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SUMMARY

Skeletal muscle stem cells, or satellite cells (SCs), are essential to regenerate and
maintain muscle. Quiescent SCs reside in an asymmetric niche between the basal
lamina and myofiber membrane. To repair muscle, SCs activate, proliferate, and
differentiate, fusing to repair myofibers or reacquiring quiescence to replenish
the SC niche. Little is known about when SCs reacquire quiescence during regen-
eration or the cellular processes that direct SC fate decisions. We find that most
SCs reacquire quiescence 5–10 days after muscle injury, following differentiation
and fusion of most cells to regenerate myofibers. Single-cell sequencing of
myogenic cells in regenerating muscle identifies SCs reacquiring quiescence
and reveals that noncell autonomous signaling networks influence SC fate deci-
sions during regeneration. SC transplantation experiments confirm that the
regenerating environment influences SC fate.We define awindow for SC repopu-
lation of the niche, emphasizing the temporal contribution of the regenerative
muscle environment on SC fate.

INTRODUCTION

Skeletal muscle, essential for locomotion, respiration, and longevity, possesses a remarkable regenerative

capacity dependent on resident muscle stem cells, satellite cells (SC) (Lepper et al., 2011; Murphy et al.,

2011; Sambasivan et al., 2011). SCs are quiescent, residing in an asymmetric niche bounded by the basal

lamina on one side and the myofiber on the other (Mauro, 1961). In response to muscle injury, SCs activate,

exit quiescence, and begin proliferating between 24 and 48 h postinjury (Cornelison andWold, 1997; Siegel

et al., 2011). The resulting myoblasts may differentiate and fuse to regenerate the damaged, multinucle-

ated myofibers, continue to proliferate, or reacquire quiescence, replenishing the SC pool.

Replenishing and maintaining a sufficient SC pool is critical to sustaining muscle health and regenerative

capacity. Muscle regeneration is abolished when SCs are lost (Lepper et al., 2011; Murphy et al., 2011; Sam-

basivan et al., 2011), and decreased SC function is implicated in aging (Collins et al., 2007; Sacco et al.,

2010; Bernet et al., 2014; Sousa-Victor et al., 2014) and myopathies (Heslop et al., 2000). By returning to

the niche and reacquiring quiescence, myoblasts replenish the SC pool, which can occur via symmetric di-

vision, giving rise to two quiescent daughter SCs, or asymmetric division where one MyoD positive

myoblast daughter cell either proliferates or differentiates and the other MyoD negative daughter reac-

quires quiescence (Conboy and Rando, 2002; Kuang et al., 2007; Troy et al., 2012). Asymmetric division

is regulated by Notch (Conboy and Rando, 2002; Kuang et al., 2007), Wnt7a (Le Grand et al., 2009),

EGFR (Wang et al., 2019), and downstream effectors Vangl2 (Le Grand et al., 2009), p38a/b MAPK (Troy

et al., 2012; Bernet et al., 2014), and dystrophin (Dumont et al., 2015), which recruit the planar cell polarity

pathway to polarize Myf5 and MyoD to establish distinct daughter cell fates. Despite this knowledge, the

timing and molecular mechanisms regulating SC replenishment in vivo remain unexplored.

Employing in vivo DNA base-labeling lineage tracing experiments, we found the majority of SCs re-estab-

lish quiescence between 5 dpi (days postinjury) and 10 dpi, following the formation of newmyofibers, much

later than expected from previous work examining asymmetric division in myofiber cultures where asym-

metric divisions occur during the initial cell cycle following SC activation (Kuang et al., 2007; Troy et al.,

2012; Dumont et al., 2015; Wang et al., 2019). We performed single-cell RNA sequencing (scRNA-Seq) at

4 dpi, when most myonuclear formation is completed, and at 7 dpi, when SCs re-occupy their niche, to

identify gene expression changes in myogenic cells and the signaling pathways driving repopulation of
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Figure 1. SCs primarily reacquire quiescence between 5 dpi and 7 dpi

(A) Schematic depicting two simplified models for SC replenishment during regeneration.

(B) Schematic showing 6 h of EdU administration, in three injections 2 h apart, immediately prior to collection on the specified day following injury.
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Figure 1. Continued

(C) Pax7+ cell numbers quantified per mm2 in tissue sections from uninjured (UI) or injured TA muscle, indicated with the day postinjury.

(D) Percent Pax7+/EdU + cells in tissue sections from injured TA muscle.

