with 2.2 g/L sodium bicarbonate, 12561056), supplemented with 20% fetal bovine serum (FBS, 

10270098) and 1% antibiotic/antimycotic (15140122) solution (all from ThermoFisher Scientific). 

GAeFib were cultured in in DMEM with 2 mM L-glutamine (11965084) and 1% antibiotic/antimycotic 

(15140122) solution (all from ThermoFisher Scientific) on gelatin (G1393, Sigma-Aldrich) coated 

culture dishes. hNPCs were cultured in ReNcell NSC-maintenance media (SCM005, EMD Millipore), 

freshly supplemented 20 ng/mL EGF (PHG0311, Thermo Fisher Scientific), 20 ng/mL (FGF-2, 

PHG0023, Thermo Fisher Scientific), and 1% antibiotic/antimycotic (15140122, ThermoFisher 

Scientific) solution on laminin (LN-211, BioLamina) coated culture dishes. hNPCs differentiation was 
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induced by withdrawing the growth factors from the ReNcell NSC-maintenance media (SCM005, 

EMD Millipore). hiPSCs and hNPCs were passaged using the StemPro accutase (A1110501, 

Thermo Fisher Scientific). hskMPs and all murine cell lines were passaged using the TrypLE express 

enzyme (12605010, Thermo Fisher Scientific). 

Embryoid formation and 3D culture conditions   

hiPSCs alone or in combination with support cell types were prepared for 3D-aggregation by adding 

a total of 5.5×106 cells per-well in Corning Costar ultra-low attachment 6-well plates (CLS3471, 

Sigma-Aldrich) in STEMdiff APEL2 medium (05270, STEMCELL Technologies) supplemented with 

10 mM ROCK inhibitor (Y-27632, 1254, Tocris Bioscience) with constant shaking (Orbi-Shaker CO2, 

Benchmark Scientific) at 95 rpm at 37 °C and 8% CO2 overnight. For Wnt/FGF pathway stimulation, 

the medium was then replaced with STEMdiff APEL2 medium (05270, STEMCELL Technologies), 

supplemented with 2.5 uM of GSK3-inhibitor CHIR99021 (Tocris Bioscience) for 6 days. On day 7 

the embryoids were switched to essential 6 medium (A1516401, Thermo Fisher Scientific), 

supplemented with 20 ng/mL of bFGF (FGF-2, PHG0023, Thermo Fisher Scientific) until day 13. 

Culture medium was changed every other day. In conditions without Wnt/FGF pathway stimulation, 

DMSO was used as a vehicle-control. 

2D myogenic differentiation of MPs  

Integrin α9/CD56 positive flow cytometrically purified eMPs were plated on vitronectin (VTN-N, 

A14700, Thermo Fisher Scientific) coated plates in the presence of 10 mM ROCK inhibitor (Y-27632, 

1254, Tocris Bioscience). eMPs were maintained in proliferation medium (PM, SkGM2 medium, CC-

3160, Lonza) supplemented with 20ng/mL of bFGF (FGF-2, PHG0023, Thermo Fisher Scientific). 

For differentiation, following 11 days of maintenance in PM, the eMPs were switched to differentiation 

medium (DM, N2-media containing Insulin-Transferrin-Selenium, ITS-G, Thermo Fisher Scientific) 

and N-2 Supplement (17502048, Thermo Fisher Scientific) for 10 days. Extracellular matrix proteins 

other than vitronectin were fibronectin (F2006, Sigma-Aldrich), gelatin (G1393, Sigma-Aldrich), and 

laminin (LN-211, BioLamina). hskMP were obtained from adult human skeletal muscle (Lonza, LZ-

CC-2580) and plated on fibronectin. hskMP were either maintained in PM (Skeletal Muscle Cell 

Growth Medium, AmsBio, SKM-M medium) or switched to DM (Dulbecco's Modified Eagle 

Medium/F-12, DMEM/F-12, 11320033, Thermo Fisher Scientific) supplemented with 2% horse 

serum (26050088, Thermo Fisher Scientific) for 4 days. 

Immunocytochemistry 

Cells were washed in PBS (10010023, Thermo Fisher Scientific) for 5 minutes before fixation in 4% 

paraformaldehyde (PFA, 28908, Thermo Fisher Scientific) for 15 minutes. Fixed cells were washed 

three times with PBS (10010023, Thermo Fisher Scientific) and permeabilized in 0.1% Triton X-100 
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(T8787, Sigma-Aldrich-Aldrich) for 15 minutes at room temperature. The cells were then blocked 

with 4% bovine serum albumin (BSA, 001000162, Jackson ImmunoResearch, IgG-free) in PBS 

(10010023, Thermo Fisher Scientific) and 4% goat-serum (16210064, Thermo Fisher Scientific) for 

1 hour at room temperature. Samples were incubated with primary antibody at 4°C overnight or at 

room temperature for 2 hours. After three PBS (10010023, Thermo Fisher Scientific) washes, cells 

were incubated with corresponding secondary antibody and 40, 6-diamidino-2-phenylindole (DAPI, 

D1306, Thermo Fisher Scientific) for 45 minutes at room temperature. After PBS washing 

(10010023, Thermo Fisher Scientific), the sample was dried and mounted with mounting-buffer 

(ProLong Diamond Antifade Mountant, P36965, Thermo Fisher Scientific).  

Immunohistochemistry of skeletal muscles 

Tibialis anterior (TA) muscles were and frozen in isopentane cooled with liquid nitrogen. 

Cryosectioning was performed at 10 um. Sections were allowed to air-dry for 10 minutes, fixed during 

10 minutes with 4% paraformaldehyde (PFA, 28908, Thermo Fisher Scientific) and subsequently 

permeabilized in 0.1% Triton X-100 (T8787, Sigma-Aldrich-Aldrich) for 15 minutes. After blocking in 

PBS (10010023, Thermo Fisher Scientific) with 4% goat-serum (16210064, Thermo Fisher 

Scientific) for 3 hours at room temperature, cryo-sections were incubated with primary-antibodies 

during 3 hours at room temperature in blocking solution. Slides were then incubated during 1 hour 

at room temperature with secondary antibodies and counterstained with DAPI (D1306, Thermo 

Fisher Scientific). For Pax7 staining, antigen retrieval was performed with two successive 

incubations of hot citric acid 0.01 M pH 6 for 10 minutes. The signal obtained from the Pax7 antibody 

was further amplified using a goat-anti mouse IgG1-biotin (115065205, Jackson ImmunoResearch) 

followed by a Streptavidin Alexa-555 (S32355, Life Tech) treatment, together with other secondary 

antibodies and the DAPI (D1306, Thermo Fisher Scientific) counterstain. 

Immunohistochemistry of embryoids 

Embryoids were washed with PBS (10010023, Thermo Fisher Scientific) and fixed with 4% 

paraformaldehyde (PFA, 28908, Thermo Fisher Scientific) for 30 minutes. Fixed samples were 

soaked in 30% sucrose for at least 24 hours at 4°C. For freezing embryoids were embedded in 

gelatin (G1393, Sigma-Aldrich-Aldrich) solution (15% sucrose, 7.5% gelatin in PBS). Samples were 

frozen at −50°C to −65°C in dry ice-cooled isopentane and stored at −80°C until sectioning. 

Cryosections of 10 um were stained using the same procedure for TA muscles above. 

Imaging 

Imaging was carried out using DMI6000 inverted microscope (Leica), a VS120 slide scanner 

(Olympus), or a DMI 4000B microscope (Leica) and analyzed either using the VS-ASW FL software 

measurement tools or the LAS AF software.  
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Antibodies and staining probes 

The following antibodies and staining probes were used: Pax7 (34360, Abcam), Pax7 (528428, 

DHSB), Pax3 (381801, ThermoFisher Scientific), Meox1/Mox-1 (75895, Abcam), Tuj1/βIII-Tubulin 

(ectodermal), a-SMA (mesodermal), and AFP (endodermal) markers by using the 3-germ Layer 

immunocytochemistry kit (A25538, ThermoFisher Scientific), Tuj1/βIII-Tubulin (18207, Abcam), 

CytoPainter-Phalloidin-iFluor 488 reagent (176753, Abcam) which labels F-actin, MyoD (SC304, 

Santa Cruz), MyoD (PA523078, ThermoFisher Scientific), MyHC (MF20, MAB4470, R&D Systems), 

dystrophin (15277, Abcam), dystrophin (MANDYS106-clone 2C6) (MABT827, Millipore), Lamin A/C 

(clone JOL2, 40567, Abcam), Nestin (Rat-401) (6142, Abcam) and Sox2 (97959, Abcam). The 

following antibodies were used for flow cytometry: CD56 (clone B159, 555516, BD Biosciences), 

CD57 (Clone HNK-1, 562488, BD Biosciences), CD54 (ICAM, Clone HA58, 740404, BD 

Biosciences), CD271 (NGFR, Clone C40-1457, 560834, BD Biosciences), CD82 (Kai-1, 564341, BD 

Biosciences), CD34 (Clone 8G12-HPCA2, 745247, BD Biosciences), CD362 (SDC2, FAB29651G, 

R&D Systems) and Integrin α9 (clone Y9A2, 351602, BioLegend).  

Fluorescence-activated cell sorting 

Flow cytometric analysis and sorting were performed using an LSRFortessa SORP (H647800N0001, 

BD Biosciences) and a MoFlo Astrios EQ (106694, Beckman Coulter) respectively. The data on the 

LSRFortessa SORP were acquired and recorded with the BD FACSDiva software version 8.0.2. The 

data of the MoFlo Astrios EQ were acquired and recorded with the software Summit version 

6.3.1.16945. All data were subsequently analyzed with FCSExpress Flow Cytometry version 

6.06.0014 (4193, De Novo Software). Cell viability was assessed for all the experiments using the 

LIVE/DEAD fixable aqua dead cell stain kit (L34957, Thermo Fisher Scientific). The purity of sorted 

samples was verified by flow cytometric re-analysis. 

RNA visualization 

RNA visualization was performed using the PrimeFlow RNA Assay Kit (88-18009-204) from Thermo 

Fisher Scientific according to the manufacturer’s instructions and was analysed using an LSR-

Fortessa instrument (BD Biosciences). Briefly, dissociated-cells from embryoids and hskMPs, were 

fixed and permeabilized in Fixation Buffer 1 on ice for 30 minutes, followed by incubation in 

permeabilization-buffer on ice for 30 minutes. Then, samples were fixed in Fixation Buffer 2 at room 

temperature for 1 hour. To detect cellular RNA-targets, sequential hybridizations were performed in 

a dry incubator pre-calibrated to 40 °C. Target probe sets were hybridized for 2 hours and the signal 

was amplified using hybridizations with PreAmplifier and then Amplifier 1.5 hours each. Eventually, 

cells were hybridized with fluorochrome-conjugated Label Probes for 1 hour. Probes were: MyoD-

AF488 (VA4-3082435), Myf5-AF647 (VA1-11144) and GADPH-AF750 (VA6-10337). For 

visualization stained cells were centrifuged onto a slide using a cytospin 4 (Thermo Fisher Scientific). 
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RNA extraction, quantification and quality control 

RNA was extracted using the Agencourt-RNAdvance tissue kit (A32645, Beckman Coulter) following 

the manufacturer's instructions. Two rounds of cRNA synthesis starting with 5 ng of total RNA were 

performed using the MessageAmp II aRNA amplification kit (AM1751, Life Technologies) and 

MessageAmp II-biotin enhanced aRNA amplification kit (AM1791, Life Technologies) according to 

the manufacturer's instructions. RNA was quantified using the Quant-iT RiboGreen RNA Assay Kit 

(R11490, Invitrogen) using a Spectramax M2 (Molecular Devices). RNA quality assessment was 

performed using a Bioanalyzer 2100 with RNA 6000 Pico Kit (Agilent Technologies).  

Quantitative RT-PCR 

RNA samples were subjected to reverse transcription using Prime Script reverse transcriptase 

(2680B, Takara) with random 6-mer primers according to the manufacturer’s instructions using 

peqSTAR 96 universal gradient thermocycler (Peqlab). Quantitative reverse transcription PCR (qRT‐

PCR) performed by using the LightCycler 480 (Roche Diagnosis), 384‐well PCR plates and the 

LightCycler 480 SYBR Green I Master kit (04707516001, Roche Diagnosis). All reactions were 

conducted in quadruplicate with each PCR consisting of 2 ul of the diluted cDNA, 0.5 um primers, 

and 2 ul LightCycler 480 SYBR‐Green I master mix. The reaction volume was adjusted to 10 ul with 

nuclease‐free water. The Non-template control (NTC) reactions contained water instead of cDNA as 

template. Taqman probes (ThermoFisher Scientific) were: Pax7 (Hs00242962_m1), Brachyury (T) 

(Hs00610080_m1), Msgn1 (Hs03405514_s1), Tbx6 (Hs00365539_m1), Pax3 (Hs00240950_m1), 

Myf5 (Hs00929416_g1), MyoD (Hs02330075_g1), Fgf5 (Hs03676587_s1), Gata4 

(Hs00171403_m1), and Neurog1 (Hs01029249_s1).  

Mice 

All experiments were performed using male C57BL/10ScSn-Dmdmdx/J (Mdx mice) according to the 

Swiss regulation on animal experimentation for the care and use of laboratory animals and approved 

by the ethical committee of the canton de Vaud under licenses VD2620, VD2764, VD3002, VD3199 

and VD3282. Mice had access to water and food ad libitum at all time. All the mice were studied 

between 4-8 weeks. Tacrolimus/FK-506 (S5003-500MG, Selleck Chemicals) was delivered 

continuously through a pre-equilibrated Alzet osmotic pump model 1002 (Charles River) implanted 

subcutaneously 5 days before cell transplant. Tacrolimus/FK-506 (S5003-500MG, Selleck 

Chemicals) was diluted in 70% EtOH and delivered at a dose of 2.5mg/kg/day and a delivery rate of 

0.25 ul/hour. 2 days before transplantation, the TA-muscle of one leg was injected through the skin 

with 50 ul of 20 uM cardiotoxin (L8102, Latoxan). On the day of the transplantation, 25,000 integrin 

α9/CD56 positive flow cytometrically purified eMPs and 25,000 hskMPs were prepared under sterile 



 

*Manuscript under revision (May 2019)    

 Chapter 3 

66 66 

conditions and were injected into the injured TA-muscle in 50 ul of 0.9% NaCl. 10 days after cell-

transplantation, muscles were collected for analysis. 

Statistics and reproducibility 

All mice were randomized according to body weight before interventions. Sample size determination 

was based on the expected effect size and variability that was previously observed for similar 

readouts in the investigators labs. In-vivo treatments were not blinded, but imaging readouts were 

analyzed in a blinded manner. All other statistical analyses were performed using GraphPad Prism 

(Version 7, GraphPad Software). A two-sample unpaired Student’s t-test was used for two-group 

comparisons. For comparison of more than two groups, one-way or two-way ANOVAs were used, 

according to the experimental design, and followed by Bonferroni multiple-comparison testing. All 

data are expressed as mean ± S.E.M. 
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Supplementary Figures 

An Engineered Multicellular Niche for the 3D Derivation of 

Human Myogenic Progenitors from iPSCs 

Omid Mashinchian, Filippo De Franceschi, Joris Michaud, Sonia Karaz, Pascal Stuelsatz, 

Nagabhooshan Hegde, Gabriele Dammone, Matthias P. Lutolf, Jerome N. Feige, C. Florian 

Bentzinger 
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Extended Data Fig. 1: Characterization of multi-component embryoids. a, Horizontal shaker 

platform setup used to generate multi-component embryoids. b-f, mRNA expression of Pax7 in 

embryoids containing different ratios of hiPSCs and embryonic fibroblasts (eFib), adult fibroblasts 

(aFib), embryonic mesenchymal-like stem cells (eMSC), adult smooth muscle cells (aSMC) or adult 

myoblasts (aMyo). Mixtures of the respective cell types were interrogated immediately before (D0), 

and 7 and 13 days (D7 and D13) after aggregation. g, Representative bright field images of 

embryoids containing hiPSCs and embryonic endothelial cells (eEC) or growth arrested embryonic 

fibroblasts (GAeFib) in a 2:1 ratio. Scalebars = 125um. h-j, mRNA expression of Pax7 in embryoids 

containing different ratios of hiPSCs, GAeFib, eEC, aMyo. Mixtures of the respective cell types were 

interrogated immediately before (D0), and 7 and 13 days (D7 and D13) after aggregation. k, 

Representative bright field images of three-component embryoids (TCEs) containing hiPSCs, eEC 

and GAeFib in a 2:1:1 ratio with and without stimulation of the Wnt/FGF pathways. Scalebars = 

125um. l-p, mRNA expression of the myogenic commitment markers Myf5 and MyoD, the endoderm 

marker Gata4, and the ectoderm markers Fgf5 and neurog1 in hiPSCs and Wnt/FGF induced TCEs 

at D7 and D13. q, Representative stainings for the neuronal progenitor markers Tuj1, Nestin and 

Sox2 in Wnt/FGF induced D7 TCEs. Human neural progenitor cells (NPCs) are shown as a positive 

control. Scalebars in the three left-hand side images = 25um, scalebar on the two larger right-hand 

side images = 20um. b-f,h-p, Data are represented as means ± S.E.M. p-values are *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001 using an ANOVA followed by a Bonferroni post hoc test. 
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Extended Data Fig. 2: Technical validation and comparison of embryoid derivation to 

established protocols for myogenic hiPSCs differentiation. a, Flow cytometric validation of the 

Pax7 antibody in hiPSCs and hskMPs. b,c, Flow cytometry quantification of Pax7 positive cells from 

Wnt/FGF induced day 13 (D13) TCEs compared to hiPSCs, and representative images. Experiments 

in (b) and (c) were performed with hiPSC lines ACS-1020 and 482 generated from two donors that 

are biologically different from the one used in the main study. d, Flow cytometry quantification for 

Pax7 in hiPSCs co-cultured with GAeFib and eEC in 2D over two weeks. Wnt pathway activation 

was induced from day 1-7 and bFGF stimulation from day 7-13. e,f, Flow cytometry quantification 

for Pax7 in hiPSC cultures differentiated for two weeks according to Choi (32) or Shelton et al. (13). 

g, RNA fluorescence in situ hybridization for the myogenic commitment marker MyoD and the 

positive control GAPDH in hskMPs and cells derived from D13 TCEs following biochemical Wnt/FGF 

pathway stimulation quantified by flow cytometry. b,c, Data are represented as means ± S.E.M. p-

value is *p<0.05 using a students t-test. 
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Extended Data Fig. 3: Engraftment of hskMPs in mdx mice. a, Representative immunostainings 

for the human nuclear marker lamin A/C and dystrophin in muscles of mdx mice 10 days after 

transplantation of hskMPs. Arrows depict cells in the satellite cell position in the periphery of muscle 

fibers. Scalebars = 20um. 
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Chapter 4:  

In-vivo Transcriptomic Profiling of Systemic Aging 

using Stem Cell Encapsulation 
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Background & Rationale: 

 

A surgical procedure developed more than a century ago which unites the vasculature of two living 

animals known as “parabiosis” has sourced a wealth of information towards a better understanding 

of different physiological states and how these communicate via the blood circulation 437. In 

particular, this method has recently been extensively used to study the impact of an aged systemic 

environment on young tissues and vice versa.  

However, parabiosis studies have triggered significant ethical concerns and authorities assessing 

animal protocols are very likely to challenge such experiments. Thus, an alternative approach to 

study systemic aging and its effect on different tissues and cell types would be of great interest for 

the field. In addition, current parabiosis based studies are largely limited to rodent models and 

conclusions are difficult to extrapolate to human cells and tissues. 

Nevertheless, sustained exposure to a young systemic environment rejuvenates aged tissues and 

enhances stem cell function. However, due to the intrinsic complexity of tissues it remains 

challenging to pinpoint direct effects of circulating factors on specific cell populations from indirect 

effects where blood-borne factors interact with the tissue micro-environment.  

In this chapter, we describe a novel method to mimic parabiosis by encapsulation of human stem 

cells in highly diffusible polyethersulfone hollow fiber capsules that can be used to profile the 

systemic environment independent of physical cellular interactions in-vivo.  

 

Personal contribution:  

Designing and performing encapsulation experiments in-vitro, analyzing the data, drafting the 

manuscript and leading the revision experiments.    

Current status of the project*:  

Manuscript under revision (since early February 2018)  
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Main  

Declining stem cell function and regenerative failure are major hallmarks of aging in mammals. 

