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Summary

Research on age-related regenerative failure of skeletal muscle has extensively focused on the 

phenotypes of muscle stem cells (MuSCs). In contrast, the impact of aging on regulatory cells in 

the MuSC niche remains largely unexplored. Here, we demonstrate that aging impairs the function 

of mouse fibro-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 regeneration and controls the expansion and asymmetric 

commitment of MuSCs through Akt signaling. Transplantation of young FAPs or systemic 

treatment with WISP1 restores the myogenic capacity of MuSCs in aged mice and rescues skeletal 
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muscle regeneration. Our work establishes that loss of WISP1 from FAPs contributes to MuSC 

dysfunction in aged skeletal muscles and demonstrate that this mechanism can be targeted to 

rejuvenate myogenesis.

Graphical Abstract

eTOC blurb:

Feige and colleagues report that aging impairs matricellular signals in the skeletal muscle stem cell 

niche by affecting the function of fibro-adipogenic progenitors (FAPs). Aged FAPs secrete less 

matricellular WISP1 leading to impaired myogenic commitment of muscle stem cells (MuSCs). 

Restoration of WISP1 levels in the aged niche rejuvenates MuSCs and improves muscle 

regeneration.
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Introduction

The regenerative capacity of skeletal muscle depends on the activity of tissue-resident 

muscle stem cells (MuSCs), also termed satellite cells. As a consequence of aging, the 

regenerative function of MuSCs is dramatically impaired, leading to inefficient muscle 

repair following injury (Almada and Wagers, 2016; Blau et al., 2015; Brack and Munoz-

Canoves, 2015). 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). Alterations in both cellular 

signaling pathways and metabolism have been shown to impair MuSC function during 

aging. Aged MuSCs exhibit increased p38-mitogen-activated protein kinase (MAPK), ERK/

MAPK and JAK/STAT signaling (Bernet et al., 2014; Chakkalakal 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 (Schworer et al., 2016). In addition, impaired mitochondrial 
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function as well as decreased autophagy perturb the physiology of MuSCs during aging and 

accelerate their transition towards senescence (Garcia-Prat et al., 2016; Zhang et al., 2016). 

Importantly, recent studies have begun to elucidate the nature of the extracellular signals 

which are disrupted 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 (TGF-) β, 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 advancements 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 adult myogenesis, MuSC function is under the control of a wide range of paracrine 

signals originating from different cell types in the niche (Mashinchian et al., 2018). The 

regulatory interplay between MuSCs, immune cells, fibrogenic cells and adipogenic 

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 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 progenitor (FAP) marked by the expression of the platelet-derived growth factor 

receptor (PDGFR) α (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 support 

myogenic commitment (Joe et al., 2010). Altered FAP lineage decisions during regeneration 

perturb 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 towards 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 observations suggest 

that FAPs and their support function for myogenesis 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-secreted WISP1 controls asymmetric MuSC commitment and 

activates the Akt pathway. Similar to aging, genetic deletion of WISP1 in mice perturbs the 

MuSC pool and impairs myogenesis. Conversely, systemic treatment of aged mice with 
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recombinant WISP1, or transplantation of young but not aged or WISP1 knock-out FAPs, 

rescues MuSC function and rejuvenates the regenerative capacity of aged skeletal 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 9-13 week-

old young mice and 20-25 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 previously described aging defects that included impaired proliferation, 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 EdU compared to young controls (Figures 

1A-1C). Immunostaining for PDGFRα revealed lower numbers of FAPs in muscles of aged 

mice (Figure 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 (Fig. S1H and S1I). Functional 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 adipogenic 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 

(Figure S2C), 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 O 

positive intramuscular adipocytes at 14 dpi (Figures 1F, 1G and S2D). This effect was also 

observed in hematoxylin/eosin 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, fibrogenic FAP differentiation to α-smooth muscle actin and collagenIα1 

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 both before and after injury (Figures 1J and 1K). 