(E) Quantification of EdU persistence in proliferating C2C12 cells. The left y axis indicates EdU fluorescence intensity in arbitrary units (AU), and the right y axis

indicates number of cell divisions. The x axis indicates hours since EdU withdrawal. Fluorescence intensity is plotted in blue and cell divisions in red. n =

technical replicates of coverslips. Analysis by linear regression R2 = 0.7471.

(F) Experimental design schematic for EdU incorporation in DNA-lineage tracing experiments. Green arrows demarcate EdU application timing.

(G) Representative images of extensor digitorum longus (EDL) myofibers collected at 14 dpi after the indicated application of EdU. EdU+/Pax7+ double-

positive cells (white arrows) and EdU-/Pax7+ SCs (white carets) are identified. Scale bar: 40 mm.

(H) EdU + SCs quantified onmyofibers containing central nuclei exposed to EdU 0–14 days, 0–4 days, 0–2 days, 5–7 days, 8–10 days, or 10–12 days postinjury.

All experiments, except EdU persistence in C2C12 cells, were performed as biological triplicates where each n represents an individual mouse and >100

Pax7+ cells were scored per mouse. For all panels, statistical significance tested by ANOVA. *p value < 0.05. For all data are represented as meanG SD. See

also Figure S1.
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the niche by quiescent SCs. We identified signals in nonmyogenic cell populations that may direct SC cell

fate via noncell autonomous signaling. Engraftment of donor SCs into the stem cell niche as quiescent SCs

is significantly enhanced if transplanted during the time when SCs re-occupy their niche, confirming the

regenerative environment as a key driver of SC fate decisions. Thus, the coordinated signaling of the regen-

erating muscle environment appears to prioritize myofiber reconstruction and then promote SC pool

replenishment.

RESULTS

The majority of SCs reacquire quiescence during days 5–10 postinjury

The timing and kinetics of SC expansion, myonuclear generation, and replenishment of the SC niche

following a muscle injury are largely unexplored. Based on examination of asymmetric division on cultured

myofibers, SC generation is generally accepted to occur via asymmetric division during the initial cell cycle

following SC activation (Kuang et al., 2007; Troy et al., 2012; Bernet et al., 2014). If SCs reacquire quiescence

during this initial cell division, then the replenished SC pool would undergo fewer cell divisions, suggesting

prioritization of replenishing the SC pool early after muscle injury. By contrast, if the majority of SCs reac-

quire quiescence later in regeneration, then SCs would have undergone more cell divisions, suggesting an

initial prioritization for myofiber reconstruction (Figure 1A). To determine when SCs reacquire quiescence

in vivo, we lineage-traced SCs with timed pulses of 5-ethynyl-20-deoxyuridine (EdU) following a muscle

injury.

To assess SC and myoblast division kinetics following a muscle injury, we collected tibialis anterior (TA)

muscles at various days after BaCl2 injury (days 4, 7, 10, 14, and 28). Because DNA base analogs are rapidly

diluted (Matia�sová et al., 2014), three injections of EdU 2 h apart were given immediately before tissue

collection (Figure 1B). SCs andmyoblasts were identified by Pax7 immunoreactivity and tissue sections pro-

cessed for EdU incorporation (Figure S1). Once activated following injury, myoblasts divide rapidly,

increasing over 20-fold by 4 dpi, then gradually decline to within 2-fold of the initial SC number by 28

dpi (Figure 1C). Thus, most myogenic progenitors are produced early in regeneration and then decline,

most likely by terminal differentiation and fusion to form myofibers. Without injury, we detected no

Pax7+/EdU + cells following the three EdU injections before muscle harvest (Figure 1D). The highest per-

centage of Pax7+/EdU + cells was detected at 4 dpi (50%), which declined to 23% at 7 dpi, and remained at

21% at 10 dpi (Figure 1D). The lowest percentage of Pax7+/EdU + cells was detected at 14 dpi (2%) with no

further decrease by day 28 dpi (Figure 1D). The dramatic decrease in percentage of dividingmyogenic cells

between 4 dpi and 7 dpi indicates that myogenic cells are leaving the cell cycle either by terminal differen-

tiation or by acquisition of quiescence in the niche. The minimal percentage of myogenic cells dividing at

day 14 indicates that the majority of myonuclei and replenished SCs were produced earlier during

regeneration.