Parabiosis, a surgical technique developed more than a century ago, unites the vasculature of two 

living organisms 437. In rodents, exposure to a young systemic environment through parabiotic pairing 

has been shown to restore stem cell function and enhance the regenerative capacity of aged tissues 

438. However, the characterization of the molecular mechanisms underlying the beneficial effects of 

parabiosis has proven to be highly complex. A major challenge arises from the fact that systemic 

factors do not always act in a direct manner on tissue resident stem cell populations, but can instead 

trigger paracrine propagation and modulation of signals through supportive cell types in the niche. 

In addition, significant differences in cell biology and physiology need to be taken into consideration 

when extrapolating results obtained from parabiosis experiments from animal models to humans. 

Here we present a method that allows for the encapsulation of human stem cells in diffusible hollow 

fiber capsules that can be transplanted subcutaneously to profile the impact of the systemic 

environment in the absence of physical cellular interactions. Given their wide use in separation fields, 

their oxidative, thermal and hydrolytic stability, and their favorable mechanical properties we chose 

polyethersulfone (PES) hollow fiber membrane (HFM) tubes for encapsulation of human muscle 

progenitors (MP) 439. Importantly, PES fibers are hemocompatible and become vascularized when 

subcutaneously implanted 440. In order to maximize the number of encapsulated cells and, at the 

same time, allow for adequate oxygen diffusion throughout the capsule, we selected a tubular HFM 

with an outer diameter of 0.9 mm inner diameter of 0.7 mm. The spongy-like, cross-linked 

architecture of PES-HFM allows for the diffusion of molecules up to 1000 kDa freely through the 

membrane, but prevents infiltration by cells (Fig. 1a). To provide a suitable adhesion matrix for the 

cells in the fiber lumen, we chose Matrigel 441. In contrast to inert agarose substrates, embedding 

MPs in Matrigel promoted cell spreading and the formation of protrusions (Supplementary Fig. 1a). 

Following mounting of the HFM to an adaptor hub, the exposed end and the external hub interface 

were sealed using a bio-compatible photopolymerizing medical grade polyacrylate adhesive (Fig. 

1b and supplementary Fig. 1b). Sealing of devices was verified using a submersion air pressure 

decay test. Assembled devices were then sterilized with ethylene oxide and all subsequent work was 

performed under antiseptic conditions. Trypsinized MPs mixed with Matrigel were injected into the 

capsule trough the adaptor hub using a Hamilton syringe. While cells were retained in the capsule, 

excess volume was ultrafiltrated through the porous membrane. The loaded capsule was then 

transferred onto a 3D printed autoclavable USP Class VI plastic cutting and sealing platform 

(Supplementary Fig. 1c,d). Following cutting of the adaptor hub, the loaded capsule was left 

protected in the UV blocking plastic device while the second adhesive seal was photopolymerized. 
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For validation of our experimental setup and to interrogate the behavior of encapsulated cells, we 

performed a series of in-vitro experiments. Loaded capsules were placed into culture dishes, 

immersed human myoblast growth media and maintained in a tissue culture incubator. TUNEL 

staining of cryosections from capsules that were kept in culture revealed that few cells did undergo 

cell death as an immediate consequence of the loading procedure (Fig. 1c). Cell density initially 

increased in capsules in culture, but plateaued afterwards (Fig. 1d). Following ten days in culture, 

we observed a relatively homogeneous distribution of MPs in the capsules (Fig. 1e) and the cells 

remained positive for the myogenic marker MyoD (Fig. 1f,g). Growth factor deprivation over a typical 

four day differentiation period, induced a loss of MyoD positive MPs and an induction of the terminal 

differentiation marker myosin heavy chain (MHC) (Fig. 1h-j). Collectively, these observations 

demonstrate that encapsulated human MPs remain viable and proliferative, maintain the expression 

of myogenic markers, and are capable to respond to pro-differentiative signals. Sufficient for 

downstream analysis, quantification of RNA isolated from whole homogenized capsules after ten 

days of culture under growth conditions revealed a yield averaging 296 ng per unit. 

We next established the capsule implantation and recovery procedure using adult male mice. The 

animals were anesthetized and two incisions were made on the back slightly posterior to the 

scapulae (Fig. 2a). On one side, an osmotic pump supplying the immunosuppressant FK-506 was 

implanted through the incision so that it remained subcutaneously on the flank. On the other side, 

three capsules loaded with human MPs were implanted into the subcutaneous fascia over the rib 

cage separated by 1-2 mm from each other. Capsules were inserted using a stiff plastic applicator 

tube sliding over a metal plunger (Supplementary Fig. 2a). Following slow withdrawal of the tube 

covering the capsule that was held in place by the metal plunger, the applicator was removed and 

the incisions were closed. After ten days in-vivo the capsules showed vascularization and only 

minimal connective tissue build-up (Fig. 2b). TUNEL analysis of cross-sections from explanted 

capsules revealed that the MPs remained largely viable (Fig. 2c,d), and that MyoD and MHC was 

still expressed by the cells (Fig. 2e-h). Still satisfactory for downstream analysis, two pooled 

explanted units explanted from the same mouse yielded an average of ≥140 ng of RNA. 

Finally, to exemplify an application of our systemic profiling protocol we implanted young and aged 

mice for ten days with capsules containing human MPs as established for adult mice. Likely as a 

consequence of inhibitory signals in the old systemic environment the RNA yield dropped 

significantly for the aged group (Fig. 2i). cDNA obtained from these samples was hybridized on 

microarrays covering the human 9  transcriptome  (Fig. 2j),  met  quality  control  criteria,  and  

showed  a  log2  expression range from  6-12. To  exclude  the  detection  of  RNA  from  

contaminating  mouse  cells,  we  analyzed connective tissue isolated in the immediate periphery of 

the implants from random animals in the  young  and  aged  groups  using  human-specific  

microarrays.  No signal was detected in any of these samples, demonstrating that contamination 
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from mouse tissues does not bias the protocol.  Expression  analysis  of  capsule  derived  mRNAs  

revealed  a  highly  specific signature  of  157  genes  that  were  differentially  regulated  (FDR<25%,  

|log2FC|>0.5)  in  cells exposed to an aged systemic environment when compared to the young 

condition (Fig. 2k). Reinforcing  the  notion  that  aged  plasma  generally  represses  MP  function,  

about  two  thirds of  these  transcripts  were  downregulated.  Gene  set  enrichment  analysis  using  

the  hallmark database revealed pronounced anti-myogenic effects and changes in transcripts 

involved in the  response  to  circulating  hormones  and  cytokines  in  the  aged  condition  (Fig.  

2l,m and Supplementary Table 1).  

Reduced levels of transcripts in the myogenesis, PI3K/Akt/mTOR  and KRAS pathways in MPs 

extracted from capsules from aged mice fall well in line with the  downregulation  of  sex  hormones  

and  the  somatotroph  axis  in  elderly  humans,  that  is  characterized  by  decreased  levels  of  

IGF-1  and  growth  hormone 442.    In addition, it has long been described that aging affects the 

immune system at multiple levels including decreased B and T cell production and altered 

lymphocyte function 443. Our data shows that the resulting alterations in systemic cytokine levels 

affect a spectrum of pathways in MPs, including MYC,   TNFα and NFκB signaling.  Collectively, 

these results demonstrate a dominant involvement   of altered levels of circulating hormones and 

cytokines in systemically imposed human stem cell aging. Finally, we set out to test whether 

processes affected by an aged systemic environment in encapsulated human MPs are also changed 

in tissues of mice undergoing heterochronic parabiosis. To this end, we compared gene ontology 

(GO) terms enriched in transcriptional profiling of brain tissue obtained from heterochronic relative 

to isochronic parabionts to our study 444. This analysis revealed that GO terms for basic cellular 

processes such as ion homeostasis, immune response,  peptidase activity and RNA processing, are 

significantly changed  in  both  datasets  (Supplementary Table  2).  Thus,  part  of  the 

transcriptional  response  to  a  differentially  aged  systemic  environment  is  conserved  across 

species and cell types.  

Altogether, we demonstrate that our method allows for sensitive systemic profiling unbiased by 

cellular crosstalk that is not restricted by species barriers. The characterization of bona fide aging 

signatures in stem cell populations independent of heterogeneous cellular contexts, will allow for the 

identification of novel therapeutic targets for the systemic treatment of age-associated regenerative 

dysfunction. Moreover, in future applications, the combination encapsulation technology with 

induced pluripotent stem cell (iPSC) derived cells, will allow to study systemic effects at an 

unprecedented holistic level in humanized systems.   



 

*Manuscript under revision (February 2018)     

 Chapter 4 

78 78 78 78 78 78 78 

 

 

 



 

*Manuscript under revision (February 2018)     

 Chapter 4 

79 79 79 79 79 79 79 

Figure 1 | (a) Scanning electron micrographs of the polyethersulfone hollow fiber membrane. Scale 

bars: 200 µm, 20 µm and 5 µm from right to left. (b) Schematic outlining the capsule loading 

procedure and photograph of a polyethersulfone (PES) hollow fiber membrane mounted to the 

adaptor hub. (c) Quantification of TUNEL negative viable cells in capsules maintained growth media 

for one day after loading. (d) DNA staining based quantification of cell numbers in capsules 

maintained over a time course of ten days in growth media. (e)  Representative DNA staining of a 

cross section from a capsule maintained ten days growth media. (f) Representative MyoD 

immunostaining of a cross section from a capsule maintained 10 days growth media. (g) 

Quantification of MyoD positive cells in capsules maintained for four days in growth media compared 

to differentiation media. (i) Representative myosin heavy chain (MHC) immunostaining of a cross 

section from a capsule maintained for 10 days growth media. (j) Quantification of MHC positive cells 

in capsules maintained for four days in growth media compared to differentiation media. Throughout, 

bars represent means + s.e.m. n≥3 cross sections from different capsules were quantified for each 

experiment and time-point. **P<0.01, *P<0.05; Two-way comparisons were made with a student’s 

t–test and multiple comparisons by one–way ANOVA followed by Bonferroni post–test. (e, f and I) 

Scale bar: 250 µm. 
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Figure 2 | (a) Schematic of the implantation strategy for the capsules and the osmotic pump. (b) 

Photograph of the capsules in the connective tissue under the skin ten days after implantation. 

Arrows are pointing at blood vessels in proximity of the capsules. (c) Representative TUNEL staining 

showing apoptotic nuclei in a cross section of a capsule after ten in-vivo. (d) Quantification of TUNEL 

negative viable cells in capsules after ten days in-vivo. (e) Representative immunostaining for MyoD 

in a cross section of a capsule after ten days in-vivo. (f) Quantification of MyoD positive cells in 

capsules after ten days in-vivo. (g) Representative immunostaining for MHC in a cross section of a 

capsule after ten days in-vivo. (h) Quantification of MHC positive cells in capsules after ten days in-

vivo. (i) RNA yield from capsules after ten days in-vivo in young and aged mice. (j) Microarray control 

probes following hybridization with RNA derived samples from capsules explanted from young and 

aged mice after ten days. Each microarray was performed with RNA isolated from two pooled 

capsules explanted from individual mice. Array 5, 9 and 11 were excluded for downstream analysis 

due to missing control probe signals. Random samples of mouse connective tissues in the capsule 

periphery served as negative controls. (k) Volcano plot showing genes with a Benjamini-Hochberg 

false discovery rate <10% (blue) and <25% (Yellow) across the pooled microarray data from 

capsules explanted from young and aged mice after ten days. (l and m) Hallmark database pathway 

analysis based on gene ranks across the pooled microarray data from capsules explanted from 

young and aged mice after ten days. Throughout, bars represent means + s.e.m. (d, f and h) Cross 

sections of capsules explanted from n=3 mice were analyzed for each experiment. (i-m) Samples 

and data derived from capsules of n≥6 mice in each age group. *P<0.05; Two-way comparisons 

were made with a student’s t–test and multiple comparisons by one–way ANOVA followed by 

Bonferroni post–test. (c, e and g) Scale bar: 250 µm. 
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Methods 

Cell culture 

Human skeletal myoblasts (Lonza) isolated from donated human tissue after obtaining permission 

for their use in research applications by informed consent or legal authorization were used at 

passages 4-6. For in-vitro expansion, the cells were maintained in human skeletal muscle myoblast 

growth medium (Zenbio) and passaged once confluency reached 50%. For passaging, media was 

aspirated from the dishes, followed by a washing step with Dulbecco’s phosphate buffered saline 

(Gibco) at room temperature. The cells were then treated with trypsin and kept in the incubator for 5 

minutes until all cells were detached from the vessel. An appropriate amount of warm media (media: 

trypsin = 3:1) was added to the vessel to neutralize the effect of trypsin, the cells were transferred to 

a Falcon tube and centrifuged at 200 rcf for 5 minutes. The supernatant was then carefully aspirated 

and the cell pellet was resuspended in warm media. A desired amount of the mixture was transferred 

to a new dish with warm media and maintained in the incubator.  

Matrigel embedding 

Growth factor reduced Matrigel (Corning) was thawed at 4 °C and pipette tips were chilled at -20 °C 

before starting the experiment. All material was kept on ice or at 4 °C during the procedure to avoid 

undesired gelation of Matrigel. All mixing steps were carried out with caution to avoid the generation 

of bubbles. Cells were harvested with trypsin, numbers were quantified using a cell counter (Vi-

CELL) and centrifuged at 200 rcf for 5 minutes. The pellet was resuspended in ice-cold medium at 

a concentration of 20k cells/µl and kept on ice. The cell mixture was mixed with 1 volume Matrigel 

by gentle pipetting, giving rise to a final concentration of 10k cells/µl. 

Device mounting 

Polyethersulfone (PES) hollow fiber membranes (HFM, AKZO NOBEL) were cut into pieces of 1 cm 

(Fig. 1a,b). The adaptor hub (Supplementary fig. 1b) was produced by assembling a plastic loading 

head (Neurotech Pharmaceuticals) with a piece of PEBAX single lumen tubing (Medical Extrusion 

Technologies). The piece of HFM was then assembled with one adaptor hub and sealed at the 

external interface with the PEBAX tube and at the exposed end using a bio-compatible 

photopolymerizing medical grade adhesive (Loctite, Henkel). Polymerization was induced using 

BlueWave LED Prime UVA high-intensity spot-curing system (Dymax) emitting two 5 second pulses 

of UV. The remaining empty lumen (1 cm) of the capsule holds a volume of 4 µL. Sealing of each 

device was verified using an air-leak test. While immerged in sterile double distilled water, filtered 

air was injected at a pressure of 17.58 hPa (2.5 Psi) for 5 s. Devices showing pressure decay greater 

than 100 Pa over 5 s were discarded. Assembled devices were sterilized with ethylene oxide gas 

before further use. 
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Cell encapsulation 

10 µl of the cell-Matrigel mixture was loaded into each capsule using a Hamilton gastight syringe (50 

µl) through the adaptor hub. Once the injected volume exceeded the inner volume of the device, a 

fraction of the total volume was ultrafiltrating through the porous membrane. The excess volume 

diffused from the membrane was removed by a piece of sterilized compress. The loaded capsule 

was transferred onto the 3D printed autoclavable USP Class VI plastic cutting and sealing platform 

(Supplementary fig. 1c,d), cut with a razor blade and sealed with the medical grade adhesive while 

left protected in the UV blocking plastic device. The capsule was then transferred to pre-warmed 

media and maintained on a shaker (80 rpm) in a 37°C, 5% CO2 incubator. Media was changed every 

day. For in-vivo studies, freshly loaded capsules were maintained in the incubator overnight before 

implantation. 

In- and explantation surgery 

All experiments were performed using male C57BL/6J mice (Janvier) in accordance with the Swiss 

regulation on animal experimentation and the European Community Council directive (86/609/EEC) 

for the care and use of laboratory animals. Mice had access to water and food ad libitum at all time. 

Adult mice were 6-month-old, young mice were 6-week-old and aged mice were 22-month-old. 

Before surgery, the mice were anesthetized using isoflurane and lidocaine was applied onto the skin. 

For the implantation of the preequilibrated Alzet osmotic pump model 1002 (Charles River) supplying 

2.5 mg/kg of FK-506 in 70% ethanol (Selleck Chemicals) per day, a small incision was made on the 

back, slightly posterior to the scapulae.  

One side of the incision was lifted with forceps and a subcutaneous pocket was created with a pair 

of sterile scissors. The pump was then inserted into this pocket using forceps. A second incision was 

introduced at the opposed side of the midline. Separated by 1-2 mm, 3 capsules were inserted 

through the incision into the subcutaneous fascia over the rip-cage using an applicator plastic tube 

sliding over a metal plunger (Supplementary fig. 2).  

The metal plunger held the capsule in place while the plastic applicator tube was withdrawn over it. 

Subsequently the incisions were closed using surgical staples. Animals were first maintained in a 

heated recovery chamber before being moved to a cage. After surgery, the mice were kept in single 

housing with daily surveillance and bodyweight measurement. 10 d after implantation, the mice were 

sacrificed and the capsules were retrieved through manipulation at the rigid adhesive seals using 

forceps. Capsules were washed in warm PBS and incubated in 37 °C warm trypsin for 5 minutes 

and washed for further processing. 
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Cryo-sample preparation  

Cultured capsules were washed three times with PBS before processing. Explanted capsules were 

washed with warm PBS, incubated 5 minutes in trypsin and washed a second time. Gelatin solution 

was heated up to and kept at 39 °C until completely melted. Firstly, a layer of gelatin was applied to 

the capsule sample using a plastic dropper. After the gel was solidified another layer of gelatin was 

applied to cover the entire capsule in a thin plastic mold. The sample was then kept at 4 °C for 5 

minutes to ensure complete gelation. The sample was then snap frozen in a liquid nitrogen chilled 

isopentane slurry for 1 minute and transferred to dry ice. 

Stainings 

Capsule cryosections were washed in PBS for 5 minutes before fixation in 4% PFA (15 minutes). 

Fixed samples were washed three times with PBS and permeabilized in 0.1% Triton X-100 (Sigma-

Aldrich) for 15 minutes at room temperature. The sections were then blocked with 4% BSA (Jackson 

ImmunoResearch, IgG-free) for 1 hour at room temperature. Samples were incubated with primary 

antibody at 4°C overnight or room temperature for 2 hours with the addition of mouse-on-mouse 

(M.O.M., Vector Laboratories) blocking reagent in the blocking buffer. After three PBS washes, cells 

were incubated with corresponding secondary antibody and 40, 6-diamidino-2-phenylindole (DAPI) 

for 45 minutes at room temperature. After three washing steps with PBS, the slide was dried and 

mounted with mounting buffer (ProLong Diamond Antifade Mountant) and a cover slide (Menzel-

gläser, #1.5, Thermo Scientific). Imaging was carried out using DMI6000 inverted microscope (Leica) 

or VS120 slide scanner (Olympus). After the application of secondary antibody, all procedures were 

handled in darkness. Primary antibodies were Anti-MyoD antibody (C-20) (Santa Cruz 

Biotechnology, sc-304) and Anti-myosin heavy chain (Merck Millipore, A4.1025).  TUNEL staining 

was performed using the In-Situ Cell Death Detection Kit (Roche) according to the manufacturer's 

instructions.  

RNA extraction and microarray 

Two devices from the same mouse were pooled and added to a Lysing Matrix D tube (MP 

Biomedicals, Santa Ana, California, USA) on ice. After addition of 450µL of lysis buffer (Agencourt 

RNAdvance Tissue Kit, Beckman Coulter, Indianapolis, Indiana, USA) the capsules were 

homogenized for 2x1 minute at speed 6.5 on a FastPrep-24 (MP Biomedicals, Santa Ana, California, 

USA). RNA was extracted using the Agencourt RNAdvance Tissue Kit (Beckman Coulter, 

Indianapolis, Indiana, USA) following the manufacturer's instructions.  
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Two rounds cRNA synthesis starting with 5 ng of total RNA were performed using the MessageAmp 

II aRNA amplification kit (AM1751) and MessageAmp II-biotin enhanced aRNA amplification kit 

(AM1791, Life Technologies, Carlsbad, California, USA) according to the manufacturer's 

instructions. RNA and cRNA were quantified using the Quant-iT RiboGreen RNA Assay Kit 

(Invitrogen, Carlsbad, California, USA) using a Spectramax M2 (Molecular Devices, Sunnyvale, 

California, USA). RNA quality assessment was performed using a Bioanalyzer 2100 with RNA 6000 

Pico Kit (Agilent Technologies, Santa Clara, California, USA).  

cRNA quality assessment was done using a Fragment Analyzer-96 with the Standard Sensitivity 

RNA Analysis Kit (15-nt) (Advanced Analytical, Technologies, Ankeny, Iowa, USA). Hybridization of 

750ng of cRNA on Human HT-12 v4.0 Expression BeadChip (Illumina Inc., San Diego, California, 

USA), where performed according to the manufacturer's instructions. Scanning of the microarrays 

was performed on Illumina HiScan (Illumina Inc., San Diego, California, USA). 