Gene expression profiling of young and aged FAPs isolated from injured muscles at 7dpi 

further confirmed this finding and revealed increased mRNA expression of the 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 PDGFRα 
transcript (Mueller et al., 2016). An intronic variant of PDGFRα 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 
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amounts of this PDGFRα intronic variant (PDGFRα-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 and MuSCs 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 MuSC expansion and differentiation (Figures 2B-2D). 

The positive 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 myofiber 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 support 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 gene ontology (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 expression 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/fibrosis signatures at 7dpi (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 regulated in aged activated FAPs 

contained a single secreted protein belonging to the CCN family of matricellular proteins 

and termed Wnt1 inducible signaling pathway protein 1 (WISP1 / CCN4) (Figure 3B). 

WISP1 was also the most down-regulated 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 two-fold in FAPs from aged mice (Figure 3C). In agreement with these observations, 

the upregulation of WISP1 mRNA and protein was blunted in regenerating tibialis anterior 

muscles of aged mice (Figures 3D and 3E).
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To confirm that FAPs are the principal cell type in which aging affects WISP1 secretion, we 

interrogated different cell types found in quiescent and regenerating muscles. These included 

lineage positive cells (Lin+), comprising immune, endothelial and hematopoietic cells; 

MuSCs; FAPs; and Sca1+/CD34+/PDGFRα− cells (hereafter called PDGFRα−). FAPs, 

MuSCs, and PDGFRα- 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 protein, RNA FISH was used to elucidate where WISP1 is produced in skeletal 

muscle. 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 vicinity of these cells (Figure S5D). These results 

identify WISP1 as 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 perturbations by analyzing WISP1−/− mice (Maeda et 

al., 2015). As expected, WISP1 mRNA was not detected in uninjured and regenerating 

WISP1−/− muscle (Figure S6A). We first assessed how loss of WISP1 affects the ex-vivo 

phenotype of MuSCs and FAPs. While WISP1−/− MuSCs did not display an altered 

proliferation or differentiation potential (Figures S6B-S6D), FAPs isolated from WISP1−/− 

mice increased in number (Figure S6E). Despite this phenotype, WISP1−/− FAPs were 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 

reduction in committed Pax7+/MyoD+ MuSCs in muscle cross sections 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), 

suggesting that loss of WISP1 primarily affects the communication between FAPs and 

MuSCs. Altogether, these experiments demonstrate that loss of WISP1 from FAPs impairs 

MuSC function 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; Murahovschi et al., 2015). Addition of recombinant 

WISP1 to the culture 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 

hypertrophy (Figures S7D and S7E). In order to interrogate effects on MuSC commitment, 
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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 of WISP1 

on MuSC proliferation (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 stimulates 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 effect (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 (Figure 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 

recombinant 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 control 

(Figures 7D and 7E). WISP1 also restored the number of committed MyoD+ MuSCs in aged 

muscle (Figure 7F). Systemic treatment of aged mice with recombinant WISP1 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 (Figure 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.
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Discussion

In both mice and humans, aging leads to MuSC dysfunction and reduces the regenerative 

capacity of skeletal muscle (Almada and Wagers, 2016; Blau et al., 2015; Brack and Munoz-

Canoves, 2015). Extensive efforts have aimed at understanding the mechanisms driving 

MuSC aging, which involve cell-autonomous processes and changes in the MuSC 

microenvironment (Bernet et al., 2014; Chakkalakal et al., 2012; Cosgrove et al., 2014; 

Garcia-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, extracellular matrix (ECM) and the presentation of cell-

cell receptors in the niche depends on the function and proliferation kinetics of these niche 

cell populations. Since aging has been shown to affect several critical niche components, it is 

likely that the local deposition of these cues by niche-resident cells is particularly 

susceptible to age-induced stress. The identification of cell populations that fail to support 