Because the majority of SCs and myonuclei are produced by 14dpi, we asked precisely when during

regeneration SCs reacquire quiescence. Because we rely on EdU incorporation for lineage tracing to esti-

mate when cells exit the cell cycle and EdU signal is diluted each cell cycle, we first performed EdU pulse-

chase experiments to determine how long the EdU signal remained detectable in dividing cells. C2C12

cells were grown in the presence of EdU for 12 h, then EdU was removed, and cells were evaluated for

EdU fluorescence intensity every 24 h (Figure 1E). EdU intensity decreases linearly and was dimly detectable

at 72 h after EdU removal and no longer detectable by 96 h post EdU removal (Figure 1E). Thus, the EdU
iScience 25, 104444, June 17, 2022 3
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Figure 2. Identifying and characterizing a myogenic cluster acquiring quiescence

(A) UMAP embedding for single-cell RNA sequencing of regenerating skeletal muscle at 4 dpi and 7 dpi where clusters are colored by cell type (total

cells = 25,863).

(B) Subclustering of cells identified as SCs, myogenic progenitors, and muscle with cell-cycle stage indicated in color (total cells = 717).

(C) Gene expression levels of Pax7, Myog, and Tcap are indicated for the clusters presented in B.

(D) RNA velocity analysis of myogenic cells at 4 dpi and 7 dpi combined where distinct clusters are indicated by color and individual cell trajectories are

indicated by arrows (total cells = 213).

(E) Gene expression levels of Pax7, Myod1, and Myog are indicated for the clusters presented in D.

(F) Velocity-inferred partition-based graph abstraction of composite myogenic cell fate trajectories between myogenic clusters.

(G) Pathways associated with a return to quiescence identified by Reactome pathway analysis performed on differentially expressed genes identified for

cluster 4. Pathways organized by false discovery rate (FDR). Self-renewal pathways are colored blue, and asymmetric division pathways are colored orange.

For full list of identified pathways refer to Table S7.

(H) Representative maximum intensity projection images of protein immunoreactivity for phosphorylated histone 3 (white) as a marker of dividing cells,

ParD3 (red) as a marker of asymmetric division, as well as DAPI dye (blue) in SCs on isolated myofibers.

(I) Representative maximum intensity projection images of protein immunoreactivity for the protein of interest indicated in each row (white), ParD3 (red) as a

marker of asymmetric division, as well as DAPI dye (blue) in SCs on isolated myofibers. Scale bar: 10 mm. See also Figures S2–S4; Tables S1, S2, S3, S4, S5, and

S6; and Videos S1, S2, S3, S4, and S5.
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signal persists for three cell divisions and is not detectable by the fourth cell division. Estimates of muscle

precursor division rates, following the first division after activation, range from 8 to 17 h (Zammit et al., 2002;

Siegel et al., 2011; Troy et al., 2012), so EdU + nuclei will have exited the cell cycle within 24–51 h following

cessation of EdU administration in vivo.

To determine when SCs reacquire quiescence following an injury, mice were given EdU in drinking water in

timed pulses during regeneration. Extensor digitorum longus (EDL) muscles were collected at 14 dpi and

assessed for EdU incorporation in myofibers with centrally located nuclei (Schematic in Figure 1F). EdU +

SCs and myonuclei were quantified from individual regenerated myofibers. SCs were identified by Pax7

immunoreactivity and myonuclei were identified as Pax7 negative nuclei located inside the myofiber. As

EdU is detectable for three cell divisions (Figure 1E) before being diluted below detectable levels,

EdU + SCs and EdU + myonuclei exited the cell cycle within three cell divisions of EdU removal. All myo-

nuclei in and all SCs on myofibers with central nuclei were EdU + when EdU is provided for 0–14 dpi

(Figures 1G and 1H). In contrast, on myofibers from mice provided EdU water for 0–2 dpi, less than 1%

of SCs were EdU+ and centrally located myonuclei were labeled with variable intensity (Figures 1G and

1H). Because the initial SC cell division following injury occurs between 24 and 48 h (Jones et al., 2005;

Troy et al., 2012; Webster et al., 2016), few, if any, SCs reacquire quiescence during the first cell division

following injury in vivo, countering the proposed early SC replenishment model (Kuang et al., 2007; Troy

et al., 2012; Dumont et al., 2015; Wang et al., 2019), instead favoring later SC replenishment (Figure 1H).

The variable EdU signal in central myonuclei is consistent with rapidly proliferating myogenic progenitors,

diluting EdU following EdU removal at 2 dpi, before terminally differentiating (Figure 1H). When EdU is

administered longer, from 0–4 dpi, a minority of SCs (mean 24%) were EdU+, whereas all centrally located

myonuclei and some peripheral myonuclei were EdU+ (Figures 1G and 1H). Approximately 75% of SCs re-

acquire quiescence between 5 dpi and 12 dpi, with 44% acquiring quiescence from 5 dpi to 7 dpi, 22%

acquiring quiescence between 8 dpi and 10 dpi, and 6% acquiring quiescence from 10 dpi to 12 dpi,

respectively (Figures 1G and 1H). The EdU lineage tracing results define the temporal kinetics of SC fate

decisions, with a normal distribution of quiescent SCs centered around 5–7 dpi.