3D-printing 

Design of the capsule cutting-sealing platform was carried out using Solidworks software (2014 

version). Printing was done using the ProJet 3500 HDMax (3D systems) 3D printer. VisiJet M3 

Crystal and VisiJet S300 (3D systems) served as printing material and support material, respectively. 

The printed pieces were incubated for 1-2 hours at 56°C in the oven and submerged for 1-2 hours 

in mineral oil at 56°C with ultrasonic cleaning in order to dissolve and remove the support material. 

The device was then incubated for 1-2 hours in isopropanol at room temperature with ultrasonic 

cleaning. 

Statistics  

After visual inspection and exclusion of microarrays presenting low signal (log2 median expression 

<5.8) or low variability (standard deviation <0.1), Illumina expression signals were quantile-

normalized. We applied a nonspecific filter to discard probes with low average signal and retained 

6892 Illumina probes whose mean expression was greater than the third quartile of expression of all 

of the probes. For differential expression analysis and pathway analyses, genes (represented by 

probes) were tested for differential expression using the moderated t-statistic as implemented in 

LIMMA. Gene Set Enrichment Analysis was performed using CAMERA and the hallmark gene set 

collection from MSigDB. All genome wide statistical analyses were performed using R version 3.3.3 

and Bioconductor package LIMMA. 

 

 

 



 

*Manuscript under revision (February 2018)     

 Chapter 4 

87 87 87 87 87 87 87 

Accession codes 

The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus 

and are accessible through GEO Series accession number GSE111401 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE111401).    
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Supplementary figure 1 | (a) Light microscopy images revealing the morphology of human 

myoblasts in agarose or Matrigel at the day of embedding (D0) and after seven days in culture (D7). 

Scale bars: 250 µm (b) Schematic outlining the construction of the adaptor hub used for mounting 

and loading of the capsules. (c and d) Schematic of the parts of the 3D printed capsule cutting and 

sealing platform. The photograph in the upper left of (d) shows the assembled platform loaded with 

a capsule mounted to the adaptor hub. 
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Supplementary figure 2 | The images show the capsule applicator composed of a stiff plastic tube 

freely sliding over a metal plunger. For implantation the applicator tube was loaded with a capsule 

on one end and the metal plunger was inserted from the other side. Once pushed into the 

subcutaneous fascia over the ribcage the plastic tube was withdrawn while the metal part kept the 

capsule in place.  
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Hallmark pahtway 

Camera, 

ranks True, 

NGenes 

Direction PValue FDR 

HALLMARK_MYOGENESIS 99 Down 1.43E-04 7.14E-03 

HALLMARK_MYC_TARGETS_V1 138 Up 1.63E-03 3.48E-02 

HALLMARK_OXIDATIVE_PHOSPHORYLATION 118 Up 2.09E-03 3.48E-02 

HALLMARK_PI3K_AKT_MTOR_SIGNALING 36 Down 4.59E-03 5.74E-02 

HALLMARK_IL6_JAK_STAT3_SIGNALING 20 Down 1.28E-02 1.22E-01 

HALLMARK_TNFA_SIGNALING_VIA_NFKB 81 Down 1.69E-02 1.22E-01 

HALLMARK_INTERFERON_ALPHA_RESPONSE 47 Down 1.71E-02 1.22E-01 

HALLMARK_ESTROGEN_RESPONSE_EARLY 65 Down 2.03E-02 1.27E-01 

HALLMARK_INTERFERON_GAMMA_RESPONSE 77 Down 3.52E-02 1.82E-01 

HALLMARK_NOTCH_SIGNALING 15 Down 3.99E-02 1.82E-01 

HALLMARK_KRAS_SIGNALING_DN 29 Down 4.01E-02 1.82E-01 

HALLMARK_FATTY_ACID_METABOLISM 66 Up 4.36E-02 1.82E-01 

HALLMARK_INFLAMMATORY_RESPONSE 60 Down 5.53E-02 1.99E-01 

HALLMARK_MITOTIC_SPINDLE 75 Down 5.57E-02 1.99E-01 

HALLMARK_UV_RESPONSE_DN 59 Down 1.03E-01 3.42E-01 

HALLMARK_PANCREAS_BETA_CELLS 7 Up 1.23E-01 3.86E-01 

HALLMARK_COMPLEMENT 70 Down 1.62E-01 4.60E-01 

HALLMARK_ESTROGEN_RESPONSE_LATE 70 Down 1.66E-01 4.60E-01 

HALLMARK_APICAL_JUNCTION 98 Down 1.91E-01 5.03E-01 

HALLMARK_HEDGEHOG_SIGNALING 9 Down 2.09E-01 5.04E-01 

HALLMARK_APICAL_SURFACE 9 Down 2.12E-01 5.04E-01 

HALLMARK_UNFOLDED_PROTEIN_RESPONSE 62 Down 2.48E-01 5.63E-01 

HALLMARK_WNT_BETA_CATENIN_SIGNALING 19 Down 2.68E-01 5.82E-01 

HALLMARK_ALLOGRAFT_REJECTION 60 Down 2.88E-01 5.99E-01 

HALLMARK_MTORC1_SIGNALING 119 Down 3.02E-01 6.05E-01 

HALLMARK_KRAS_SIGNALING_UP 60 Up 3.33E-01 6.29E-01 

HALLMARK_HYPOXIA 112 Down 3.39E-01 6.29E-01 

HALLMARK_APOPTOSIS 73 Down 3.57E-01 6.37E-01 

HALLMARK_ANGIOGENESIS 20 Up 3.89E-01 6.70E-01 

HALLMARK_E2F_TARGETS 64 Up 4.24E-01 6.92E-01 

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 128 Down 4.33E-01 6.92E-01 

HALLMARK_UV_RESPONSE_UP 65 Down 4.57E-01 6.92E-01 

HALLMARK_ADIPOGENESIS 90 Up 4.57E-01 6.92E-01 

HALLMARK_P53_PATHWAY 91 Down 4.92E-01 7.06E-01 

HALLMARK_IL2_STAT5_SIGNALING 75 Down 4.94E-01 7.06E-01 

HALLMARK_G2M_CHECKPOINT 69 Up 5.17E-01 7.19E-01 
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HALLMARK_DNA_REPAIR 79 Down 5.32E-01 7.20E-01 

HALLMARK_XENOBIOTIC_METABOLISM 69 Up 5.80E-01 7.64E-01 

HALLMARK_PROTEIN_SECRETION 48 Up 6.01E-01 7.71E-01 

HALLMARK_GLYCOLYSIS 97 Down 6.21E-01 7.76E-01 

HALLMARK_SPERMATOGENESIS 20 Up 6.81E-01 8.09E-01 

HALLMARK_TGF_BETA_SIGNALING 28 Down 6.89E-01 8.09E-01 

HALLMARK_HEME_METABOLISM 69 Down 6.95E-01 8.09E-01 

HALLMARK_PEROXISOME 30 Up 8.32E-01 9.29E-01 

HALLMARK_CHOLESTEROL_HOMEOSTASIS 34 Up 8.52E-01 9.29E-01 

HALLMARK_MYC_TARGETS_V2 30 Down 8.55E-01 9.29E-01 

HALLMARK_BILE_ACID_METABOLISM 25 Down 9.02E-01 9.39E-01 

HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY 31 Down 9.17E-01 9.39E-01 

HALLMARK_COAGULATION 48 Up 9.20E-01 9.39E-01 

HALLMARK_ANDROGEN_RESPONSE 42 Down 9.93E-01 9.93E-01 

 

Supplementary table 1 | Hallmark database pathway analysis. FDR = False discovery rate 
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Supplementary table 2 | Gene ontology (GO) terms perturbed in human encapsulated cells in the 

young and aged condition overlapping with those affected in tissues of heterochronic relative to 

isochronic mouse parabionts (Baruch et al. Science, 2014). FDR = False discovery rate. 
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Chapter 5:  

Aging Disrupts Muscle Stem Cell Function by 

Impairing Matricellular WISP1 Secretion from 

Fibro-Adipogenic Progenitors 
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Background & Rationale: 

 

Progenitor cells reside in the interstitial space between myofibers, and many new progenitor 

populations been recognized in the last decade. Among them, mesenchymal progenitor cells, known 

as FAPs 445 have received considerable attention and are recognized as primary mediators of fatty 

and fibrotic tissue-accumulation 446.   

Numerous studies on age-related regenerative-failure of skeletal muscle have focused on the 

phenotypes of MuSCs. In contrast, the impact of aging on different accessory cells in the stem cell 

niche remains largely unexplored.      

In order to address these questions, we studied the supporting role of FAPs in myogenesis, their 

cellular cross-talk with MuSCs, and how aging impacts the functional role of FAPs in skeletal muscle 

regeneration.  

In the following chapter, we describe WISP1 as a FAP-derived matricellular signal which is lost 

during aging and required for efficient muscle regeneration.  

 

Personal contribution:  

Optimization of RNA fluorescence in-situ hybridization (RNA-FISH) experiment and performing in 

this project to elucidate where WISP1 is produced in skeletal muscle. 

Current status of the project*:  

Aging Disrupts Muscle Stem Cell Function by Impairing Matricellular WISP1 Secretion from Fibro-

Adipogenic Progenitors. Cell Stem Cell. 24: 433-446; 2019  

DOI: https://doi.org/10.1016/j.stem.2018.12.014. PMID: 3068676 

Reprinted with permission from © Elsevier (Appendix 5.) 

https://www.cell.com/cell-stem-cell/fulltext/S1934-5909(18)30604-0
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SUMMARY

Research on age-related regenerative failure of skel-
etal muscle has extensively focused on the pheno-
types of muscle stem cells (MuSCs). In contrast,
the impact of aging on regulatory cells in the MuSC
niche remains largely unexplored. Here, we demon-
strate that aging impairs the function of mouse fi-
bro-adipogenic progenitors (FAPs) and thereby
indirectly affects the myogenic potential of MuSCs.
Using transcriptomic profiling, we identify WNT1
Inducible Signaling Pathway Protein 1 (WISP1) as a
FAP-derived matricellular signal that is lost during
aging. WISP1 is required for efficient muscle regen-
eration and controls the expansion and asymmetric
commitment of MuSCs through Akt signaling. Trans-
plantation of young FAPs or systemic treatment with
WISP1 restores the myogenic capacity of MuSCs in
agedmice and rescues skeletal muscle regeneration.
Our work establishes that loss of WISP1 from FAPs
contributes to MuSC dysfunction in aged skeletal
muscles and demonstrates that this mechanism
can be targeted to rejuvenate myogenesis.

INTRODUCTION

The regenerative capacity of skeletal muscle depends on the ac-

tivity of tissue-resident muscle stem cells (MuSCs), also termed

satellite cells. As a consequence of aging, the regenerative func-

tion of MuSCs is dramatically impaired, leading to inefficient

muscle repair following injury (Almada and Wagers, 2016; Blau

et al., 2015; Brack and Muñoz-Cánoves, 2016). The number

of MuSCs decreases in aged muscle (Shefer et al., 2006), and

remaining cells display impaired activation, adhesion, migration,

proliferation, self-renewal, and differentiation and gradually

switch to a senescent phenotype (Lukjanenko et al., 2016; Price

et al., 2014; Sousa-Victor et al., 2014; Tierney et al., 2018). Alter-

ations in both cellular signaling pathways and metabolism have

been shown to impair MuSC function during aging. AgedMuSCs

exhibit increased p38-mitogen-activated protein kinase (MAPK),

ERK-MAPK, and JAK-STAT signaling (Bernet et al., 2014; Chak-

kalakal et al., 2012; Cosgrove et al., 2014; Price et al., 2014;

Sousa-Victor et al., 2014), as well as Hoxa9 induction in

response to epigenetic stress (Schwörer et al., 2016). In addition,

impairedmitochondrial function as well as decreased autophagy

perturb the physiology of MuSCs during aging and accelerate

their transition toward senescence (Garcı́a-Prat et al., 2016;

Zhang et al., 2016). Importantly, recent studies have begun to

elucidate the nature of the extracellular signals, which are disrup-

ted in the niche and mediate some of these long-lasting intrinsic

adaptations. For example, alterations in the levels of Fibronectin,

Notch ligands, fibroblast growth factor (FGF)-2, Wnt ligand C1q,

transforming growth factor b (TGF-b), oxytocin, or apelin have

been reported to affect cellular aging pathways and thereby

disturb MuSC function (Brack et al., 2007; Carlson et al., 2008;

Chakkalakal et al., 2012; Elabd et al., 2014; Lukjanenko et al.,

2016; Naito et al., 2012; Price et al., 2014; Vinel et al., 2018;

Wang et al., 2015). Yet, in spite of these fundamental advance-

ments in our understanding of the muscle stem cell niche, the

cellular origin of extrinsic MuSC regulatory signals that are

affected by the aging process remain largely enigmatic.

During adultmyogenesis,MuSC function is under thecontrol of

a wide range of paracrine signals originating from different cell

types in the niche (Mashinchian et al., 2018). The regulatory inter-

play between MuSCs, immune cells, fibrogenic cells, and adipo-

genic progenitors has emerged to be of particular complexity

(Heredia et al., 2013; Varga et al., 2016; Verma et al., 2018).

Reciprocal control of MuSCs and fibroblasts is indispensable

for efficient expansion of the MuSC pool and for keeping
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interstitial fibrosis in check (Fry et al., 2016; Murphy et al., 2011).

Similarly, ablation of lineages with adipogenic potential leads to

dysfunctional muscle repair (Liu et al., 2012). Both fibroblast-

like cells and adipocytes residing in skeletal muscle are derived

from a common bipotent mesenchymal fibro-adipogenic pro-

genitor (FAP) marked by the expression of the platelet-derived

growth factor receptor (PDGFR) a (Joe et al., 2010; Liu et al.,

2012; Uezumi et al., 2010). Upon muscle injury, FAPs activate,

enter a proliferative phase at the same time as MuSCs, and sup-

portmyogenic commitment (Joe et al., 2010). AlteredFAP lineage

decisions during regeneration perturb extracellular matrix (ECM)

remodeling and impair myogenesis (Fiore et al., 2016; Mozzetta

et al., 2013). Permissive changes in the micro-environment of

diseased muscle and altered FAP apoptosis in the late phase of

regeneration promotes excessive differentiation toward fat or

fibrotic tissue (Heredia et al., 2013; Lemos et al., 2015; Uezumi

et al., 2010). One of the signals involved in fibrotic fate decisions

of FAPs is platelet-derived growth factor (PDGF), which can be

dynamically regulated by alternative processing of the Pdgfra

mRNA in FAPs during muscle regeneration (Mueller et al.,

2016). These observations demonstrate that FAPs orchestrate

a plethora of processes involved in regenerative myogenesis

and highlight the need for a better understanding of the signals

controlling MuSC function.

Notably, aging affects mesenchymal progenitors in multiple

tissues (Raggi and Berardi, 2012). Similarly, oxidative stress

and other senescence-associated processes impair adipogenic

progenitors in aged fat tissue (Tchkonia et al., 2010). These ob-

servations suggest that FAPs and their support function for myo-

genesis could also be deregulated by the aging process. Here,

we set out to test this hypothesis and demonstrate that FAP

activity is severely impaired as a consequence of old age. We

describe that aged FAPs fail to support MuSCs due to reduced

secretion of the matricellular protein WNT1 Inducible Signaling

Pathway Protein 1 (WISP1). FAP-secretedWISP1 controls asym-

metricMuSCcommitment and activates theAkt pathway. Similar

to aging, genetic deletion of WISP1 in mice perturbs the MuSC

pool and impairs myogenesis. Conversely, systemic treatment

of aged mice with recombinant WISP1, or transplantation of

young but not aged or WISP1 knockout FAPs, rescues MuSC

function, and rejuvenates the regenerative capacity of aged skel-

etal muscle. In summary, we demonstrate that the regenerative

failure inherent to aged muscle can be ameliorated by targeting

matricellular communication between FAPs and MuSCs.

RESULTS

Aging Affects FAP Function
Given the negative impact of aging on mesenchymal stem cells

(Raggi and Berardi, 2012) and the pivotal role of FAPs as support

cells in the MuSC niche (Joe et al., 2010; Lemos et al., 2015;

Uezumi et al., 2010), we first asked whether FAP function is

affected during aging. To address this question, we collected

FAPs and MuSCs from muscles of 9- to 13-week-old young

mice and 20- to 25-month-old pre-geriatric aged mice (Sousa-

Victor et al., 2014) using fluorescence-activated cell sorting

(FACS; Figure S1A). Ex vivo culture of MuSCs confirmed previ-

ously described aging defects that included impaired prolifera-

tion, reduced upregulation of the myogenic commitment factor

MyoD, and inefficient differentiation of aged MuSCs (Figures

S1B–S1E). Notably, we observed that aged FAPs also displayed

a range of altered cellular phenotypes. In ex vivo culture, the

number of FAPs isolated from aged mice was reduced,

and they incorporated less 5-Ethynyl-20-deoxyUridine (EdU)

compared to young controls (Figures 1A–1C). Immunostaining

for PDGFRa revealed lower numbers of FAPs in muscles of

aged mice (Figures S1F and S1G). To investigate how aging

affects FAP levels during regeneration, we analyzed muscles at

different time points after injury. This revealed decreased

numbers of aged FAPs at 4 days post-injury (dpi), that failed to

be cleared from the tissue at 7 dpi (Figures S1H and S1I). Func-

tional ex vivo analysis of aged FAPs demonstrated impaired

growth factor induced (Figures 1D and 1E) and spontaneous

(Figure S2A) adipogenesis. Clonal analysis of single aged FAPs

showed that the capacity for expansion and the number of adi-

pogenic clones are reduced compared to the young condition

(Figure S2B). No difference in differentiation was observed

between young and aged FAPs once the cells have taken a

fate decision and an adipogenic clone had emerged (FigureS2C),

indicating that aging affects fate decisions at the progenitor

level. The impaired adipogenic potential of aged FAPs was

reflected by reduced levels of oil red Opositive intramuscular ad-

ipocytes at 14 dpi (Figures 1F, 1G, and S2D). This effect was also

observed in H&E stainings (Figure S2E) and confirmed by the

quantification of perilipin-positive adipocytes in cross-sections

of aged muscles at 14 dpi (Figures S2F and S2G). In contrast, fi-

brogenic FAP differentiation to a-smoothmuscle actin and colla-

genIa1 positive cells was higher in aged FAPs (Figures 1H, 1I,

and S2H). In agreement with these findings, masson trichrome

staining of muscle cross-sections of young and aged mice

showed elevated fibrosis in aged muscle (Figures 1J and 1K).

Gene expression profiling of young and aged FAPs isolated

from injured muscles at 7 dpi further confirmed this finding and

revealed increased mRNA expression of the gene ontology

(GO) term ‘‘extracellular matrix’’ (Figures S2I and S2J). Fibrotic

and adipogenic fate decisions in FAPs have been recently

demonstrated to be mediated by alternative processing of the

PDGFRa transcript (Mueller et al., 2016). An intronic variant of

PDGFRa coding for a protein isoform with a truncated kinase

domain acts as a decoy receptor to inhibit PDGF signaling and

inhibit FAP differentiation into fibrotic cells. Interestingly, we

observed that the relative amounts of this PDGFRa intronic

variant (PDGFRa-In) is reduced after injury in aged muscles as

well as in aged FAPs following FACS isolation (Figures 1L and

1M). Collectively, these data demonstrate that the function of

aged FAPs is perturbed and that aging uncouples adipogenic

from fibrogenic fate decisions at the progenitor level.

Aged FAPs Fail to Support MuSCs
Following injury, FAPs initially expand to support MuSC function

(Fiore et al., 2016; Joe et al., 2010; Mozzetta et al., 2013). In order

to characterize the cellular cross-talk between FAPs andMuSCs

in a system where the age of each cell type can be uncoupled,

we isolated MuSCs from tdTomato (Td) mice (Prigge et al.,

2013), which constitutively express a nuclear red fluorescent

protein (Figure S3A). The cells were then tracked based on the

reporter in co-cultures with wild-type (WT) FAPs (Figures 2A

and S3B). Aged FAPs displayed a reduced ability to support
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Figure 1. Aging Impairs FAP Function and Uncouples Adipogenic from Fibrogenic Fate Decisions

(A) Representative images of cell numbers and EdU incorporation of FAPs 6 days after isolation from uninjured muscles of young or aged mice. Scale

bars, 100 mm.

(B) Quantification of the number of FAPs 6 days after isolation from uninjured muscles of young or aged mice.

(C) Quantification of the percentage of EdU+ FAPs 6 days after isolation from young and aged uninjured muscles.