MuSC function in aged muscles 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 

matricellular 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 previously 

been involved in ECM remodeling and tissue repair in bone, cartilage, gut and lung 

epithelium, skin, and the cardio-vascular system (Konigshoff 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 β1 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-derived 

matricellular WISP1 controls MuSC function in concert with growth factor signaling and the 

niche ECM.
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Muscle regeneration associates with a transient ectopic adipocyte accumulation (Joe et al., 

2010; Lukjanenko et al., 2013; Uezumi 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 become more 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 aged 

adipogenic progenitor senescence can be targeted to restore adipogenesis and metabolic 

homeostasis in adipose tissue (Xu et al., 2015). Interestingly, hind limb unloading after 

muscle injury impairs muscle regeneration, reduces ectopic adipogenesis and lowers 

expression of PDGFRα (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 PDGFRα-In anti-fibrotic isoform that acts as a decoy receptor for PDGF 

(Mueller et al., 2016). Several inflammatory processes have been implicated in fibrosis in 

skeletal muscle (Mann et al., 2011). Interestingly, the inability of aged FAPs to efficiently 

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 

observations 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 differentiation 

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 fibrogenic fate decisions that 

further exacerbates the regenerative dysfunction of aged muscles.

During normal muscle regeneration, MuSCs undergo asymmetric divisions producing cells 

that upregulate myogenic regulatory factors and become committed to terminal 

differentiation (Kuang et al., 2007). Lower Fibronectin levels in the aged MuSC niche lead 

to a loss of Integrin β1 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 dysregulation of Akt, ERK and p38αβ 
MAPK pathways that impair the ability of aged MuSCs to undergo asymmetric 

commitment. Our experiments revealed that FAP-derived WISP1 activates the Akt pathway 

and has the ability to rescue age-associated commitment 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 aged muscle rescues commitment defects in aged MuSC, but 

loss of WISP1 expression in aged or WISP1−/− FAPs impairs this crosstalk. 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 
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treatment affected the size of fibers in muscles that were not regenerating. 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 systemically to improve 

muscle healing in the aged.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by Dr Jerome N Feige (jerome.feige@rd.nestle.com).

EXPERIMENTAL MODELS

Mice were housed under standard conditions and allowed access to food and water ad 

libitum. All wildtype (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 Td-Tomato 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 through sperm 

insemination into C57/Bl6N mice. 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. Experiments 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 performed 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 50μl of 50% 

v/v glycerol into tibialis anterior (TA) muscles (experiments with WT mice) or 50μl of 

cardiotoxin 10μM (experiments with WISP1−/− mice, in vivo FAP quantification or FAP 
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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 50μl, 50μl and 100μl 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 using a 50μl Hamilton syringe 24h after intra-muscular injection of 

50μl of cardiotoxin 10μM.

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), α7-

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 α7+ and Fibro/Adipogenic 

progenitors (FAPs) were identified as CD31−/CD11b−/CD45−/Sca1+/CD34+/PDGFRα+. 

Lineage positive cells (Lin+) were identified as: CD31+/CD11b+/CD45+. CD31−/CD11b−/

CD45−/Sca1+/CD34+/PDGFRα− cells were also collected and named PDGFRα− 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). 

Afterwards, 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 Chemicals)) 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 1× 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 1× and followed by blocking solution for 2h at room temperature with 5% 

horse serum, 2% BSA, 0.1% Triton X-100 in PBS 1×. Incubation with undiluted Pax7 

Lukjanenko et al. Page 11

Cell Stem Cell. Author manuscript; available in PMC 2020 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 

temperature. Finally, myofibers were mounted with Mowiol medium containing Hoechst 

(10uL of Hoechst 1ug/uL). 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, 1μM 

EdU was added to the medium directly after cell sorting for 36h. To assess MuSC and FAP 

proliferation, 1μM EdU was 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, 0,25μM 

dexamethasone, 1μg/ml insulin, 5μM troglitazone, 0.5mM isobutylmethylxanthine). To 

assess fibrogenic capacity, FAPs were grown for 6 days (α-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, 

8μg/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 the medium. 