A malleable myogenic transcriptome directs myogenic fate decisions

The observation that SCs in vivo do not reacquire quiescence during the initial cell division led us to explore

the molecular profiles contributing to SC replenishment. We performed scRNA-Seq at 4 dpi and 7 dpi

time points when myonuclear production is at its maximum and when the maximum numbers of SCs reac-

quire quiescence, respectively. Although a diverse cellular population comprises regenerating muscle,

including assorted immune cells, fibroadipose progenitors (FAP), and myogenic cells (Figure 2A), we

focused on defining the molecular features of the mononuclear myogenic population within the regener-

ative environment. Sub-clustering the SCs and myogenic progenitors revealed three dominant popula-

tions, which coincide with different stages of myogenesis. In the first population, most cells are Pax7+

and dividing, consistent with a proliferative, activated progenitor population (Figure 2B). In contrast,

populations two and three are cells predominately in G1 or G0 expressing transcripts encoding the terminal

differentiation commitment protein Myog (population 2) or Tcap, a protein in maturing sarcomeres
iScience 25, 104444, June 17, 2022 5
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(population 3) (Figure 2C). Because we were interested in myogenic cells that exit the cell cycle by reacquir-

ing quiescence, we focused subsequent analyses on populations 1 and 2 representing the proliferating and

early differentiating myogenic progenitors.

We identified five cellular clusters (Figure 2D and S3A), each defined by a unique gene signature

(Figure S2A). The expression level of transcripts associated with SC activation (Pax7 andMyod1), SC quies-

cence (Pax7 andMyf5), and SC differentiation (MyoG andCdkn1c) were compared for each cluster as a gen-

eral indication of progression in myogenesis (Figures 2E, S2C, and S2D). Cluster 3 is Pax7-low,Myod1-low,

and Myog-high, identifying it as terminally differentiating cells, whereas cluster 0 and cluster 4 are Pax7-

high andMyod1-low (Figures 2D, 2E, and S2C), enriched for G1/G0 cells (Figures S2B and S2C), suggesting

that clusters 0 and 4 include quiescent SCs or SCs returning to quiescence. Our datasets contain myogenic

cells at two ends of a biologic spectrum in injured muscle, cells that have remained quiescent following

injury, cells undergoing terminal differentiation, and cells reacquiring quiescence. Satellite cells that did

not activate will likely possess transcriptional profiles distinct from those reacquiring quiescence; the

time required for transcriptional profiles of satellite cells that reacquired quiescence to become indistin-

guishable from those that never activated and remained quiescent is not known. Given that cells from

injured muscle were sequenced at the height of SC replenishment, we hypothesized that a subset of our

captured cells are actively acquiring quiescence.

To infer trajectories between myogenic clusters, we used partition-based graph abstraction (PAGA) to

determine collective cellular directionality and assign cell fate trajectories (Bergen et al., 2020), with cells

beginning at cluster 0 and progressing through clusters 1, 2, and 4 or exiting through differentiation (cluster

3) (Figures 2F and S3B). Connections between clusters indicate that cells may also transition through paths

other than the identified trajectory. An intermediate population (cluster 2) that expressesMyod1 (Figure 2E)

may represent cycling myogenic cells poised to commit to terminal differentiation (cluster 3) or return to

quiescence (cluster 4) by regulating Myod1 mRNA translation (Hausburg et al., 2015; Morrée et al.,

2017). Cluster 4, the cluster putatively reacquiring quiescence, is downstream of the Myod1 high popula-

tion (cluster 2), supporting that cluster 4 represents SCs returning to quiescence rather than satellite cells

that have not activated (Figure 2D).

To interrogate whether cluster 4 contains SCs returning to quiescence and to identify transcripts associated

with a return to quiescence, we performed differential gene expression analysis on each myogenic cluster

(Figure S4A, Tables S1–S5). We focused our attention on genes differentially expressed in cluster 4, the

cluster putatively returning to quiescence (Figure S4B, Table S5). We then performed differential gene

expression analysis comparing cluster 4 with cluster 2, the neighbor temporally upstream of cluster 4

(Figure S4C, Table S6). We performed pathway analysis of the differentially expressed genes and found

upregulation of genes and pathways involved in myogenic self-renewal. Differential pathway analysis

identified EGFR, AURORA A kinase, and AUF1 as significantly upregulated, all components of signaling

pathways that regulate SC self-renewal in addition to pathways involved in asymmetric cell division

(Table S6, Figure 2G) (Le Grand et al., 2009; Ramilowski et al., 2015; Chenette et al., 2016;Wang et al., 2019).