(D) Representative images of FAPs differentiated under pro-adipogenic conditions 13 days after isolation from uninjured muscles of young or aged mice. Lipid

droplets were detected by bodipy staining. Scale bars, 100 mm.

(E) Quantification of the percentage of FAPs differentiated into bodipy+ adipocytes under pro-adipogenic conditions 13 days after isolation from uninjured

muscles of young or aged mice.

(F) Representative oil red O staining of muscle cross-sections from young and aged mice 14 days post-injury (dpi). Scale bars, 400 mm.

(G) Quantification of the oil red O covered area normalized to the total cross-sectional area of young and agedmuscles under uninjured (Un.) conditions or at 7 and

14 dpi.

(H) Representative a-smooth muscle actin (a-SMA) immunostaining showing spontaneous fibrogenic differentiation of FAPs 6 days after isolation from uninjured

muscles of young or aged mice. Scale bars, 100 mm.

(I) Quantification of the percentage of a-SMA+ FAPs 6 days after isolation from uninjured muscles of young or aged mice.

(J) Representative Masson trichrome staining of cross-sections from muscles of young or aged mice under uninjured conditions or at 14 dpi. Fibrotic areas are

labeled by the aniline blue component of the staining. Scale bars, 100 mm.

(K) Quantification of the aniline blue+ fibrotic area of the Masson trichrome staining normalized to the total muscle area in cross-sections of young and aged

muscles under uninjured conditions or at 14 dpi.

(L) qPCRquantification of the ratio of intronic (In) to full-length (FL) PDGFRa transcripts in young and agedmuscle under uninjured conditions or at 3, 7, and 14 dpi.

(M) qPCR quantification of the ratio of In to FL PDGFRa transcripts in FAPs isolated from muscles of young or aged mice at 3 dpi.

In (B), (C), (E), and (I), cells were pooled from up to n = 3 mice and nR 15 replicates per condition, repeated three times for each condition. (G, K, L, and M) nR 6

mice per condition.

In (B), (C), (E), (G), (I), and (K)–(M), data are represented as means ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001 using a Mann-Whitney test when comparing two

conditions, and an ANOVA followed by a Bonferroni post hoc test when comparing multiple conditions.

See also Figures S1 and S2.

Cell Stem Cell 24, 433–446, March 7, 2019 435



MuSC expansion and differentiation (Figures 2B–2D). The posi-

tive effect of FAPs on MuSC expansion correlated with the

amount of FAPs (Figure S3C) and was not due to effects on

the viability of MuSCs (Figure S3D). We next tested whether

FAPs support MuSCs through soluble factors. Using single my-

ofiber cultures, we demonstrated that the proliferation of MuSCs

was increased in the presence of medium conditioned by young

FAPs but was unaffected by medium conditioned by aged FAPs

(Figures 2E and 2F). FAP conditioned culture medium was also

able to promote the proliferation and differentiation of MuSCs

ex vivo (Figures S3E and S3F). Thus, aging impairs the secretion

of a soluble myogenic support signal from FAPs.

WISP1 Is Secreted by Activated FAPs and Is Lost
during Aging
To uncover the molecular nature of the FAP-derived MuSC sup-

port signal lost during aging, we profiled the transcriptome

of FAPs and MuSCs that were isolated in injured and uninjured

muscles from young and aged mice. We first analyzed the

GO terms enriched in FAPs compared to MuSCs and identified

strong signatures of ‘‘organ development,’’ ‘‘cell adhesion,’’

and ‘‘extracellular matrix organization’’ in FAPs (Table S1). The

fibrogenic nature of FAPs was highlighted by the higher expres-

sion of genes of the ‘‘extracellular matrix’’ GO term (Figure S4),

and aging enhanced both molecular regulators of fibrosis in

quiescent FAPs (Table S2) and ECM or fibrosis signatures at

7 dpi (Figures S2I and S2J). We next examined which transcripts

coding for secreted proteins were upregulated in activated

FAPs. Out of the 321 genes significantly upregulated with a fold

change >2 during activation of young FAPs, we identified

20 secreted signaling proteins (Figure 3A). Genes upregulated in

activated FAPs were then filtered for differential regulation with

age and activation. The resulting 10 transcripts differentially regu-

lated in aged activated FAPs contained a single secreted protein

belonging to the Cyr61/CTGF/NOV (CCN) family of matricellular

proteins and termed Wnt1 inducible signaling pathway protein 1

Figure 2. Aged FAPs Fail to Support MuSCs

(A) Representative images of MuSCs from unin-

jured muscles of young mice with constitutive

nuclear TdTomato+ (Td+) expression, cultured

alone or together with wild-type (WT) FAPs from

uninjured young or aged muscles for 12 h after

isolation. Scale bars, 50 mm.

(B) Quantification of the number of Td+ MuSCs

from uninjured muscles of young mice cultured

alone or together with WT FAPs from young or

aged uninjured muscles for 12 h after isolation.

(C) Quantification of the number of Td+ MuSCs

from young uninjured muscles relative toWT FAPs

from young or aged uninjuredmuscles co-cultured

for 12 h after isolation.

(D) Quantification of the number of nuclei inmyosin

heavy chain (MHC) positive cells generated by

MuSCs from uninjured muscles from young or

aged mice, alone or co-cultured with FAPs from

young and aged uninjured muscles for 6 days after

isolation. Cells pooled from up to n = 3 mice and

n R 13 replicates per condition, repeated three

times for each condition.

(E) Representative Pax7 immunostaining of single

extensor digitorum longus (EDL) myofibers that

were cultured for 42 h after isolation from uninjured

muscles of young mice with medium conditioned

(Cond.) by FAPs isolated from uninjured muscles

of young or aged mice. Scale bars, 25 mm.

(F) Quantification of Pax7+ MuSCs on single my-

ofibers that were cultured for 42 h after isolation

from uninjured muscles of youngmice with control

medium or medium conditioned by FAPs isolated

from uninjured muscles of young or aged mice.

n = 3 mice per condition, nR 30 fibers per mouse.

In (B) and (C), cells were pooled from up to n = 3

mice and n = 24 replicates per condition, repeated

three times for each condition.

In (B), (C), (D), and (F), data are represented as

means ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001

using a Mann-Whitney test when comparing

two conditions, and an ANOVA followed by a

Bonferroni post hoc test when comparing multiple

conditions.

See also Figure S3.
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(WISP1/CCN4) (Figure 3B). WISP1 was also the most downregu-

lated gene when aged activated FAPs were directly compared to

young activated FAPs (Table S3). qPCR analysis confirmed that

WISP1 is upregulated in young FAPs following muscle injury,

and that this induction is blunted more than 2-fold in FAPs from

aged mice (Figure 3C). In agreement with these observations,

the upregulation of WISP1 mRNA and protein was blunted in re-

generating tibialis anterior muscles of aged mice (Figures 3D

and 3E).

To confirm that FAPs are the principal cell type in which aging

affectsWISP1secretion,we interrogateddifferentcell types found

in quiescent and regenerating muscles. These included lineage

positive cells (Lin+), comprising immune, endothelial, andhemato-

poietic cells, MuSCs, FAPs, and Sca1+/CD34+/PDGFRa– cells

(hereafter called PDGFRa–). FAPs, MuSCs, and PDGFRa– cells

upregulated WISP1 expression following injury, while very low

expression was observed in Lin+ cells (Figure S5A). Notably,

FAPs were the only cell type that displayed an age-dependent

reduction in WISP1 expression. Since WISP1 is a secreted pro-

tein, RNA fluorescence in situ hybridization (FISH) was used to

elucidatewhereWISP1 isproduced in skeletalmuscle.Consistent

with the localization of FAPs, we observed an upregulation of

WISP1 mRNA granules typical of RNA FISH experiments in the

interstitial space of regenerating muscles (Figures S5B and

S5C). No staining was detected in muscles of WISP1 knockout

(WISP1�/�) mice. We also observed that WISP1 mRNA was not

directly associated with MuSCs but frequently localized to the vi-

cinity of these cells (FigureS5D). These results identifyWISP1as a

FAP-derived MuSC support signal that is impaired during aging.

Loss of WISP1 Impairs MuSC Function and Muscle
Regeneration
We next asked whether the loss of WISP1 is sufficient to impair

muscle regeneration independently of other age-induced

Figure 3. Identification of WISP1 as an Age-Affected Matricellular Factor Secreted by FAPs
(A) Pie chart of transcripts detected by genome-wide profiling that are upregulated in FAPs isolated from young muscles at 3 dpi compared to the uninjured

condition and classified as secreted proteins.

(B) Venn diagram of genes induced in FAPs isolated from youngmuscles at 3 dpi compared to the uninjured condition (light gray), differentially regulated between

FAPs isolated from young and aged muscles at 3 dpi (purple), and encoding proteins annotated as ‘‘signaling molecules’’ by the Panther database (dark gray).

(C) WISP1 mRNA levels measured by qPCR in FAPs isolated from young and aged muscles under uninjured conditions or at 3 dpi.

(D) WISP1 mRNA levels measured by qPCR in muscles from young and aged mice under uninjured conditions or at 3, 7, and 14 dpi (n = 8 mice per condition).

(E) WISP1 protein levels in regenerating muscles from young and aged mice under uninjured conditions or at 3, 7, and 14 dpi. nR 5 mice per condition. Arbitrary

units (A.U.).

In (A)–(C), n R 5 replicates per condition, with cells pooled from multiple mice for each.

In (C)–(E), data are represented as means ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001 using an ANOVA followed by a Bonferroni post hoc test.

See also Figures S4 and S5.
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perturbations by analyzing WISP1�/� mice (Maeda et al., 2015).

As expected,WISP1mRNAwas not detected in uninjured and re-

generating WISP1�/� muscle (Figure S6A). We first assessed

how loss of WISP1 affects the ex vivo phenotype of MuSCs and

FAPs. WhileWISP1�/� MuSCs did not display an altered prolifer-

ation or differentiation potential (Figures S6B–S6D), FAPs iso-

lated from WISP1�/� mice increased in number (Figure S6E).

Despite this phenotype,WISP1�/� FAPswere not able to support

MuSCs as efficiently as WT FAPs (Figure 4A). Following in vivo

muscle injury, WISP1�/� muscles displayed reduced expression

levels of myogenic markers such as Pax7, MyoD, and Myogenin

(Figures 4B–4D). Histologically, we observed a prominent reduc-

tion in committed Pax7+/MyoD+ MuSCs in muscle cross-sec-

tions of WISP1�/� mice at 3 dpi (Figures 4E and 4F). At later

stages of regeneration, the architecture of WISP1�/� muscles

was perturbed and showed abnormally small myofibers (Figures

4G and 4H). In contrast, myofiber size was not affected by loss of

WISP1 in uninjured muscle (Figure S6F), demonstrating that

WISP1 impairs myofiber repair without promoting atrophy of

healthy fibers. In addition, WISP1�/� mice displayed similar

expression profiles of macrophage, immune, endothelial, and

fibroblast markers during regeneration (Figures S6G–S6J), sug-

gesting that loss of WISP1 primarily affects the communication

between FAPs and MuSCs. Altogether, these experiments

demonstrate that loss of WISP1 from FAPs impairs MuSC func-

tion and recapitulates major age-associated phenotypes during

skeletal muscle regeneration.

WISP1 Increases MuSC Commitment and Activates the
Akt Pathway
Despite its matricellular nature, WISP1 is a soluble protein and

can be detected in the systemic circulation (Maiese, 2014; Mur-

ahovschi et al., 2015). Addition of recombinant WISP1 to the cul-

ture medium increased the expansion and EdU incorporation of

young and aged MuSCs ex vivo (Figures 5A–5C, S7A, and S7B)

and promoted MuSC differentiation (Figure S7C). In contrast,

WISP1 treatment did not affect FAP proliferation or myotube hy-

pertrophy (Figures S7D and S7E). In order to interrogate effects

on MuSC commitment, WISP1 was added to the medium of

cultured single myofibers isolated from Myf5-Cre-ROSA26-

YFP reporter mice (Kuang et al., 2007). In this paradigm,

WISP1 promoted the generation of committed Pax7+/Myf5+

MuSCs by stimulating the asymmetric division of Pax7+/Myf5–

cells (Figures 5D and 5E). The Akt pathway has been implicated

in asymmetric self-renewal defects of aged MuSCs (Rozo et al.,

2016). Interestingly, WISP1 treatment of cultured myoblasts

induced the phosphorylation of Akt (Figures 5F, 5G, and S7F).

Supporting the notion that WISP1 exerts its effects through the

Akt pathway, treatment of freshly isolated MuSCs with an Akt

inhibitor abrogated the beneficial effects ofWISP1 onMuSCpro-

liferation (Figure 5H). In conclusion, by stimulating pathways

involved in proliferation and myogenic commitment, WISP1

positively influences processes altered during MuSC aging.

Transplantation of Young FAPs Rejuvenates Aged
MuSCs through WISP1
In order to demonstrate that WISP1 derived from FAPs stimu-

lates MuSC function directly, we transplanted freshly isolated

young, aged, or WISP1�/� FAPs into regenerating muscles of

WISP1�/� mice (Figure 6A). Young FAPs increased the number

of Pax7+/MyoD+ MuSCs, while aged or WISP1�/� cells lost this

ability (Figures 6B and 6C). Moreover, transplantation of young

FAPs, but not aged or WISP1�/� FAPs, rescued the abundance

of Pax7+/MyoD+ MuSCs in aged mice (Figures 6D and 6E). In

conclusion, these experiments demonstrate that FAP-derived

WISP1 directly stimulates the myogenic commitment of aged

MuSCs through paracrine communication.

Systemic WISP1 Treatment Rescues MuSC Function
and Regeneration in Aged Mice
We next set out to test whether a restoration of WISP1 levels can

ameliorate the impaired regeneration of aged muscles. To this

end, mice were treated by systemic injections of either recombi-

nant WISP1 or vehicle during muscle regeneration. mRNA levels

of Pax7, MyoD, and Myogenin were significantly higher in

WISP1-treated aged mice than in vehicle-treated animals at

the myogenic peak of regeneration at 7dpi (Figures 7A–7C). In

3-dpi muscle cross-sections of aged mice treated with WISP1,

the number of MuSCs positive for the proliferation marker Ki67

was significantly increased when compared to the vehicle con-

trol (Figures 7D and 7E). WISP1 also restored the number of

committed MyoD+ MuSCs in aged muscle (Figure 7F). Systemic

treatment of agedmice with recombinantWISP1 did not alter the

induction of macrophage, immune, endothelial, and fibroblast

markers during regeneration (Figures S7G–S7K). At later time

points of muscle regeneration, systemic WISP1 treatment

restored the amount of newly formed embryonic myosin heavy

chain positive (eMHC) fibers to the levels observed in the young

controls (Figures 7G and 7H). WISP1 treatment also improved

the overall architecture of aged regenerating muscles (Figure 7I)

and resulted in significantly larger regenerating fibers indicative

of more efficient regeneration and terminal myogenesis (Fig-

ure 7J). However, systemic WISP1 did not promote muscle

growth and anabolism in non-injured muscle as myofiber size

was not affected in contra-lateral muscles of aged WISP1-

treated mice (Figure S7L). Thus, systemic WISP1 treatment

rejuvenates the myogenic function of aged MuSCs and boosts

muscle repair.

DISCUSSION

In both mice and humans, aging leads to MuSC dysfunction and

reduces the regenerative capacity of skeletal muscle (Almada

andWagers, 2016; Blau et al., 2015; Brack andMuñoz-Cánoves,

2016). Extensive efforts have aimed at understanding the mech-

anisms driving MuSC aging, which involve cell-autonomous pro-

cesses and changes in the MuSC microenvironment (Bernet

et al., 2014; Chakkalakal et al., 2012; Cosgrove et al., 2014; Gar-

cı́a-Prat et al., 2016; Mashinchian et al., 2018; Price et al., 2014;

Sousa-Victor et al., 2014; Zhang et al., 2016). The MuSC niche is

highly complex and contains a flux of different cell types in a

tightly controlled spatiotemporal manner. The regulation of

MuSCs by local secretion of growth factors, ECM, and the pre-

sentation of cell-cell receptors in the niche depends on the func-

tion and proliferation kinetics of these niche cell populations.

Since aging has been shown to affect several critical niche com-

ponents, it is likely that the local deposition of these cues by

niche-resident cells is particularly susceptible to age-induced
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Figure 4. Impaired MuSC Commitment and Muscle Regeneration in WISP1 Knockout Mice

(A) Quantification of the number of Td+ MuSCs from young uninjured muscles relative to co-cultured FAPs from wild-type (WT) or WISP1 knockout (WISP1�/�)
muscles for 12 h after isolation. n = 24 replicates per condition, repeated twice with cells from different mice for each condition.

(B–D) qPCR quantification of Pax7 (B), MyoD (C), and Myogenin (MyoG; D) mRNA fromWT andWISP1�/� muscles under uninjured (uninj.) conditions or at 3 and

7 dpi.

(E) Representative Pax7 andMyoD immunostaining ofWT andWISP1�/�muscle cross-sections at 3 dpi.White arrowheads indicate Pax7+/MyoD+MuSCs. Scale

bar, 100 mm.

(F) Quantification of the number of Pax7+/MyoD+ MuSCs in WT and WISP1�/� muscle cross-sections at 3 dpi.

(G) Representative Laminin immunostaining of WT and WISP1�/� muscle cross-sections at 14 dpi. Scale bar, 100 mm.

(H) Quantification of the cross-sectional area distribution of regenerating fibers with centralized nuclei in WT and WISP1�/� muscles at 14 dpi. (B–D, F, and H)

n R 5 mice per condition.

In (A)–(D), (F), and (H), data are represented as means ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.1 using a Mann-Whitney test when comparing two

conditions, and ANOVA followed by a Bonferroni post hoc test when comparing multiple conditions, and a Kolmogorov-Smirnov test to assess fiber cross-

sectional area distributions.

See also Figure S6.
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Figure 5. WISP1 Stimulates Asymmetric MuSC Commitment and Activates the Akt Pathway

(A) Quantification of the number of MuSCs cultured for 36 h after isolation from uninj.muscles of aged mice in media containing vehicle (Veh.) or 8 mg/mL WISP1.

(B) Quantification of the number of EdU+ MuSCs cultured for 3 days after isolation from uninjured muscles of aged mice in media containing Veh. or WISP1.

(C) Representative images of EdU+ MuSCs cultured for 3 days after isolation from uninjured muscles of aged mice in media containing Veh. or WISP1. Scale

bars, 50 mm.

(D) Pax7 and YFP immunostaining of an asymmetric MuSC division on a single myofiber from a Myf5-Cre/R26R-YFP mouse. Scale bar, 25 mm (top) and 5 mm

(bottom).

(E) Quantification of the number of symmetric (YFP–/YFP–) and asymmetric (YFP–/YFP+) divisions per single myofiber cultured in media containing Veh. or WISP1

for 42 h after isolation from adult uninjured EDL muscles of Myf5-Cre/R26R-YFP mice. n = 3 mice per condition, n R 30 fibers analyzed per mouse.

(F and G) Primary myoblasts were treated with either Veh. or WISP1 for 24 h and phospho-Akt (p-Akt) and total Akt protein levels were quantified by western blot

(F) and normalized to GAPDH (G). n = 3 replicates per condition.

(H) Quantification of the number of EdU+ MuSCs cultured for 3 days after isolation from uninjured muscle of aged mice with media containing Veh. or WISP1 with

or without 0.1 mM of the Akt inhibitor MK-2206.

In (A), (B), and (H), cells were pooled from up to 3 mice and n R 16 replicates per condition, repeated twice for each condition.

In (A), (B), (E), (G), and (H), data are represented as means ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001 using a Mann-Whitney test when comparing two conditions,

and an ANOVA followed by a Bonferroni post hoc test when comparing multiple conditions.

See also Figure S7.
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Figure 6. Paracrine WISP1 Secretion from Young FAPs Stimulates the Myogenic Commitment of Aged MuSCs

(A) Experimental overview of the in vivo transplantation of FAPs in WISP1�/� recipient mice.

(B and C) Quantification (B) and representative images (C) of Pax7+/MyoD+ MuSCs by immunofluorescence in muscle cross-sections ofWISP1�/� mice at 4dpi,

after intra-muscular injection of Veh. or FAPs freshly isolated from young, aged, or WISP1�/� mice at 1 dpi. n R 3 mice per condition.

(D) Experimental overview of the in vivo transplantation of FAPs in aged WT recipient mice.

(E) Quantification of the number of Pax7+/MyoD+MuSCs by immunofluorescence inmuscle cross-sections of agedWTmice at 4dpi, after intra-muscular injection

of Veh. or FAPs freshly isolated from young, aged, or WISP1�/� mice at 1 dpi. n R 4 mice per condition.