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 0.1μM of 

Akt inhibitor (MK-2206, Selleckchem, # S1078) or equal amount of vehicle (DMSO) and 2 

hours after plating, 8μg/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 1μM 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-M 

medium). Cells were treated with WISP1 by adding 8μg/mL of human recombinant WISP1 
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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 5 

min 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 5 min, 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 μg/ml), 

rabbit-anti mouse MyoD antibody (Santa-Cruz #sc-304, 1/100) and secondary antibodies. 

For α-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 α-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, 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 

counterstained with Hoechst 33342. Image acquisition was performed using the 

ImageXpress (Molecular Devices) platform. Quantifications were done with the MetaXpress 

software using the Multi-Wavelength Cell Scoring or Cell Scoring application modules, or 

an automated image processing algorithm developed internally.

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 μg/mL of mouse recombinant 

WISP1 protein or vehicle. After 42h, myofibers were fixed with PFA 2%/PBS 1× for 10min 

at room temperature and then washed 3 times in PBS for 5 min. Myofibers were then 

permeabilized for 10min with 0.1% Triton X-100, 0.1M Glycine in PBS 1× and followed by 

blocking solution for 2h at room temperature with 5% horse serum, 2% BSA, 0.1% Triton 

X-100 in PBS 1×. Incubation with undiluted anti-Pax7 (DHSB) and anti-GFP (1:1000) 

primary antibodies was performed overnight. The next day, day myofibers were washed 3 
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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 epifluorescent 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 10μm 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 (10g/L). Oil-Red-O staining was performed on air-dried slides by 

incubating 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 then water; and slides were 

counterstained with Mayer’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-eMHC produced in mouse (DSHB, #F1.652) diluted at 1/100 and 1/500 in 

the blocking solution, respectively. For perilipin staining, sections were fixed during 10 

minutes with PFA 4%, permeabilized during 10 minutes 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 (Life Span 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 fixed with PFA 4%, and permeabilized in cold 

methanol. Antigen retrieval was performed with two successive incubations of hot citric acid 

0.01M pH6 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 (Life Span Bioscience #LC-C96142-100) 

antibodies were used at 2.5 μg/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 determined 

manually 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 
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the sites of injection identified by the fluorescent 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, 

8μm cryosections were labeled with antibodies against PDGFRα 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 20× magnification. For each condition of each experiment, at least 8-10 

fields chosen randomly were counted. The number of labeled PDGFRα+ cells was 

calculated using the cell tracker 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 sec, 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 (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.—RNA was extracted from freshly sorted MuSCs and FAPs 

using the RNeasy Micro Kit (Qiagen). RNA samples were quality controlled and then 

subjected to 3’ 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 
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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 data sets. Venn diagrams where built from differentially expressed genes 

(http://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 differentially 

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 PDGFRα 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 (PDGFRα In) (Mueller et 

al., 2016). Other qPCR reactions performed using SYBR assays were performed with the 

following primers (5’3’): ATP5b forward: ACCTCGGTGCAGGCTATCTA; ATP5b reverse: 

AATAGCCCGGGACAACACAG; CD11b forward: GCCTGTGAAGTACGCCATCT; 

CD11b reverse: GCCCAGGTTGTTGAACTGGT; CD11c forward: 

ACACTGAGTGATGCCACTGT; CD11c reverse: TTCGGAGGTCACCTAGTTGGG; 

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: 

TCATCAATCACCATCTGGCCG; Pax7 forward: 

AAGTTCGGGAAGAAAGAGGACGAC; Pax7 reverse: 

GAGGTCGGGTTCTGATTCCACATC; MyoD forward: GCAGATGCACCACCAGAGTC; 

MyoD reverse: GCACCTGATAAATCGCATTGG; Myog forward: 

GTGCCCAGTGAATGCAACTC; Myog reverse: CGCGAGCAAATGATCTCCTG; 

PDGFRα In forward: AAAAGTGCCCATGCTCATTC; PDGFRα In reverse: 

GCTTGGCAGAGCTACCTGTC; PDGFRα FL forward: AGTGGCTACATCATCCCCCT; 