In (B) and (E), data are represented as means ± SEM; *p < 0.05 and **p < 0.01 using an ANOVA followed by a Bonferroni post hoc test.
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Figure 7. WISP1 Treatment Rejuvenates MuSC Function and Restores Muscle Regeneration

(A–C) qPCR quantification of Pax7 (A), MyoD (B), and MyoG (C) mRNA in muscles of agedmice treated with daily i.p. injection of Veh. or WISP1 at 1 mg/kg under

uninjured conditions or at 3, 7, and 14 dpi.

(legend continued on next page)
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stress. The identification of cell populations that fail to support

MuSC function in agedmuscles would allow for the development

of targeted strategies to restore a youthful niche environment.

Here, we describe that aging severely perturbs the function of

FAPs and their ability to support myogenesis. FAPs are less

abundant and have an impaired proliferative capacity in aged

muscle but accumulate during the late stages of regeneration

when they are normally cleared by apoptosis (Lemos et al.,

2015). Using transcriptomic profiling, we identified the matricel-

lular protein WISP1 as a FAP-derived factor controlling MuSC

expansion and commitment to myogenic differentiation. Age-

induced loss of WISP1 is specific to the FAP population and

directly deregulates MuSC function via paracrine signaling.

Concomitantly, WISP1�/� mice phenocopy age-related defects

of MuSC expansion, commitment, and muscle repair. WISP1 is

part of the CCN family of matricellular proteins and has previ-

ously been involved in ECM remodeling and tissue repair in

bone, cartilage, gut and lung epithelium, skin, and the cardio-

vascular system (Königshoff et al., 2009; Maeda et al., 2015;

Maiese, 2014; Ono et al., 2018; Quiros et al., 2017; Wright

et al., 2018; Yoshioka et al., 2016). At the cellular level, WISP1

modulates survival and proliferation in a spectrum of biological

settings (Maiese, 2014; Ono et al., 2018). CCN proteins possess

four conserved functional domains through which they interact

with the ECM, growth factors, and cytokines (Maiese, 2014).

Apart from their direct effects on cells, CCN proteins modulate

the signaling efficiency of several growth factors (Maiese,

2014). These include VEGF and FGF (Lafont et al., 2005; Nishida

et al., 2009), that have been shown to regulate MuSC function

and muscle regeneration (Chakkalakal et al., 2012; Messina

et al., 2007). Interestingly, WISP1 can interact with integrins via

their cysteine-rich domains (Maiese, 2014; Ono et al., 2018).

Integrin b1 activity is required for normal MuSC function and is

deregulated during aging (Rozo et al., 2016). Moreover, CCN

proteins can bind to the niche ECM component Fibronectin

that is critical for adhesion, survival, and self-renewal of MuSCs

and that is lost during regenerative remodeling of the aged stem

cell niche (Bentzinger et al., 2013; Lukjanenko et al., 2016).

Collectively, these observations suggest that FAP-derivedmatri-

cellular WISP1 controls MuSC function in concert with growth

factor signaling and the niche ECM.

Muscle regeneration associateswith a transient ectopic adipo-

cyte accumulation (Joe et al., 2010; Lukjanenko et al., 2013; Ue-

zumi et al., 2010). Falling in line with the general paradigm that

intra-muscular adipose tissue increases with advancing age

and metabolic stress (Addison et al., 2014), fat infiltration

following injury of aged muscle has also been proposed to

becomemore abundant (Ikemoto-Uezumi et al., 2015). However,

our data show that young mice with more efficient muscle repair

activate stronger ectopic adipogenesis than aged mice. This

observation is consistent with the reduced function of FAPs we

observed in aged muscles. In line with our observation, aged

mesenchymal progenitors from human white adipose tissue

lose adipogenic potential (Tchkonia et al., 2010), and agedadipo-

genic progenitor senescence can be targeted to restore adipo-

genesis and metabolic homeostasis in adipose tissue (Xu et al.,

2015). Interestingly, hind limb unloading after muscle injury im-

pairs muscle regeneration, reduces ectopic adipogenesis, and

lowers expression of PDGFRa (Pagano et al., 2015), suggesting

that, similar to aging, a deregulation of FAPs can alter muscle

plasticity during immobility. Next to adipogenic conversion, the

degree of fibrogenic FAP differentiation has also been shown to

be of critical importance for normal muscle regeneration (Fiore

et al., 2016). We observed that aging increases the fibrogenic

signature of FAPs and primes them for fibrosis by reducing

expression of the PDGFRa-In anti-fibrotic isoform that acts as a

decoy receptor for PDGF (Mueller et al., 2016). Several inflamma-

tory processes have been implicated in fibrosis in skeletalmuscle

(Mann et al., 2011). Interestingly, the inability of aged FAPs to effi-

ciently attract regulatory T cells through the secretion of IL-33 has

recently been described during muscle regeneration (Kuswanto

et al., 2016). An important question arising from these observa-

tions is whether aging also affects the function of differentiated

descendants of FAPs. Our clonal analysis revealed that aged

FAPs have a reduced capacity for clonal expansion and fate

decisions. However, following lineage commitment, the differen-

tiation efficiency of clones derived from young and aged FAPs

was similar. This implies that aging perturbs FAP function at the

progenitor level, and thereby leads to a deregulation of MuSC

function and a concomitant imbalance of adipogenic and fibro-

genic fate decisions that further exacerbates the regenerative

dysfunction of aged muscles.

During normal muscle regeneration, MuSCs undergo asym-

metric divisions producing cells that upregulate myogenic

regulatory factors and become committed to terminal differenti-

ation (Kuang et al., 2007). Lower Fibronectin levels in the aged

MuSC niche lead to a loss of Integrin b1 activation and are

accompanied by a reduced sensitivity of the integrin associated

FGF receptor (Bernet et al., 2014; Cosgrove et al., 2014; Rozo

et al., 2016). These changes at the receptor level lead to a dysre-

gulation of Akt, ERK, and p38abMAPK pathways that impair the

ability of aged MuSCs to undergo asymmetric commitment. Our

(D) Representative immunostainings for Pax7 and Ki67 of cross-sections of Veh. or WISP1-treated aged muscles at 3 dpi. Yellow and blue arrowheads show

Pax7+/Ki67+ and Pax7+/Ki67– MuSCs, respectively. Scale bars, 50 mm.

(E) Quantification of the number of Pax7+/Ki67+ and Pax7+/Ki67– MuSCs in cross-sections of young and Veh. or WISP1-treated aged muscles at 3 dpi.

(F) Quantification of the number of Pax7+/MyoD+ MuSCs in cross-sections of young and Veh. or WISP-treated aged muscles at 3 dpi.

(G) Representative Laminin and embryonic myosin heavy chain (eMHC) immunostainings of cross-sections of Veh. or WISP1-treated aged muscles at 7 dpi.

Scale bars, 100 mm.

(H) Quantification of the area covered by eMHC positive fibers in sections of young and Veh. or WISP1-treated aged muscles at 7 and 14 dpi.

(I) Representative Laminin immunostainings of cross-sections of Veh. or WISP1-treated aged muscles at 7 dpi. Scale bars, 100 mm.

(J) Quantification of the cross-sectional area distribution of regenerating fibers with centralized nuclei in sections of young and aged Veh. or WISP1-treated

muscles at 7 dpi. Inter-class statistics are compared to the aged Veh. group.

In (A)–(C), (E), (F), (H), and (J), nR 4 mice per condition. Data are represented as means ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001 using an ANOVA followed by a

Bonferroni post hoc test when comparing multiple conditions, and a Kolmogorov-Smirnov test to assess fiber cross-sectional area distributions.

See also Figure S7.
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experiments revealed that FAP-derived WISP1 activates the Akt

pathway and has the ability to rescue age-associated commit-

ment defects of MuSCs via asymmetric division. WISP1 can

act through both paracrine production and systemic inter-organ

communication (Maiese, 2014). Local paracrine secretion of

WISP1 from young FAPs exogenously transplanted in agedmus-

cle rescues commitment defects in aged MuSC, but loss of

WISP1 expression in aged orWISP1�/� FAPs impairs this cross-

talk. Moreover, systemic delivery of recombinant WISP1 in aged

mice is able to restore MuSC function and muscle regeneration.

Importantly, neither loss of WISP1 in knockout mice, nor WISP1

treatment affected the size of fibers in muscles that were not re-

generating. These data demonstrate that the function of FAP-

derived WISP1 in skeletal muscle is specific to regenerative

myogenesis. In humans and mice, WISP1 contains 367 amino

acids and has a comparably low molecular weight of �40 kDa.

In light of our study demonstrating systemic efficacy of WISP1

on MuSC function and regeneration, these favorable properties

discern WISP1 as an attractive target for the future development

of biologics that promote skeletal muscle repair.

Altogether, we discovered a major age-induced defect in the

FAP compartment of skeletal muscle. We characterize WISP1

as a FAP-secreted molecule involved in the regulation of MuSCs

that is lost from the aged niche and that can be supplied system-

ically to rejuvenate muscle healing.
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J.M., Xin, B., Lechel, A., Lipka, D.B., et al. (2016). Epigenetic stress responses

induce muscle stem-cell ageing by Hoxa9 developmental signals. Nature 540,

428–432.

Shefer, G., Van de Mark, D.P., Richardson, J.B., and Yablonka-Reuveni, Z.

(2006). Satellite-cell pool size does matter: Defining the myogenic potency

of aging skeletal muscle. Dev. Biol. 294, 50–66.

Sousa-Victor, P., Gutarra, S., Garcı́a-Prat, L., Rodriguez-Ubreva, J., Ortet, L.,

Ruiz-Bonilla, V., Jardı́, M., Ballestar, E., González, S., Serrano, A.L., et al.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD45 Invitrogen #MCD4501 or #MCD4528

CD31 Invitrogen #RM5201 or #RM5228

CD11b Invitrogen #RM2801 or #RM2828

CD34 BD Biosciences #560230 or #560238

Ly-6A–Ly-6E BD Biosciences #561021

CD140a eBioscience #12–1401–81 or #17–1401–81

Laminin (mouse) Sigma-Aldrich #L9393

MyoD Santa Cruz #sc-304

MyoD Abcam #ab198251

eMHC DSHB #F1.652

Perilipin Sigma-Aldrich #P1873

Laminin (human) Lifespan Bioscience #LC-C96142-100

FAB Jackson #115-007-003

Pax7 DHSB Self-produced and purified from

hybridoma

Ki67 Abcam #ab15580

IgG1-biotin Jackson ImmunoResearch Laboratories #115-065-205

Streptavidin Alexa555 Life Technologies / ThermoFisherScientic #S-21381

a-smooth muscle actin Sigma-Aldrich #A5228

Collagen1A1 Abcam #ab34710

Phospho-Akt (Ser473) Cell Signaling #4060

Akt Cell Signaling #9272

GAPDH Cell Signaling #5174

GFP Abcam #ab6556

Laminin (rat monoclonal clone AL-1) – used in

Figure S1F

Abcam #ab78287

PDGFRa (goat polyclonal) – used in Figure S1F R&D Systems #AF1062;

anti-goat FITC-conjugated – used in Figure S1F Jackson ImmunoResearch #705-095-147

anti-mouse Cy3-conjugated – used in Figure S1F Jackson ImmunoResearch #715-165-150

Biological Samples

Mouse muscle samples (cryopreserved) This study See STAR Methods

Mouse muscle histology sections This study See STAR Methods

Mouse primary FAPs and MuSCs This study See STAR Methods

Chemicals, Peptides, and Recombinant Proteins

Mouse recombinant WISP1 protein R&D Systems #1680-WS

Human recombinant WISP1 protein Peprotech #120-18

Cardiotoxin (from Naja pallida) Latoxan L8102

Streptavidin Alexa555 Life Technologies / ThermoFisherScientic #S-21381

Dispase II Roche #04942078001

Collagenase B Roche #11088815001

Collagenase type I Worthington Biochemical Corporation #LS004196

bFGF Invitrogen #PMG0035

Bodipy 493/503 Life Technologies / ThermoFisherScientic #D3922

RIPA lysis and extraction buffer ThermoFisherScientic #89901

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BCA protein assay kit Pierce N/A

Chick embryo extract (CEE) Accurate Chemicals #C3999

Protease and phosphatase inhibitor cocktail ThermoFisherScientic #78446

3%–12% Bis-Tris Protein gels Novex #BN1003

MK-2206 Selleckchem #S1078

Gelatin Sigma #G1393

Collagen Sigma #C7774

Fibronectin Sigma #F2006

Matrigel Corning #354234

Skeletal Muscle Cell Growth Medium AmsBio #SKM-M medium

Fluorescent beads ThermoFischer #F8826

Critical Commercial Assays

Click-iT assay Molecular Probes #C1033 or #C10340

RNeasy Micro Kit QIAGEN #74004

miRNeasy Mini Kit QIAGEN #217004

Quant-iT RiboGreen RNA Assay Kit Life Technologies / ThermoFisherScientic #R11490

High Capacity cDNA Reverse Transcription Kit ABI / ThermoFisherScientic #4368814

Light Cycler 480 SybR Green I master kit Roche #04887352001

HCS LIVE/DEAD� Green Kit Life Technologies / ThermoFisherScientic #H10290

Deposited Data

Transcriptome MuSCs: raw and analyzed data (Lukjanenko et al., 2016) Gene Expression Omnibus: GSE81096

Transcriptome FAPs: raw and analyzed data This paper Gene Expression Omnibus: GSE92508

Experimental Models: Cell Lines

Human Skeletal Muscle Cells Lonza #LZ-CC-2580

Experimental Models: Organisms/Strains

Mus musculus C57BL/6JRj Janvier labs #SC-CJ (young) or #SA-CJ (aged)

Mus musculus B6;129S6-Gt(ROSA)

26Sortm1(CAG-tdTomato*,-EGFP*)Ees/J

Jackson Labs #023035 (Maeda et al., 2015)

Mus musculus B6;129S6/SvEv-(WISP1-PKG-Neo) Dr. Marian Young (Maeda et al., 2015)

Mus musculus B6;129S4-Myf5tm3(cre)Sor/J Jackson Labs #007893

Mus musculus B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J Jackson Labs #006148

Sequence-Based Reagents

MouseRef–8_V2 chips Illumina #BD-202-0202

Taqman primer for mouse Ap1m1 ThermoFisher Scientific Mm00475912_m1, #4448489

Taqman primer for mouse Ywhaq ThermoFisher Scientific Mm01231061_g1, #4448489

Taqman primer for mouse Wisp1 ThermoFisher Scientific Mm01200484_m1, #4331182

For SYBR Green qPCR primers This paper; see Quantitative PCR in

the STAR Methods

N/A

Mouse Wisp-1 ViewRNA ISH Tissue Assay probe ThermoFisher Scientific VB1-10640

Software and Algorithms

VS-ASW FL software measurement tools Olympus http://www.olympus-lifescience.com/

en/microscopes/virtual/vs120/

LAS AF software Leica https://www.leica-microsystems.com/

products/microscope-software/

software-for-life-science-research/las-

x-powerful-and-flexible/

MetaXpress software Molecular Devices N/A

R and Bioconductor packages https://cran.r-project.org/bin/windows/

base/old/3.1.3/

R version 3.1.3

GraphPad Prism Software GraphPad N/A
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled by Dr. JeromeN. Feige (jerome.

feige@rd.nestle.com).

EXPERIMENTAL MODELS

Mice were housed under standard conditions and allowed access to food and water ad libitum. All wild-type (WT) mice were C57BL/

6JRj males purchased at the relevant age from Janvier labs. Young male mice were between 9-13 weeks old and aged male mice

were 20-25 months. Heterozygous ROSA-nTnG (B6;129S6-Gt(ROSA)26Sortm4(CAG-tdTomato*,-EGFP*)Ees/J), hereafter called

TdTomato mice were purchased from Jackson Labs and crossed onto a pure C57BL/6J genetic background to obtain homozygous

mice used for isolation of MuSCs bearing a nuclear TdTomato fluorescent marker (Prigge et al., 2013). Heterozygous WISP1 (+/�)

mice (B6; 129S6/SvEv-(WISP1-PKG-Neo)) were provided by Dr Marian Young (Maeda et al., 2015) and rederived by in vitro fertiliz-

taion of C57Bl/6N oocyte from WISP1+/� sperm straws. Heterozygous mice (95% pure) were then crossed together to obtain

WISP1�/� mice and their WISP1+/+ littermate controls. Male adult Myf5-Cre/ROSA26-YFP mice (8 weeks of age) were obtained

by crossing the knock-in Myf5-Cre (Tallquist et al., 2000) heterozygous mice with ROSA26-YFP homozygous reporter mice. Exper-

iments with these latter mice were performed at the University of Ottawa, and all experimental procedures were approved by the

University of Ottawa according to guidelines of the Canadian Council for Animal Care (CCAC). All other in vivo experiments were per-

formed following the regulations of the Swiss Animal Experimentation Ordinance and approved by the ethical committee of the

canton de Vaud under licenses VD2620, VD3002 and VD3199.

METHOD DETAILS

In vivo procedures (muscle regeneration, FAP transplantation & WISP1 treatment)
Muscle regeneration was induced by intramuscular injection of 50 mL of 50% v/v glycerol into tibialis anterior (TA) muscles

(experiments with WT mice) or 50 mL of cardiotoxin 10 mM (experiments with WISP1�/� mice, in vivo FAP quantification or FAP

transplantation), and mice were sacrificed 3, 4, 7 or 14 days post-injury (dpi). For isolation of muscle activated progenitors used

for transcriptomics, tibialis anterior, quadriceps and gastrocnemius muscles were intramuscularly injected to maximize the number

of cells collected, with 50 ml, 50 mL and 100 mL of 50% v/v glycerol, respectively. For in vivo WISP1 treatment, mouse recombinant

WISP1 protein (R&D # 1680-WS) was administered daily by intra-peritoneal injections at 1mg/kg per day during the course of muscle

regeneration after injury. Young and aged control mice received an equivalent volume of PBS using the same dosing scheme. For

in vivo FAP transplantation, FAPs were freshly isolated from uninjured muscles by flow cytometry and directly transplanted into

regenerating tibialis anterior muscles by intra-muscular injection. 60’000 FAPs per mouse were co-injected with 0.02% w/v of

fluorescent beads to label the injection site. Injections were performed using a 50 mL Hamilton syringe 24h after intra-muscular in-

jection of 50 mL of cardiotoxin 10 mM.

Flow cytometry and progenitor cell isolation
For isolation of cell populations, tibialis anterior, quadriceps and gastrocnemius muscles were collected uninjured or 3 days after

glycerol injection and digested with Dispase II (2.5 U/ml) (Roche), Collagenase B (0.2%) (Roche) and MgCl2 (5 mM) at 37�C. Cells
were then incubated at 4�C for 30 min with antibodies against CD45 (Invitrogen, MCD4501 or MCD4528; dilution for both 1/25),

CD31 (Invitrogen, RM5201 or RM5228; dilution for both 1/25), CD11b (Invitrogen, RM2801 or RM2828; dilution for both 1/25),

CD34 (BD Biosciences, 560230 or 560238; dilution for both 1/60), Ly-6A–Ly-6E (Sca1) (BD Biosciences, 561021; dilution 1/150),

a7-integrin (R&D, FAB3518N; dilution 1/30) and CD140a (eBioscience, 12–1401–81 or 17–1401–81; dilution for both 1/30). Antibody

validation is provided on the manufacturer’s website. Specific cell subsets were isolated with a Beckman Coulter Astrios Cell sorter

as described below and represented in supplementary Figures S1 and S3A. MuSCs were identified as CD31-/CD11b-/CD45-/Sca1-/

CD34+/Integrin a7+ and Fibro/Adipogenic progenitors (FAPs) were identified as CD31-/CD11b-/CD45-/Sca1+/CD34+/PDGFRa+.

Lineage positive cells (Lin+) were identified as: CD31+/CD11b+/CD45+. CD31-/CD11b-/CD45-/Sca1+/CD34+/PDGFRa- cells were

also collected and named PDGFRa- cells.

Single fiber isolation and effect of FAP-conditioned medium on single fibers
Single myofibers were isolated and cultured ex vivo from the EDL muscles as previously described (Brun et al., 2018). Briefly, EDL

muscles were harvested intact from tendon to tendon and enzymatically digested for 1h at 37C� with collagenase I (Worthington).