PDGFRα FL reverse: CCGAAGTCTGTGAGCTGTGT; TCF4 forward: 

GGCGATGAGAACCTGCAAGA; TCF4 reverse: GGTCCTCATCATCGTTATTGCTAGA; 

WISP1 forward: CAGTGAGCCCAAGAGTCAGG; WISP1 reverse: 

TCGTCTCTGTCAGCTTGCAC; WISP1 forward (for KO experiment): 

ATCGCCCGAGGTACGCAATAGG; WISP1 reverse (for KO experiment): 

CAGCCCACCGTGCCATCAATG; PDGFRα forward: AGTGGCTACATCATCCCCCT; 

PDGFRα 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 

Lukjanenko et al. Page 16

Cell Stem Cell. Author manuscript; available in PMC 2020 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.cmbi.ru.nl/cdd/biovenn/index.php
http://pantherdb.org/


Scientific, Mm00475912_m1, #4448489) and mYwhaq (ThermoFisher Scientific, 

Mm01231061_g1, #4448489).

Protein expression by slow off-rate modified aptamer assay.—Muscle samples 

were pulverized using the cryoPREP impactor system (Covaris). The muscle powder was 

then subjected to mechanical 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. Statistical analyses were performed in R 3.1.3.

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 blinded manner. 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 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 vs. young activated 

FAPs] < 0.1. All other statistical analyses were performed using GraphPad Prism (GraphPad 

Software). Statistical significance for binary comparisons was assessed by a Mann-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 + s.e.m.

DATA AND SOFTWARE AVAILABILITY

The genomics data from this study have been submitted to the NCBI Gene Expression 

Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo) under accession numbers GSE92508 

and GSE81096. All software used were freely or commercially available.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Aging alters the myogenic support of FAPs to MuSCs

• Aged FAPs produce less matricellular WISP1

• FAP-derived WISP1 is required for MuSC expansion and commitment

• Restoring WISP1 levels rejuvenates the myogenic potential of aged MuSCs
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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 (d) after 

isolation from uninjured muscles of young or aged mice. Scale bars = 100 μm. (B) 

Quantification of the number of FAPs 6 d after isolation from uninjured muscles of young or 

aged mice. (C) Quantification of the percentage of EdU+ FAPs 6 d after isolation from 

young and aged uninjured muscles. (D) Representative images of FAPs differentiated under 

pro-adipogenic conditions 13 d after isolation from uninjured muscles of young or aged 

mice. Lipid droplets were detected by bodipy staining. Scale bars = 100 μm. (E) 

Quantification of the percentage of FAPs differentiated into bodipy+ adipocytes under pro-

adipogenic conditions 13 d 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 

d post injury (dpi). Scale bars = 400 μm. (G) Quantification of the Oil-red O covered area 

normalized to the total cross-sectional area of young and aged muscles under uninjured 

(Un.) conditions or at 7 and 14 dpi. (H) Representative α-smooth muscle actin (α-SMA) 

immunostaining showing spontaneous fibrogenic differentiation of FAPs 6 d after isolation 

from uninjured muscles of young or aged mice. Scale bars = 100 μm. (I) Quantification of 
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the percentage of α-SMA+ FAPs 6 d 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 μm. (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) qPCR quantification of the ratio of intronic (In) to full-length (FL) PDGFRα transcripts 

in young and aged muscle under uninjured conditions or at 3, 7 and 14 dpi. (M) qPCR 

quantification of the ratio of In to FL PDGFRα transcripts in FAPs isolated from muscles of 

young or aged mice at 3 dpi. (B, C, E and I) Cells pooled from up to n=3 mice and n≥15 

replicates per condition, repeated three times for each condition. (G, K, L and M) n≥6 mice 

per condition. (B, C, E, G, I, and K-M) 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. See also Figures S1 and S2.
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Figure 2. Aged FAPs Fail to Support MuSCs
(A) Representative images of MuSCs from uninjured muscles of young mice with 

constitutive nuclear Td-Tomato+ (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 

μm. (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 to WT FAPs from young or aged uninjured muscles co-cultured for 12 h 
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after isolation. (D) Quantification of the number of nuclei in Myosin 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 d after isolation. 