Afterward, single myofibers were manually separated and cultured in suspension in FAP-conditioned medium in 12-well plates,

previously coated with horse serum to prevent fiber attachment. FAP-conditioned medium was prepared from young and aged

FAPs isolated as described above,and cultured in fresh myofiber medium (15% FBS and 1% chick embryo extract (Accurate Chem-

icals)) in DMEM containing 2% L-glutamine, 4,5% glucose, and 110mg/ml sodium pyruvate at a density of 85000 FAPs/ml, for 24h

before the medium was harvested to be used for single myofiber cultures. After 42h in culture, myofibers were then fixed with PFA

2%/PBS 1X for 10min at room temperature and then washed 3 times in PBS for 5min. Later myofibers were permeabilized for 10min

with 0.1% Triton X-100, 0.1M Glycine in PBS 1X and followed by blocking solution for 2h at room temperature with 5% horse serum,
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2% BSA, 0.1% Triton X-100 in PBS 1X. Incubation with undiluted Pax7 primary antibody (DHSB) was performed overnight. The

following day, myofibers were washed 3 times in PBS for 5min and incubated with anti-mouse IgG1 in PBS for 1h at room temper-

ature. Finally, myofibers were mounted with Mowiol medium containing Hoechst (10mL of Hoechst 1mg/mL). Total counting of Pax7+

and DAPI+ nuclei per myofiber was performed manually using an epifluorescent microscope Zeiss AxioObserver Z1. Digital images

were taking using the same microscope.

Ex vivo assays
MuSCs and FAPs were isolated by flow cytometry as described above, and unless otherwise mentioned, were directly plated into

gelatin-coated 96 well plates and grown in 20mM glucose DMEM, 20% heat-inactivated FBS, 10% inactivated horse serum,

2.5ng/ml bFGF (Invitrogen), 1% P/S + 1% L-Glutamine, 1% Na-pyruvate (Invitrogen), referred later as ‘‘growth medium.’’ MuSC

viability was assessed at 12h post isolation using the HCS LIVE/DEAD Green Kit (Life Technologies). To asses MuSC cell cycle entry,

1 mMEdUwas added to themedium directly after cell sorting for 36h. To assessMuSC and FAP proliferation, 1 mMEdUwas added in

the medium the third day after sorting for 3h, and the sixth day after sorting for 5h, respectively. MuSC differentiation was induced

after four days of growth, by switching to differentiation medium (20mM glucose DMEM, 5% inactivated horse serum, 1% P/S) for

2 days. To test for adipogenic potential, FAPs were plated into Matrigel-coated 96 well plates and were either let to spontaneously

differentiate for 13 days in growth medium, or switched to adipogenic differentiation medium on the sixth day for another seven days

(20mM glucose DMEM, 20% heat-inactivated FBS, 1% P/S, 0,25mM dexamethasone, 1mg/ml insulin, 5mM troglitazone, 0.5mM

isobutylmethylxanthine). To assess fibrogenic capacity, FAPs were grown for 6 days (a-SMA) or 10 days (Col1a1) in growth medium.

For co-cultures, unless stated otherwise, the same number of MuSCs and FAPs/MuSCs were seeded in wells. When conditioned

medium was used, all cells were freshly isolated the same day, and transfer of conditioned medium to MuSCs was performed after

1 day, then daily during the entire protocol. For WISP1 ex vivo treatment experiments, 8 mg/mL of mouse recombinant WISP1 protein

(R&D # 1680-WS) or human recombinant WISP1 protein (Peprotech, # 120-18), or equal amount of vehicle was added in themedium.

Medium containing WISP1 or vehicle was changed daily. To avoid batch to batch variation in the efficacy of recombinant WISP1, all

new commercial batches were first tested for effects on proliferation of WT MuSC and batches without efficacy were discarded. For

Akt-inhibitor experiments, MuSCs were directly plated in growth medium containing 0.1mM of Akt inhibitor (MK-2206, Selleckchem,

# S1078) or equal amount of vehicle (DMSO) and 2 hours after plating, 8 mg/mL of human recombinant WISP1 protein (Peprotech,

# 120-18) or equal amount of vehicle were added to the medium. The medium was thereafter changed daily using fresh WISP1

and Akt-inhibitor. MuSCs were grown for 3 days and 1 mM EdU was added to the medium 3 hours before fixing the cells. For FAP

clonal assay, FAPs were directly plated in Matrigel-coated 96 well plates at 1 cell per well in growth medium and grown for 3 weeks

with medium change every 3 days.

Myoblast culture and western blot
Human Skeletal Muscle Cells (Lonza, # LZ-CC-2580) were plated on fibronectin-coated 6 wells plate at a density of 100 000 cells per

well. Cells were grown for 48h in Skeletal Muscle Cell Growth Medium (AmsBio, SKM-Mmedium). Cells were treated with WISP1 by

adding 8 mg/mL of human recombinant WISP1 protein (Peprotech, # 120-18) in medium that was exchanged daily. Proteins were

extracted in RIPA lysis and extraction buffer (Thermofisher, #89901) supplemented with protease and phosphatase inhibitor cocktail

(ThermoFisher, #78446). Protein concentration was determined by a BCA assay (Pierce), and samples were diluted at 1.3 ug/mL and

boiled 5min in Laemmli buffer. Samples were run on 4%–12%Bis-Tris Protein gels (Novex, # BN1003) and then transferred using the

wet system from Life Technologies. Antibodies used were phospho-Akt (Ser473) Antibody (Cell Signaling, #4060, 1/1000), Akt

Antibody (Cell Signaling, #9272, 1/1000) and GAPDH (Cell Signaling, #5174, 1/1000).

Immunocytochemistry and image analysis
EdU incorporation was revealed using the Click-iT assay (Molecular Probes) according to manufacturer’s instruction. Briefly, cells

were fixed during 15 minutes in 4% PFA, permeabilized during 20 minutes in PBTX 0.5%, stained with the Click-iT reaction mix

and counterstained with DAPI. For MyHC staining, cells were fixed during 10 minutes in 4% PFA, permeabilized using cold EtOH/

MetOH (v/v) during 5min, incubated during 1h with the primary antibody anti-MHC 1/200 (Millipore clone A4.1025) in PBS, 1%Horse

Serum at room temperature, and incubated during 30min with the secondary antibody Alexa488 anti-mouse IgG diluted at 1/1000

(Life Tech. A-10680) and Hoeschst 33342 in PBS, 1% Horse Serum at room temperature. For Pax7 and MyoD immunostaining, cells

were blocked for 1–2 h in 5% goat serum, 1% BSA and 0.2% PBTX, before incubation with primary mouse anti-mouse Pax7 (DHSB,

purified, 2.5 mg/ml), rabbit-anti mouse MyoD antibody (Santa-Cruz #sc-304, 1/100) and secondary antibodies. For a-SMA staining

used to asses fibrogenic conversion, FAPs were fixed and permeabilized, blocked in PBS, 5% GS, 1% BSA, and incubated with a

mouse IgG2a anti-mouse a-smooth muscle actin antibody (#Sigma A5228, 1/150). For collagen1a1 staining, cells were fixed 10min

with 4%PFA, permeabilized 10min with PBS 0.5% Triton X-100 and blocked overnight at 4�C in PBS 5%NGS, 1%BSA. The primary

Col1a1 antibody and the secondary antibody were successively incubated 2h at room temperature in PBS 5% NGS (Normal Goat

Serum), 1% BSA at dilutions of 1/200 and 1/1000, respectively. For adipogenic differentiation, cells were fixed for 10 minutes in PFA

4%, then incubated with Bodipy 493/503 (LifeTechnologies, 1/1000 of the 1mg/ml stock solution of bodipy in ethanol), and counter-

stained with Hoechst 33342. Image acquisition was performed using the ImageXpress (Molecular Devices) platform. Quantifications

were performed with the MetaXpress software using the Multi-Wavelength Cell Scoring or Cell Scoring application modules, or an

automated image processing algorithm developed internally.
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Quantification of asymmetric MuSC divisions
Single myofibers were isolated and cultured ex vivo from the EDL muscles of Myf5-Cre/ROSA26-YFP uninjured mice as described

above. Myofibers were cultured for 42h in DMEM media with 15% FBS and 1% chick embryo extract (Accurate Chemicals) and

treated with 8 mg/mL of mouse recombinant WISP1 protein or vehicle. After 42h, myofibers were fixed with PFA 2%/PBS 1X for

10min at room temperature and then washed 3 times in PBS for 5min. Myofibers were then permeabilized for 10min with 0.1% Triton

X-100, 0.1M Glycine in PBS 1X and followed by blocking solution for 2h at room temperature with 5% horse serum, 2% BSA, 0.1%

Triton X-100 in PBS 1X. Incubation with undiluted anti-Pax7 (DHSB) and anti-GFP (1:1000) primary antibodies was performed over-

night. The next day, day myofibers were washed 3 times in PBS for 5 min and incubated with anti-mouse IgG1 and anti-chicken IgG

secondary antibodies in PBS for 1h at room temperature. Finally, myofibers were mounted with mounting medium containing

Hoechst (10uL of Hoechst 1ug/uL). MuSCs divisions were quantified based on the expression or absence of YFP on Pax7+ doublets

(Pax7+/YFP--Pax7+/YFP+ asymmetric or Pax7+/YFP--Pax7+/YFP- symmetric). Quantifications were done manually using an epifluor-

escent microscope Zeiss AxioObserver Z1. Digital images were taking using the same microscope.

Immunofluorescence and image analysis
TA muscles were frozen in isopentane cooled with liquid nitrogen, and further sectioned at 10mm using a cryostat. Hematoxylin and

Eosin (H&E) staining was performed by placing the dried slides in Harris-hematoxylin during 1min, followed by differentiation in 1%

acid-alcohol and washing, and 1min bath in eosine-phloxine (10 g/L). Oil Red O staining was performed on air-dried slides by incu-

bating them in 50% ethanol during 30min, followed by 15min incubation in 2.5g/L oil red O solution in 70% ethanol, 1 min washing in

50%ethanol thenwater; and slides were counterstained withMayer’s hematoxylin. For laminin-eMHC immunostaining, cryosections

were allowed to dry for 10 minutes and blocked for 45 minutes at room temperature in blocking solution (PBS, 4% BSA, 1% FBS).

Cryosections were stained for 3 hours at room temperature using monoclonal anti-laminin antibody produced in rabbit (Sigma-

Aldrich #L9393) and anti-eMHCproduced inmouse (DSHB, #F1.652) diluted at 1/100 and 1/500 in the blocking solution, respectively.

For perilipin staining, sections were fixed during 10minutes with PFA 4%, permeabilized during 10minutes in PBTX 0,5%, blocked in

PBS, 4%Goat-serum. A rabbit polyclonal anti-mouse perilipin antibody (Sigma #P1873) and a chicken polyclonal anti-human laminin

antibody (Lifespan Bioscience #LC-C96142-100) were then incubated on the sections during 3h at room temperature, diluted 1/300

and 1/200 in the blocking solution, respectively. Slides were then incubated during 1 hour at room temperature with secondary

antibodies and counterstained with Hoechst 33342. For Pax7,MyoD and Ki67 stainings, slides were fixedwith PFA 4%, and permea-

bilized in cold methanol. Antigen retrieval was performed with two successive incubations of hot citric acid 0.01M pH 6 during 10min,

and sections were further blocked in PBS, 4% BSA during 3h, followed by 30 minutes blocking with a goat-anti-mouse FAB diluted

1/50 (Jackson #115-007-003). Mouse anti-mouse Pax7 (DHSB, purified), rabbit-anti mouse MyoD antibody (Santa-Cruz #sc-304 or

Abcam # ab198251), rabbit-anti mouse Ki67 (Abcam #ab15580) and chicken anti-human laminin (Lifespan Bioscience #LC-C96142-

100) antibodies were used at 2.5 mg/ml, 1/100, 1/100 and 1/200 in blocking solution, respectively. Pax7 signal was further amplified

using a goat-anti mouse IgG1-biotin (1/1000, Jackson ImmunoResearch #115-065-205) followed by a Streptavidin Alexa555 (1/2000)

(Life Tech. S-21381) treatment, together with other secondary antibodies and Hoechst counterstain. Stained tissues were imaged

using an Olympus VS120 slide scanner or a Leica DMI 4000B microscope and analyzed either using the VS-ASW FL software

measurement tools or the LAS AF software. The number of Pax7, MyoD and Ki67 positive cells was determinedmanually by counting

of immunostainings in muscle sections in random areas of the injured region, and the area covered by eMHC-positive fibers and

degenerated area was determined manually across the entire sections. For FAP transplantation experiments, the quantification of

Pax7 and MyoD immunostainings was restricted to the regenerating regions surrounding the sites of injection identified by the fluo-

rescent beads (ThermoFischer #F8826). The size of myofibers with centralized nuclei was calculated from laminin/DAPI stainings on

all fibers of the section, and Oil Red O positive structures segmentation and area determination were performed across the entire

sections, using an automated image processing algorithm developed internally using the MetaXpress software (Molecular Devices).

For FAP staining, 8 mm cryosections were labeled with antibodies against PDGFRa overnight at 4�C and Laminin counter-staining

was performed for 2h at 37�C. Secondary antibodies were coupled to FITC and Cy3. Images were recorded with a DMI 6000 Leica

microscope connected to a Coolsnap camera at 20X magnification. For each condition of each experiment, at least 8-10 fields cho-

sen randomly were counted. The number of labeled PDGFRa+ cells was calculated using the cell tracker tool in ImageJ.

Masson Trichrome staining
Frozen sections were dried and fixed 1h with 4% PFA and then incubated overnight in Bouin solution. Slides were rinsed in water for

1min and stained in Weigert solution for 5 min. Slides were successively dipped in water for 1 min, 1% HCl diluted in 100% Ethanol

for 3 s, again for 10 min in water and in 1% acetic acid for 1 min. Slides were then stained in 1%Biebrich scarlet-acid fuchsin solution

for 5 min. Slides were successively incubated in 1% acetic acid for 2 min, 5% phosphomolybdic-phosphotungstic acid solution for

10min and in 1% acetic acid for 2 min. Slides were stained in 3% Aniline blue for 5 min and differentiated in 1% acetic acid for 2min.

Finally, slides were dehydrated in Ethanol 100% for 2 min and cleared in Xylene for 2 min before being mounted with Eukitt mounting

medium.

RNA fluorescent in situ hybridization (RNA-FISH)
Frozen muscle samples were sectioned using a cryo-microtome (Leica-1850 UV) and Wisp1-mRNA expression in muscle cross

sections was analyzed using the ViewRNA ISH Tissue Assay Kit and Fast red substrate following the manufacturer’s instructions
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(ThermoFisher Scientific, USA). Wisp1 was detected using the VIEWRNA type-1 probe-set for Mus musculus Wisp-1 (VB1-10640)

and nuclei were detected with DAPI. Images were acquired using an Olympus-VS120 slide scanner. Image overlay with Pax7 was

performed by merging the RNA FISH and Pax7 immunofluorescence on adjacent serial sections and overlapping morphological

structures and selected DAPI-positive nuclei.

Transcriptomic analysis
RNAwas extracted from freshly sortedMuSCs and FAPs using the RNeasyMicro Kit (QIAGEN). RNA samples were quality controlled

and then subjected to 30 microarray analysis on Illumina MouseRef–8_V2 chips. 3ng of total RNA were used to produce cRNA in a

two-round amplification protocol, using first Messageamp II aRNA amplification kit (AM1751, Life Technologies, Inc.) followed by

Messageamp II–biotin enhanced aRNA amplification kit (AM1791, Life Technologies, Inc.). 750ng of cRNA were hybridized for

16h at 55�C on Illumina MouseRef–8 v2 microarrays. Quality of total RNA was checked by using the Bioanalyzer 2100 with Total

RNA Pico kit, and quality of cRNA was checked by using the Bioanalyzer 2100 with the Total RNA Nano kit (Agilent Technologies).

Quantifications were done using the Quant-iT RiboGreen RNA Assay Kit (Life Technologies, Inc.). Illumina expression signals were

quantile-normalized. We applied a nonspecific filter to discard probes with low variability and retained 12,848 Illumina probe whose

standard deviation was greater than the median of the s.d. of all of the probe. For differential expression analysis and pathway

analyses, genes (represented by probes) were tested for differential expression using the moderated t-statistic as implemented in

LIMMA44 for both datasets. Venn diagrams where built from differentially expressed genes (https://www.cmbi.ru.nl/cdd/biovenn/

index.php)(Hulsen et al., 2008). We used the Pantherdb platform to identify protein classes (signaling molecules) within lists of differ-

entially expressed genes (http://pantherdb.org/).

Quantitative PCR
RNA was extracted from frozen muscles or freshly sorted cells using miRNeasy Mini Kit or RNeasy Micro Kit (QIAGEN), respectively.

RNA samples were subjected to reverse transcription using random primers (High Capacity cDNA Reverse Transcription Kit, ABI).

Quantitative PCR on full muscle was performed using the SYBR Green I master kit (Roche) on a LightCycler 480. Reference genes

(ATP5b, EIF2a and PSMB4) were selected based on their stability across time points of regeneration from micro-array data.

Quantification of PDGFRa variants both in full muscles and freshly isolated FAPs were performed using the SYBR Green

method, and primers amplifying the intronic variant number 16 were designed as previously described (PDGFRa In) (Mueller

et al., 2016). Other qPCR reactions performed using SYBR assays were performed with the following primers (50-30): ATP5b forward:

ACCTCGGTGCAGGCTATCTA; ATP5b reverse: AATAGCCCGGGACAACACAG; CD11b forward: GCCTGTGAAGTACGCCATCT;

CD11b reverse: GCCCAGGTTGTTGAACTGGT; CD11c forward: ACACTGAGTGATGCCACTGT; CD11c reverse: TTCGGAGGT

CACCTAGTTGGG; CD31 forward: CACACCGAGAGCTACGTCAT; CD31 reverse: TTGGATACGCCATGCACCTT; EIF2a forward:

CACGGTGCTTCCCAGAGAAT; EIF2a reverse: TGCAGTAGTCCCTTGTTAGCG; F4/80 forward: CTCTTCTGGGGCTTCAGTGG;

F4/80 reverse: TGTCAGTGCAGGTGGCATAA; PSMB4 forward: GCGAGTCAACGACAGCACTA; PSMB4 reverse: TCATCAATCAC

CATCTGGCCG; Pax7 forward: AAGTTCGGGAAGAAAGAGGACGAC; Pax7 reverse: GAGGTCGGGTTCTGATTCCACATC; MyoD

forward: GCAGATGCACCACCAGAGTC; MyoD reverse: GCACCTGATAAATCGCATTGG; Myog forward: GTGCCCAGTGAATG

CAACTC; Myog reverse: CGCGAGCAAATGATCTCCTG; PDGFRa In forward: AAAAGTGCCCATGCTCATTC; PDGFRa In reverse:

GCTTGGCAGAGCTACCTGTC; PDGFRa FL forward: AGTGGCTACATCATCCCCCT; PDGFRa FL reverse: CCGAAGTCTGT

GAGCTGTGT; TCF4 forward: GGCGATGAGAACCTGCAAGA; TCF4 reverse: GGTCCTCATCATCGTTATTGCTAGA; WISP1 forward:

CAGTGAGCCCAAGAGTCAGG; WISP1 reverse: TCGTCTCTGTCAGCTTGCAC; WISP1 forward (for KO experiment): ATCGCCC

GAGGTACGCAATAGG; WISP1 reverse (for KO experiment): CAGCCCACCGTGCCATCAATG; PDGFRa forward: AGTGGCTACAT

CATCCCCCT; PDGFRa reverse: CCGAAGTCTGTGAGCTGTGT. Quantitative PCRs on isolated progenitors was performed using

Taqman probes (ABI) on a LightCycler 480. Reference genes (Ap1m1 and Ywhaq) were selected based on their stability across

cell types and states from micro-array data. Taqman probes used for real-time PCR were mWISP1 (ThermoFisher Scientific,

Mm01200484_m1, #4331182), mAp1m1 (ThermoFisher Scientific,Mm00475912_m1, #4448489) andmYwhaq (ThermoFisher Scien-

tific, Mm01231061_g1, #4448489).

Protein expression by slow off-rate modified aptamer assay
Muscle sampleswere pulverized using the cryoPREP impactor system (Covaris). Themuscle powder was then subjected tomechan-

ical lysis using a Polytron homogenizer and proteins were extracted in 50 mM Tris (pH 7.5), 150 mM NaCl, 50 mM NaF, 1 mM EDTA,

0.5% TritonX. Protein concentration was determined by a BCA assay and samples were diluted at 250ug/mL. Protein extracts were

analyzed using DNA aptamer-based recognition on the SOMAscan platform (Somalogic, Boulder, CO, USA). Median normalized

relative fluorescence units (RFU) were log2 transformed before applying principal component analysis and linear models.

QUANTIFICATION AND STATISTICAL ANALYSIS

All mice were randomized according to body weight before interventions. Sample size determination was based on the expected

effect size and variability that was previously observed for similar readouts in the investigators’ labs. In vivo treatments were not

blinded, but imaging readouts were analyzed in a blindedmanner. Genome-wide statistical analyses and Kolmogorov–Smirnov tests

were performed using R version 3.1.3 and relevant Bioconductor packages. GO terms were tested on genes differentially expressed
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in the indicated conditions using a Benjamini-Hochberg adjusted p value < 0.05. Genes upregulated during FAP activation were

filtered as: Benjamini-Hochberg adjusted p value < 0.001, Fold-change > 2. Genes differentially upregulated in FAPs during activation

with age were filtered as: Benjamini-Hochberg adjusted p value [Activation young] < 0.001, Fold-change [Activation young] > 2;

Benjamini-Hochberg adjusted p value [interaction: Activation*Age] < 0.25; Benjamini-Hochberg adjusted p value [aged activated

FAPs versus young activated FAPs] < 0.1. All other statistical analyses were performed using GraphPad Prism (GraphPad Software).

Statistical significance for binary comparisonswas assessed by aMann-Whitney test. All exploratory and signaling experiments were

analyzed by using two-tailed tests. For comparison of more than two groups, one-way or two-way ANOVAs were used, according to

the experimental design, and followed by Bonferroni multiple-comparison testing. Comparison of distributions were performed by a

Kolmogorov-Smirnov test. All data are expressed as mean + SEM.

DATA AND SOFTWARE AVAILABILITY

The genomics data from this study have been submitted to the NCBI Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.

gov/geo) under accession numbers GEO: GSE92508 and GEO: GSE81096. All software used were freely or commercially available.
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Figure S1 (related to figure 1). Effects of aging on MuSCs and FAPs

(A) Fluorescent-Activated Cell Sorting (FACS) isolation of FAPs and MuSCs from skeletal

muscles of WT mice. Forward scatter area (FSC-A), forward scatter width (FSC-W), side scatter

height (SSC-H), Alexa Fluor 700 (Alexa700), fluorescein isothiocyanate (FITC), phycoerythrin-

cyanine 7 (PC7), allophycocyanin (APC), Fluorescence Minus One (FMO) control.

CD31+/CD11b+/CD45+ cells are jointly detected using Pacific Blue and referred to as "lineage".

(B) Quantification of the percentage of EdU+ MuSCs 36 h after isolation from young and aged

uninjured muscles. (C) Quantification of the percentage of Pax7+/MyoD-, Pax7+/MyoD+ and

Pax7-/MyoD+ 36 h after isolation from young and aged uninjured muscles. (D) Quantification of

the percentage of EdU+ MuSCs 3 d after isolation from young and aged uninjured muscles. (E)

Quantification of the number of nuclei in Myosin Heavy Chain (MHC) positive cells 6 d after MuSC

isolation from young and aged uninjured muscles. (F) Representative PDGFR immunostaining

in uninjured young and aged muscle cross sections. Scale bar = 50 µm. (G) Quantification of the

number of PDGFR+/DAPI+ FAPs in uninjured young and aged muscle cross sections. n≥10

mice per condition. (H) Representative PDGFR immunostaining in young and aged muscle cross

sections at 7dpi. Scale bar = 50 µm. (I) Quantification of the number of PDGFR+/DAPI+ FAPs in

young and aged muscle cross sections at 4dpi, 7dpi and 28dpi; n≥3 mice at 4dpi, n≥4 mice at

7dpi and n≥8 mice at 28dpi. (B-E) n≥6 replicates per condition, replicated three times with cells

from different mice. Data are represented as means ± S.E.M. p-values are *p<0.05, **p<0.01,

***p<0.001 using a Mann-Whitney test when comparing two conditions, and an ANOVA followed

by a Bonferroni post hoc test when comparing multiple conditions.





Figure S2 (related to figure 1). Effects of aging on FAP fate

(A) Quantification of the percentage of FAPs spontaneously differentiated into bodipy+

adipocytes in growth medium 13 d after isolation from uninjured muscles of young or aged mice.

Cells pooled from up to n=3 mice and n≥12 replicates per condition, repeated three times for each

condition. (B) Pie charts showing the clonal efficiency of single FAPs and their spontaneous

adipogenic potential quantified by bodipy staining 21 d after isolation from uninjured muscles of

young or aged mice. n≥384 cells per condition, isolated from pooled cell isolation of two mice per

condition. (C) Proportion of bodipy+ adipogenic cells in adipogenic clones from single FAPs 21 d

after isolation from uninjured muscles of young or aged mice. (D) Quantification of the Oil-red O

positive area normalized to the total regenerating area containing fibers with centralized nuclei of

young and aged muscles at 3, 7 and 14 dpi. (E) Representative hematoxylin/eosin staining of

cross sections from muscles of young or aged mice at 14 dpi. Scale bar = 100 m. (F)

Representative Perilipin and Laminin immunostainings of cross-sections from muscles of young

or aged mice at 14 dpi. Scale bar = 100 m. (G) Quantification of the area covered by Perilipin

staining in cross-sections from muscles of young or aged mice at 14 dpi. (H) Quantification of the

percentage of collagenI1 (Col1a1) positive FAPs 10 d after isolation from uninjured muscles of

young or aged mice. Cells were pooled from n=4 mice and n≥40 replicates per condition. (I) Table

of the 10 most significantly regulated GO categories in aged FAPs compared to young FAPs

freshly isolated from regenerating muscles at 7dpi. P-values were computed with Fisher statistics.

(J) Heatmap of mRNA expression of the GO term “Extracellular matrix” significantly regulated in

aged FAPs compared to young FAPs freshly isolated from regenerating muscles at 7dpi. (D and

G) Data from n≥6 mice per condition. (I and J) Data from n=3 replicates per condition with cells

pooled from 2 mice per replicate. Data are represented as means ± S.E.M. p-values are *p<0.05,

**p<0.01, ***p<0.001 using a Mann-Whitney test when comparing two conditions, and an ANOVA

followed by a Bonferroni post hoc test when comparing multiple conditions.





Figure S3 (related to figure 2). Modulation of MuSC Function by FAPs
(A) FACS strategy for isolation of FAPs and MuSCs from mice constitutively expressing Td-

Tomato+. (B) Schematic representation of the study design for testing FAP effects on MuSCs in

ex vivo co-culture. Td-Tomato+ (Td+). (C) Quantification of the number EdU+/Td+ MuSCs from

uninjured muscles of young mice and cultured for 3 d alone or together with increasing amounts

of WT FAPs isolated from young uninjured muscles. (D) Quantification of the number of non-

viable Td+ MuSCs incorporating DEAD green dye 12h after isolation from uninjured muscles of

young mice and cultured alone or with WT FAPs isolated from young uninjured muscles. (E)

Quantification of the number EdU+/Td+ MuSCs from uninjured muscles of young mice cultured

for 3 d after isolation in medium conditioned by young FAPs. (F) Quantification of the number of

nuclei in Myosin Heavy Chain (MHC) positive cells generated by MuSCs from uninjured muscles

from young mice and cultured for 6 d after isolation in control medium or medium conditioned by

young FAPs. (C-F) Cells pooled from up to n=5 mice and n≥8 replicates per condition, repeated

three times for each condition. Data are represented as means ± S.E.M. p-values are *p<0.05,

**p<0.01, ***p<0.001 using a Mann-Whitney test when comparing two conditions, and an ANOVA

followed by a Bonferroni post hoc test when comparing multiple conditions.





Figure S4 (related to figure 3). Expression of Extracellular Matrix Genes in FAPs and
MuSCs

Heatmap of mRNA expression for the gene ontology (GO) term “Extracellular matrix” significantly

regulated in young FAPs compared to MuSCs isolated from uninjured muscles. n=6 replicates

per condition, with cells pooled from multiple mice for each.



Figure S5 (related to figure 3). WISP1 Expression in Cell Types of the Muscle Stem Cell
Niche
(A) qPCR quantification of WISP1 mRNA in Lineage positive cells (Lin+, CD31+/CD11b+/CD45+),

MuSCs, FAPs, and Sca1+/PDGFRα- cells (CD31-/CD11b-/CD45-/Sca1+/CD34+/PDGFRα-)

isolated from muscles of young and aged mice in uninjured conditions or at 3 dpi. n≥5 mice per

condition. Data are normalized to MuSCs isolated from young uninjured muscles and are

represented as means ± S.E.M. p-values are *p<0.05, **p<0.01, ***p<0.001 using an ANOVA

followed by a Bonferroni post hoc test. (B) Representative RNA fluorescent in situ hybridization

(FISH) staining of cross sections from muscles of young WT mice under uninjured conditions

using a WISP1 anti-sense probe or a negative control without the target RNA probe. (C)

Representative RNA FISH staining of cross sections from muscles of young WT or WISP1-/- mice

under uninjured conditions or at 3 dpi using a WISP1 probe. (D) Representative RNA FISH

staining of cross sections from muscles of young WT mice at 3 dpi using the WISP1 probe

combined with a Pax7 immunostaining. (B-D) Scale bars = 100 m.





Figure S6 (related to figure 4). Characterization of FAPs and Muscle in WISP1-/- mice

(A) qPCR quantification of WISP1 mRNA in muscles of WT or WISP1-/- mice under uninjured

(uninj.) conditions or at 3, and 7 dpi. (B) Quantification of the number of MuSCs from uninjured

muscles of young WT or WISP1-/- mice cultured for 12 h after isolation. n≥24 replicates per

condition. (C) Quantification of the percentage of EdU+ MuSCs from uninjured muscles of young

WT or WISP1-/- mice cultured for 72 h after isolation. n≥39 replicates per condition. (D)

Quantification of the number of nuclei in Myosin Heavy Chain (MHC) positive cells generated by

MuSCs from uninjured muscles of young WT or WISP1-/- mice cultured for 6 d after isolation.

n≥11 replicates per condition. (B-D) Data are normalized to MuSCs isolated from young uninjured

muscles. (E) Quantification of the number of FAPs from uninjured muscles of young WT or

WISP1-/- mice cultured with Td+ MuSCs from uninjured muscles for 12 h after isolation. n=24

replicates per condition, repeated twice for each condition. (F) Quantification of the myofiber

cross-sectional area distribution quantified from a laminin staining of uninjured muscles of WT or

WISP1-/- mice. (G-J) qPCR quantification of F4/80, CD11b, CD31 and TCF4 mRNA in muscles

of WT or WISP1-/- mice under uninjured conditions or at 3, and 7 dpi. (A and E-J) n≥5 mice per

condition. (A-J) Data are represented as means ± S.E.M. p-values are *p<0.05, **p<0.01,

***p<0.001 using a Mann-Whitney test when comparing two conditions, and an ANOVA followed

by a Bonferroni post hoc test when comparing multiple conditions.





Figure S7 (related to figures 5 and 7). Effects of WISP1 Treatment on MuSCs and FAPs
(A-F) and on Muscles of Aged mice (G-L).
(A)Quantification of the number MuSCs from uninjured muscles of young mice treated with Veh.

or 8µg/mL WISP1 for 36 h after isolation. (B) Quantification of the number of EdU+ MuSCs from

uninjured muscles of young mice treated with Veh. or WISP1 for 3 d after isolation. Cells pooled

from up to n=6 mice and n≥20 replicates per condition, repeated three times for each condition.

(C) Quantification of the number of nuclei in Myosin Heavy Chain (MHC) positive cells generated

by MuSCs from uninjured muscles of young mice 6 d after isolation and treated with Veh. or

WISP1 for the final 2 d of differentiation. (D) Quantification of the percentage of EdU+ FAPs 6 d

after isolation from young uninjured muscles treated with Veh. or WISP1. Cells pooled from n=3

mice and n=20 replicates per condition, repeated two times for each condition. (E) Quantification

of the myotube width generated by MuSCs from uninjured muscles of young mice 6 d after

isolation and treated with Veh. or WISP1 for the final 2 d of differentiation. (F) Raw scans of

western blots of primary myoblasts treated with either Veh. or WISP1 for 24h. (G-K) qPCR

quantification of F4/80, CD11b, CD11c, CD31 and TCF4 mRNA in muscles of young Veh. treated

mice and aged mice treated with daily i.p. injection of vehicle (Veh.) or WISP1 under uninjured

conditions or at 3, 7 and 14 dpi. Statistical significances are reported relative to the uninjured

control of the same group. (L) Quantification of the myofiber cross-sectional area distribution

quantified from laminin stainings of uninjured muscles of young and aged Veh. or WISP1 treated

muscles. n≥5 mice per condition. (A, C and E) Cells pooled from up to n=6 mice and n=24

replicates per condition. (A-L) Data are represented as means ± S.E.M. p-values are *p<0.05,

**p<0.01, ***p<0.001 using a Mann-Whitney test when comparing two conditions, and an ANOVA

followed by a Bonferroni post hoc test when comparing multiple conditions.





Table S1 (related to figure 3). Top GO Term in FAPs vs. MuSCs, cell type effect. Top

Gene Ontology (GO) terms of genes regulated in young quiescent FAPs vs. young quiescent

MuSCs.

GO.ID Term Annotated Significant Expected classicFisher
GO:0044707 single-multicellular organism process 3763 580 407.01 1.80E-26
GO:0032501 multicellular organismal process 3835 583 414.8 5.60E-25
GO:0048731 system development 2580 428 279.06 2.40E-24
GO:0048513 organ development 1894 335 204.86 4.60E-23

GO:0044767
single-organism developmental

process 3432 523 371.21 9.20E-22
GO:0032502 developmental process 3452 525 373.37 1.20E-21
GO:0007275 multicellular organismal development 2949 462 318.97 4.40E-21
GO:0048856 anatomical structure development 3088 478 334 7.70E-21
GO:0007155 cell adhesion 679 148 73.44 9.50E-18
GO:0030198 extracellular matrix organization 157 57 16.98 1.90E-17
GO:0009888 tissue development 1137 214 122.98 2.00E-17
GO:0043062 extracellular structure organization 158 57 17.09 2.60E-17
GO:0022610 biological adhesion 687 148 74.31 2.90E-17
GO:0016477 cell migration 745 154 80.58 3.10E-16
GO:0072358 cardiovascular system development 699 147 75.6 3.40E-16
GO:0072359 circulatory system development 699 147 75.6 3.40E-16
GO:0044699 single-organism process 8387 1031 907.15 1.20E-15
GO:0048870 cell motility 790 159 85.45 1.20E-15
GO:0051674 localization of cell 790 159 85.45 1.20E-15
GO:0040011 locomotion 918 177 99.29 1.80E-15
GO:0009653 anatomical structure morphogenesis 1597 267 172.73 8.90E-15



Table S2 (related to figure 3). Top GO Term in FAPs, age effect. Top Gene Ontology (GO)

terms of genes regulated in old quiescent FAPs vs. young quiescent FAPs.

GO.ID Term Annotated Significant Expected classicFisher
GO:0065007 biological regulation 6584 48 32.7 4.20E-05
GO:0050794 regulation of cellular process 5944 45 29.52 4.70E-05
GO:0050678 regulation of epithelial cell proliferation 208 7 1.03 7.30E-05
GO:0050789 regulation of biological process 6311 46 31.35 1.00E-04
GO:0070228 regulation of lymphocyte apoptotic proces 51 4 0.25 1.20E-04
GO:0044092 negative regulation of molecular function 604 11 3 1.60E-04
GO:0001525 angiogenesis 320 8 1.59 1.70E-04
GO:0050673 epithelial cell proliferation 240 7 1.19 1.80E-04

GO:0043433 negative regulation of sequence-specific DNA
binding transcription factor activity 110 5 0.55 2.10E-04

GO:0007179 transforming growth factor beta receptor
signaling 114 5 0.57 2.50E-04

GO:0070887 cellular response to chemical stimulus 1239 16 6.15 2.60E-04
GO:0070227 lymphocyte apoptotic process 63 4 0.31 2.60E-04
GO:0042221 response to chemical 1820 20 9.04 3.30E-04
GO:0001568 blood vessel development 456 9 2.26 3.90E-04
GO:0071559 response to transforming growth factor beta 130 5 0.65 4.60E-04
GO:0071560 cellular response to transforming growth factor 130 5 0.65 4.60E-04



Table S3 (related to figure 3). Identification of genes both significantly regulated in Old
activated FAPs vs. Young activated FAPs and significantly upregulated with activation
in young FAPs.

adj. p-value [Activation young] < 0.001, Fold-change [Activation young] > 2; adj. p-value

[interaction: Activation*Age] < 0.25; adj. p-value [old activated FAPs vs. young activated FAPs]

< 0.1. Y = young, O = old, Q = quiescent, A =activated, F = FAPs, FC = fold-change. Arg1:

arginase 1 liver, Birc5 : Baculoviral IAP Repeat-Containing 5, Gpr176 : G protein-coupled

receptor 176, Cdc20 : cell division cycle 20 homolog (S. cerevisiae), N6amt2 : N-6 adenine-

specific DNA methyltransferase 2, Cenpp : centromere protein P, Actn1 : actinin alpha 1,

Fkbp11 : FK506 binding protein 11, Aldh1l2 : aldehyde dehydrogenase 1 family, member L2,

WISP1 : WNT1 inducible signaling pathway protein 1.

YAF vs. YQF
Interaction Age * Treatment

OAF vs. YAF
Activation effect

Effect of age in activated FAPs

Probe Id Accession Symbol Amean log2(FC) p-
value

BH
adj.
p-

value

log2(FC) p-value BH adj.
p-value log2(FC) p-value BH adj.

p-value

ILMN_2952275 NM_007482.2 Arg1 7.774136 1.57418
1.61E-

07
5.37E-

06 1.110655 0.001121808 0.179146479 1.130296667 2.04E-05 0.020123961

ILMN_2632712 NM_009689.2 Birc5 7.391934 1.546418333
8.11E-

14
1.30E-

10
-

0.50471167 0.001089471 0.178674974 -0.44682 0.000107574 0.051584051

ILMN_2742912 NM_201367.2 Gpr176 7.259477 1.439868333
3.49E-

09
2.67E-

07
-

0.77940833 0.001608279 0.199178049 -0.622685 0.000516491 0.080925328

ILMN_2612206 NM_023223.1 Cdc20 7.414382 1.724106667
1.83E-

12
9.41E-

10 -0.80067 0.000143918 0.092453149 -0.62642833 4.38E-05 0.031814026

ILMN_1235697 NM_026526.2 N6amt2 9.317762 1.575351667
4.93E-

09
3.58E-

07 -0.89838 0.001204227 0.179609402 -0.706145 0.000438063 0.080118423

ILMN_2970623 NM_025495.1 Cenpp 7.221673 1.366705
2.53E-

08
1.25E-

06
-

0.94690167 0.000460104 0.147785252 -0.76514333 0.000109332 0.051584051

ILMN_2844996 NM_134156.1 Actn1 11.03137 1.121933333
2.16E-

06
4.48E-

05 -1.06105 0.000334277 0.134212027 -0.83001667 0.000110836 0.051584051

ILMN_1224635 NM_024169.3 Fkbp11 10.729 2.33442
7.83E-

12
2.45E-

09 -0.918625 0.001551561 0.199178049 -0.89775 5.34E-05 0.036133989

ILMN_2898319 NM_153543.1 Aldh1l2 7.424884 1.291073333
3.45E-

08
1.62E-

06
-

1.12440667 4.37E-05 0.043221189 -1.14651167 2.44E-07 0.001042847

ILMN_2492264 NM_018865.2 Wisp1 7.972638 2.15291
1.92E-

08
1.01E-

06
-

1.20416167 0.002757801 0.243394442 -1.52888167 4.22E-06 0.009030832
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General Considerations  

The recent discovery of “cellular reprograming” and “induced pluripotent stem cells” has led to open 

a new window to bypass the need for donor tissue derived muscle stem cells for cell-therapy of 

muscular dystrophies 447. Pluripotent stem cells (e.g., ES and iPSC cells) by using directed-

differentiation protocols could allow for the generation of virtually unlimited amounts of MuSCs. Most 

importantly, by stopping the differentiation stage at the right moment, MuSCs with a higher stemness 

than adult cells which resembling uncommitted embryonic fetal progenitors, could be obtained.  

Alternatively, other methods rely on the overexpression of transgenes (e.g., Pax3/7 or MyoD) to 

force cellular reprogramming towards the myogenic lineage. The disadvantage of this strategy to 

chemically-directed differentiation approaches for the clinical translation is that, next to the lengthy 

differentiation procedure, the need for introduction of foreign DNA/RNA and potential reactivation of 

vectors and the risk of insertional-mutagenesis using viral vectors is a strong concern for regulatory 

agencies.  