Cells pooled from up to n=3 mice and n≥13 replicates per condition, repeated three times for 

each condition. (E) Representative Pax7 immunostaining of single EDL myofibers that were 

cultured for 42h 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 μm. (F) Quantification of Pax7+ MuSCs on single myofibers that were cultured for 

42 h after isolation from uninjured muscles of young mice with control medium or medium 

conditioned by FAPs isolated from uninjured muscles of young or aged mice. n=3 mice per 

condition, n≥30 fibers per mouse. (B, C) Cells pooled from up to n=3 mice and n=24 

replicates per condition, repeated three times for each condition. (B, C, D and F) 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. See also Figure S3.
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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 young muscles 

at 3 dpi compared to the uninjured condition (light grey), 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 grey). (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. n≥5 mice per condition. Arbitrary units (A.U.). (A-C) n≥5 

replicates per condition, with cells pooled from multiple mice for each. (C-E) Data 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. See also Figures S4 and S5.
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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, MyoD and Myogenin (MyoG) 

mRNA from WT and WISP1−/− muscles under uninjured (uninj.) conditions or at 3 and 7 

dpi. (E) Representative Pax7 and MyoD immunostaining of WT and WISP1−/− muscle 

cross sections at 3 dpi. White arrowheads indicate Pax7+/MyoD+ MuSCs. Scale bar = 100 
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μm. (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 μm. (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≥5 mice per condition. (A, B-D, F and H) 

Data are represented as means ± S.E.M. p-values are *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 uninjured 

muscles of aged mice in media containing vehicle (Veh.) or 8 μg/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 vehicle (Veh.) or WISP1. (C) 

Representative images of EdU+ MuSCs cultured for 3 days after isolation from uninjured 

muscles of aged mice in media containing vehicle (Veh.) or WISP1. Scale bars = 50 μm. (D) 

Pax7 and YFP immunostaining of an asymmetric MuSC division on a single myofiber from 

a Myf5-Cre/R26R-YFP mouse. Scale bar = 25 μm (top), 5 μm (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 
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adult uninjured EDL muscles of Myf5-Cre/R26R-YFP mice. n=3 mice per condition, n≥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 and normalized to GAPDH. n=3 replicates per condition. (H) Quantification of 

the number of EdU+ MuSCs cultured for 3 d after isolation from uninjured muscle of aged 

mice with media containing Veh. or WISP1 with or without 0.1 μM of the Akt inhibitor 

MK-2206. (A, B and H) Cells pooled from up to 3 mice and n≥16 replicates per condition, 

repeated twice for each condition. (A, B, E, G and H) 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. 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 and representative images of Pax7+/MyoD+ MuSCs by 

immunofluorescence in muscle cross-sections of WISP1−/− mice at 4dpi, after intra-

muscular injection of vehicle or FAPs freshly isolated from young, aged or WISP1−/− mice 

at 1 dpi. n≥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 in muscle cross-sections of aged WT mice at 4dpi, after 
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intra-muscular injection of vehicle or FAPs freshly isolated from young, aged or WISP1−/− 

mice at 1 dpi. n≥4 mice per condition. (B and E) Data are represented as means ± S.E.M. p-

values are *<0.05, **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, MyoD and MyoG mRNA in muscles of aged mice 

treated with daily i.p. injection of Veh. or WISP1 at 1mg/kg under uninjured (uninj.) 

conditions or at 3, 7 and 14 dpi. (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 μm. (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 
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Pax7+/MyoD+ MuSCs in cross sections of young and Veh. or WISP1 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 μm. (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 μm. (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. (A-C, E, F, H and J) n≥4 

mice per condition. Data are represented as means ± S.E.M. p-values are *<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 S8.
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