Stem cell differentiation through chemical induction is controllable and small molecular drugs can be 

washed out subsequently from culture condition before transplantation in a clinical-setting. 

Unfortunately, present published-protocols take 30-50 days or more. In addition, adherent cells 

require a large culture vessel surface, which makes clinical scale-up production very challenging.  

 

Thesis Main Outcome 

In the 1st study of this thesis, we addressed both the problem of “terminal stem cell commitment” 

associated with 2D culture and the “time-consuming nature” with published protocols for generation 

of muscle progenitors from human iPSCs448.  

First, we chose a non-adherent 3D-condition to allow for scalable production, by using hiPSC-

aggregates formed in a suspension in low-adhesion plates on a horizontal shaker-platform. Second, 

we investigated whether some of the widely available immortalized cell lines, resembling the function 

of niche’s support cells involved in embryonic/fetal specification of muscle, could enhance the 

efficiency of hiPSC towards myogenic-derivation in the 3D-aggregates and ultimately maintain the 

cells at a stemness level suitable for cell-therapy. 

After extensive trials of permutations of up to three different cell lines simultaneously, we identified 

a particular "triple" aggregate condition containing endothelial cells and growth arrested fibroblasts, 

which led the differentiation to a strong induction of Pax7 in three-component embryoids (TCEs) 

within two weeks. Notably, we could significantly boost the efficiency of Pax7 expression to higher 

levels when combined TCEs with the GSK3β inhibitor (CHIR) which promotes early mesoderm 

specification in pluripotent stem cells. Flow-cytometry results revealed a very high myogenic 

efficiency as ~50% of hiPSC (3 different lines) were derived to Pax7-positive progenitors using our 
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aggregation-system. Interestingly, when instead of using the suspension aggregate paradigm, the 

accessory cells were co-cultured in 2D-condition with hiPSCs, only a very low amount of Pax7-

positive cells were detected. This observation demonstrates that the 3D-context is essential for the 

efficiency of our novel derivation protocol. TCEs exhibited remarkable 3D-self-organizing structures 

which beautifully corresponding early embryonic development. They also expressed high levels of 

developmental markers of the mesodermal and myogenic lineages, which were progressively 

regulated in a time-dependent fashion during the 3D-differentiation. 

In order to isolate live myogenic progenitors from TCEs for transplantation, we tested a panel of cell-

surface markers by flow cytometry. A combination of the CD56 and α9-integrin enriched for 99% 

pure Pax7+progenitors from enzymatically digested embryoids. Also, RNA-FISH experiment 

revealed a high stemness stage of sorted cells by showing very low amounts of the commitment 

markers Myf5 and MyoD. Immunostaining of sorted myogenic progenitor cells in differentiated 

cultures (2D) revealed the presence of (I) self-renewing MuSCs that remained Pax7 positive, (II) 

cells expressing the myogenic activation and proliferation marker MyoD, and (III) differentiating or 

differentiated cells expressing Myogenin (MyoG) and the muscle fiber structural protein myosin 

heavy chain (MyHC). CD56 and integrin α9 positive embryonic-like myogenic progenitor cells (eMPs) 

displayed a striking efficiency in generating dystrophin positive muscle fibers when compared to 2D 

cultured human myoblasts after transplantation into immunosuppressed Duchenne muscular 

dystrophy mdx mice. Most interestingly, transplanted eMPs were also more evenly distributed in the 

host tissue and frequently occupied the satellite cell stem cell position in the periphery of dystrophin+ 

fibers. In conclusion, our experiments in this study will provide a much needed protocol for the 

derivation of uncommitted myogenic progenitors from human iPS cells for therapeutic applications, 

as well as a unique in-vitro organoid-like system for the interrogation of human stem cell biology. 

In the 2nd study, we engineered a novel platform for encapsulation of human myogenic progenitor 

cells in order to implant in mice to study an aged systemic environment. These highly diffusible 

polyethersulfone hollow fiber capsules can be implanted subcutaneously into young and old mice, 

and become vascularized over a time-course of ten days. The porous structure of the capsule wall 

allows molecules up to 1000 kDa to diffuse freely through the membrane, but prevents infiltration by 

cells. Encapsulated human stem cells retain their proliferation and differentiation potential, and can 

readily be extracted from the capsules following explantation from their hosts for subsequent 

molecular profiling. Human RNA yield and quality are sufficient for downstream transcriptomic 

profiling and do not show contamination by mouse transcripts. For proof-of-concept we analyzed 

RNA from encapsulated human muscle stem cells that were exposed to the systemic environment 

in 6- or 22-month-old mice for 10 days. We were able to identify highly specific transcriptional 

signature induced by systemic aging that covers a wide range of novel age affected factors, as well 

as pathways previously characterized to be deregulated during aging including Akt/mTOR and 
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cytokine signaling. Overall, this novel bioengineered-platform as a mimetic-model of parabiosis 

represents an innovative and important step forward in the aging and stem cell fields by capturing 

the isolated systemic molecular signatures.  

Finally, the 3rd study opened a new opportunity for us to target MuSCs interactions with their niche-

resident cell types as a promising strategy in order to restore their regenerative function in skeletal 

muscle. In this story, we showed that aging strongly perturbs the function of fibro/adipogenic 

progenitors (FAPs) and their ability to support myogenesis. We illuminated the communication of 

FAPs with MuSCs through paracrine signaling using transcriptomic profiling. Our work demonstrates 

that loss of matricellular protein WNT1 Inducible Signaling Pathway Protein 1 (WISP1) from FAPs 

contributes to MuSC dysfunction in aged skeletal muscles and this novel mechanism can be targeted 

to rejuvenate myogenesis. Interestingly, aged population of FAPs have a reduced capacity for clonal 

expansion and also fate decisions. This strongly indicates that aging perturbs FAP function at the 

progenitor stage, and consequently leads to a deregulation of MuSC function and eventually a 

concomitant imbalance of adipogenic and fibrogenic fate decisions which further intensifies the 

regenerative dysfunction of aged muscles. 

 

Perspectives 

This thesis presents a variety of applications at the interface of “bioengineering” and “stem cell 

biology”. Importantly, through a better understanding of the biology of the niche (Chapters 4 & 5), 

we presented our novel “organoid-like approach” for the derivation of muscle stem cells which 

represents an incremental step forward for stem cell therapy of degenerative skeletal muscle 

disease.   

As we have described in the first and main study of this thesis, within a two-week time-window, we 

are able to generate uncommitted myogenic progenitor cells in 3D-scale with an unprecedented 

stem cell character from iPSCs in suspension embryoids. The fact that our protocol is entirely 

performed in solution will facilitate scaling to the bioreactor-level and allow for efficient clinical 

translation. Our work established a more optimistic outlook by providing a potential resource of real 

stem cells for “personalized” cellular therapy of patients with dystrophinopathies.  

As a future perspective for regenerative medicine, patient-specific iPSCs-derived progenitor cells 

produced with our model can be used for a variety of applications including in-vitro assessment of 

true myogenic capacity, drug screening, modeling muscle diseases and identification of pathologic-

features or etiologies. Although cell therapy illuminates a promising-forecast for practical setting in 

the near future, it is -so far- far from being applied in the clinic due to major bottlenecks, which we 

tried to unlock them with our technology:  
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(I) High-variability on the production of real and safe progenitors: We addressed this issue by our 

3D-directed “controllable” differentiation protocol and subsequent purification by flow-cytometer 

along with the identified specific surface-markers to purify myogenic progenitors  

(II) Identification of the ideal cell-population for transplantation: Our embryonic-like myogenic 

progenitor cells (eMPs) crossed the barriers toward interstitial muscle space and successfully 

engrafted into the injured dystrophic muscle fibers.  

Morover, purified-eMPs can be used in “combinatorial therapies” together with current running 

treatments such as physical-therapies for increasing range of muscle motion/growth and 

corticosteroids therapy for improving muscle strength and functional abilities in the case of Duchenne 

muscular dystrophy 449. Importantly, the implications of our novel protocol are not limited to cell-

therapy alone. The availability of a virtually unlimited source of uncommitted human muscle 

progenitors will allow for disease modelling and screening at a whole new level. Patient specific 

eMPs-high-throughput drug screening will allow us for the study of disease pathways and also could 

provide a platform for testing the safety and efficacy of new chemical/drug candidates when paired 

with in-vivo models.  

Nonetheless, future prospective analysis will be necessary to better dissect the eMPs 

mechanistically using the new technologies such as “single-cell RNA sequencing” as to probe the 

identity and physiology of individual cells. We recently started to decode the transcriptional 

signatures of our 3D-derived progenitors as well as relative transcriptional alteration during the 

differentiation, the description of signaling pathways associated with cell’s state transitions and 3D-

cell differentiation trajectories in-vitro and eventually exploring the dynamics of muscle/lineage 

specific gene expression within single cells over time (data not shown in the thesis).    

Furthermore, our encapsulation study can be used as a biocompatible engineered-platform to 

expose the patient specific eMPs derived from iPSC into systemic environment and aging process 

in-vivo, independent of any physical cellular interactions. This unique device can be effective for 

serving as “vascular” model 450 as our engineered hollow fiber capsules become vascularized when 

subcutaneously implanted in short duration. Absence of a developed vasculature is one of the main 

limitations in the disease modeling and synergistic bioengineering 451, 452. Lastly, we identified a 

niche-resident cell type that fail to support MuSC function in aged muscles. This would allow us to 

develop a targeted strategy to restore a “youthful-niche” environment and it can build a perspective 

and substantial insights for other scientists to systematically decode other tissue-specific stem cell 

niches and their supporting compounds on diagnostic and therapeutic potentials.   

It is hoped that the technological advances reported in this doctoral-thesis will support the 

emerging fields of personalized medicine and cell therapy in the field of muscle disease 

treatments. 
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 Highlighting for Global Youth Initiative at Nestle official page for Facebook, Twitter and LinkedIn                               2018 
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BOOK CHAPTERS 
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2. O. Mashinchian, A. M. Alkilany, M. J. Hajipour and S. Tavakol. Gold Nanoparticles for Biomedical Imaging and their 

Biological Response. Book Chapter in New Developments in Gold Nanomaterials Research. Nova Science Publishers, Inc. 2016 
 

3. O. Mashinchian, S. Bonakdar, S. Sharifi and M. Mahmoudi. Stem Cell Nanoengineering from Bench to Bed; Commercial 

Strategies in Nano Tissue Engineering and Clinical Applications (Including Different Regulatory Agencies and Public Information 

Sites, Commercialization). Book Chapter in Stem Cell NanoEngineering. John Wiley & Sons, Inc. 2015 
 

4. *S. Bonakdar and *O. Mashinchian. Toxicity of Nanobiomaterials. Book Chapter in Stem Cell NanoEngineering. John Wiley 

& Sons, Inc. 2015 

 

ARTICLES in SCIENTIFIC JOURNALS  
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Featured in Science  
 

6. L. Lukjanenko*, S. Karaz*, U. Gurriaran-Rodriguez, P. Stuelsatz, O. Mashinchian, G. Dammone, E. Migliavacca, F. Sizzano, J. 

Michaud, G. Jacot, S. Metairon, F. Raymond, P. Descombes, A. Palini, M. A. Rudnicki, C. F. Bentzinger and J. N. Feige. Aging 

Disrupts Muscle Stem Cell Function by Impairing Matricellular WISP1 Signals from Fibro-Adipogenic Progenitors. Cell Stem 

Cell. 2018, 24 (3). Impact Factor: 23.290   
 

7. T. Heydari*, M. Heidari*, O. Mashinchian*, M. Wojcik, K. Xu, M. Dalby, M. Mahmoudi and M. R. Ejtehadi. Development of 

a Virtual Cell Model to Predict Cell Response to Substrate Topography. ACS Nano. 2017, 11 (9). Impact Factor: 13.709  

Highlighted in Nanowerk 
 

8. S. A. Hosseini, M. Abdolahad, S. Zanganeh, M. Dahmardeh, M. Gharooni, H. Abiri, A. Alikhani, S. Mohajerzadeh and O. 

Mashinchian*. Nanoelectromechanical Chip (NELMEC) Combination of Nanoelectronics and Microfluidics to Diagnose 

Epithelial and Mesenchymal Circulating Tumor Cells from Leukocytes. Small. 2016, 12 (7). Impact Factor: 9.590 
 

9. S. Bonakdar, M. Mahmoudi, L. Montazeri, M. Taghipoor, A. Bertsch, M. A. Shokrgozar, S. Sharifi, M. Majidi, O. Mashinchian, 

M. H. Sekachaei, P. Zolfaghari, and P. Renaud. Cell-Imprinted Substrates Modulate Differentiation, Redifferentiation, and 

Transdifferentiation. ACS Applied Materials and Interfaces. 2016, 8 (22). Impact Factor: 8.097  
 

10. B. Ghaemi*, O. Mashinchian*, T. Mousavi, R. Karimi, S. Kharrazi and Amir Amani. Harnessing the Cancer Radiation Therapy 

by Lanthanide-Doped Zinc Oxide Based Theranostic Nanoparticles. ACS Applied Materials and Interfaces. 2016, 8 (5). Impact 

Factor: 8.097 
 

11. M. Namiri, M. K. Ashtiani, O. Mashinchian, M. M. Hasani‐Sadrabadi, M. Mahmoudi, N. Aghdami and H. Baharvand. 

Engineering Natural Heart Valves: Possibilities and Challenges. Journal of Tissue Engineering and Regenerative Medicine. 

2016. Impact Factor: 4.089 
 

12. S. Moayyedi, O. Mashinchian and R. Dinarvand. Osmolarity: A Hidden Factor in Nanotoxicology. DARU Journal of 

Pharmaceutical Sciences. 2016, 24 (9). Impact Factor: 2.667  
 

13. F. Esfandiari*, O. Mashinchian*, M. K. Ashtiani, M. H. Ghanian, K. Hayashi, A. A. Saei, M. Mahmoudi and Hossein Baharvand. 

Possibilities in Germ Cell Research: An Engineering Insight. Trends in Biotechnology. 2015, 33 (12). Impact Factor: 13.578 
 

14. O. Mashinchian, L. A. Turner, M. J. Dalby, S. Laurent, M. A. Shokrgozar, S. Bonakdar, M. Imani and M. Mahmoudi. Regulation 

of Stem Cell Fate by Nano-Material Substrates. Nanomedicine. 2015, 10 (5). Impact Factor: 5.005 
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REGENERATIVE MEDICINE

Best supporting actors
Nearby cells help boost stem cell–mediated 
skeletal muscle repair

By C. Florian Bentzinger

S
keletal muscle stem cells (MuSCs) 

are critically dependent on their mi-

croenvironment, the so-called “stem 

cell niche.” The niche contains a 

multitude of cellular and acellular 

elements that regulate MuSC func-

tions, including quiescence, proliferation, 

self-renewal, and differentiation (Fig. 1). By 

spatiotemporally controlling MuSCs, the 

components of the niche ultimately deter-

mine the regenerative capacity of skeletal 

muscle (SkM) tissue.

Upon SkM injury, certain cell types, such 

as fibroblasts, vascular cells, and immune 

cells, become highly abundant in the stem 

cell niche and play particularly important 

roles in regulating MuSCs. These support-

ive cell types interact with MuSCs by pre-

senting cell-cell contacts, secreting growth 

factors, and providing various structural 

components to the extracellular matrix 

(ECM) (1, 2). Regulatory interactions of 

supportive cell types with MuSCs can be se-

verely perturbed in aging and neuromuscu-

lar disorders (2–4).

Impaired MuSC-niche interactions rep-

resent a root cause of regenerative failure 

of SkM tissue, and restoring microenvi-

ronmental signals can improve its healing 

capacity, thus slowing or stopping disease 

progression. Given its fundamental impor-

tance for regenerative medicine, it is im-

perative to study the cellular dynamics and 

molecular signals in the MuSC niche. In the 

long run, this research will pave the way for 

the development of novel therapies for de-

generative SkM diseases.

In early studies, we investigated the re-

generative deficit that accompanies a rare 

form of muscular dystrophy called congeni-

tal muscular dystrophy type 1A (MDC1A). 

This work revealed that a lack of the muscle 

fiber–derived ECM component laminin-a2 

in the niche severely impairs muscle heal-

ing in a mouse model of MDC1A and must 

therefore be essential for MuSC function 

(4). Reactivation of laminin receptors us-

ing transgenic expression of a miniaturized 

ligand restores the regenerative capacity of 

SkM tissue, slows the disease, and prolongs 

the life of the animals.

Subsequently, we identified a novel re-

ceptor complex that integrates Wnt signals 

and the ECM component fibronectin (FN) 

to control MuSC self-renewal in the regen-

erative niche (5). MuSCs express the Wnt 

receptor Frizzled-7 (Fzd7), which binds to 

the plasma membrane proteoglycan syn-

decan-4 to form a receptor complex co-

activated by Wnt7a and FN ligands. When 

Wnt7a was administered to a mouse model 

of Duchenne muscular dystrophy (DMD), a 

disorder associated with SkM degeneration 

and impaired regeneration, the treatment 

restored MuSC function and enhanced tis-

sue repair (6, 7).

A follow-up study demonstrated that in 

vitro administration of Wnt7a to MuSCs be-

fore transplantation into DMD SkM greatly 

enhanced their engraftment and led to a re-

markable mitigation of the disease (8). Not 

only were the Wnt7a-treated donor MuSCs 

more abundant following transplantation, 

we also observed improved migration of 

these cells into the host tissue. In addi-

tion, we discovered an unexpected role for 

Wnt7a: the regulation of postnatal growth 

of muscle fibers through the mTOR-AKT 

pathway (9). Thus, Wnt7a and FN appear to 

boost SkM regeneration through two differ-

ent mechanisms: (i) by stimulating MuSC 

function and (ii) by increasing the growth 

rate of muscle fibers.

To exploit the potential of Wnt7a as a 

therapeutic agent, we developed a trun-

cated variant with increased solubility, in 

which the C-terminal 137 amino acids lack 

the conserved palmitoylation sites (10). This 

mini-Wnt7a has full biological activity on 

MuSCs and is highly efficient in inducing 

muscle fiber hypertrophy. These properties 

make Wnt7a and its derivatives attractive 

candidates for developing drugs that stimu-

late SkM growth and regeneration. Several 

patents regarding therapeutic use of Wnt7a 

for SkM disease have been filed because of 

these discoveries (11–13).
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Our more recent work has continued to 

investigate the role of the Wnt7a potentia-

tor FN for MuSC function. We discovered 

that aging severely perturbs the deposition 

of FN in the regenerative niche (3). Loss of 

FN affects a substantial number of path-

ways and cellular mechanisms implicated 

in MuSC aging. Reconstitution of FN lev-

els in the aged niche remobilizes stem cells 

and restores youth-like SkM regeneration. 

These findings represent a previously un-

known aging mechanism. Present studies 

aim to identify the age-affected cell type se-

creting FN. It has already been possible to 

narrow down a cell population positive for 

the surface markers CD45, CD31, and CD11b 

that includes immune cells , hematopoietic 

cells , and endothelial cells.

The scientific understanding of the 

MuSC niche in health and disease has 

substantially advanced. The identification 

of regulatory hubs in the niche interac-

tome that can be modulated to maintain, 

restore, or enhance the regener ative ca-

pacity of SkM tissue represents a unique 

opportunity for the targeted development 

of therapeutics and will likely improve 

the outcome of cell therapy treatments for 

muscular dystrophy. j
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Fig. 1. The skeletal muscle stem cell 

niche. The niche microenvironment 

is composed of structural 

elements, locally bound and 

secreted signaling molecules, and 

cell-cell interactions. The niche 

that maintains MuSCs in their 

quiescent state in the absence of 

muscle injury is composed of two 

major compartments: the interface 

with the muscle fibers and the 

basal lamina. In the immediate 

phase following injury, the niche 

contains debris of degenerated 

muscle fibers and a high 

abundance of pro-inflammatory 

immune cells. Subsequently, the 

niche changes into a milieu that 

promotes MuSC proliferation 

and is characterized by extensive 

ECM synthesis by fibroblastic 

cells and angiogenesis. In the 

differentiative phase, anti-

inflammatory macrophage subsets 

become dominant and MuSC-

derived myoblasts fuse into young 

muscle fibers that are reinnervated 

as basal laminae mature. Systemic 

signals, including nutrients, 

hormones, and circulating growth 

factors, regulate MuSC function 

in quiescence and regeneration 

directly or influence them by 

mediating effects at the tissue 

level or by support cells. Intrinsic 

mechanisms, such as epigenetic 

adaptations, telomerase activity, 

and constitutively activated or 

repressed signaling loops, act in 

concert with extrinsic mechanisms 

to regulate MuSCs. 
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