If the transcripts identified by scRNA-Seq encode proteins upregulated during a return to quiescence, then

we expect a subset of proteins identified by scRNA-Seq to be polarized in asymmetrically dividing SCs. A

subset of myoblast divisions on isolatedmyofibers are asymmetric (Kuang et al., 2007; Troy et al., 2012; Ber-

net et al., 2014), so we selected several of themost overrepresented transcripts from the differential expres-

sion analyses and validated expression and subcellular localization of the encoded proteins in myoblasts

on isolated myofibers. In asymmetrically dividing cells, identified by phospho-Histone3 (pH3) and asym-

metric ParD3 (Troy et al., 2012) (Figure 2H Video S1), we found Gabarap, Hmox-1, Mest, andMgp asymmet-

rically partitioned (Figure 2I and Videos S1–S5).
The influence of regenerating muscle environment on SC fate decisions

Nonmyogenic cells and myogenic cells undergo dramatic transcriptomic changes between 4 dpi and 7 dpi

(when most SCs reacquire quiescence) (Figures 3A and 3B), and thus, it seems likely that the changing

regenerative environment may regulate myogenic cell fate decisions. The composition of regenerating

muscle is dynamic and changes in entire cellular populations occur over three days (Figure 3C). For

example, immune cells globally decrease by 15%, whereas FAPs increase by 10% between day 4 and

day 7 postinjury (Figure 3D). Consistent with the DNA lineage tracing experiments (Figure 1B), myogenic
6 iScience 25, 104444, June 17, 2022
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Figure 3. Temporal dynamics of myogenic cells in regenerating muscle

(A and B) UMAP embeddings of mononuclear cells in regenerating skeletal muscle at 4 dpi and (B) 7 dpi with clusters

colored corresponding to cell type.

(C) Combined UMAP embedding of mononuclear cells in regenerating skeletal muscle at 4 dpi and 7 dpi with clusters

colored by sequencing library.

(D) Changes in percentage of the total population of mononuclear cells in regenerating skeletal muscle from 4 dpi to 7 dpi

for immune cells, FAPs, and SCs.
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cells increase between 4 dpi and 7 dpi, indicative of the terminally differentiated progenitors that under-

went DNA replication, exited the cell cycle, and are preparing for fusion (Figure 3D). Dynamic fluctuations

in the cellular environment may expose muscle progenitors to a pro-differentiation environment or pro-

quiescence environment depending on the signalingmilieu, available cellular interactions, and local ligand

production.

We mapped the differences in ligands during regeneration and examined the impact of ligand-receptor

interactions on muscle progenitors at 4 dpi or 7 dpi with NicheNet (Browaeys et al., 2020). NicheNet draws

on a priori knowledge of the gene regulatory effects of ligand-receptor interactions on intracellular

signaling and gene expression to infer bioactive ligands, identify the cellular source of these ligands,

and impute the downstream consequences of ligand-receptor binding on target cell gene expression in

an unbiased manner. With stringent cutoffs, we identified differentially expressed ligands predicted to

interact with extracellular receptors on muscle progenitors between 4 dpi and 7 dpi (top 20 by differential

expression; Figure 4A, Tables S7, and S8). To determine whether NicheNet accurately mapped cell inter-

actions, we queried the NicheNet dataset for described ligand-receptor pairs regulating myogenic cells.

Fibronectin 1 (Fn1) is a key adhesion substrate for SCs and an essential extracellular matrix adhesion

molecule for muscle regeneration (Lukjanenko et al., 2016). NicheNet accurately maps Fibronectin 1 and

Fibronectin 1 binding to the Fn1-receptor, B1-integrin (Itgb1) on myogenic cells as well as perlecan

(Hspg2), meltrin alpha (Adam12) and their respective ligands (Figure 4B and Table S7), all of which are

involved in muscle regeneration (Galliano et al., 2000, p. 12; Lafuste et al., 2004; Xu et al., 2010; Yamashita

et al., 2018). Thus, NicheNet identifies ligand-receptor interactions and provides predictive power for the

temporal impact of the niche on muscle regeneration.

Fine mapping of differential ligand-receptor expression during SC return to quiescence identifies a subset

of ligand-receptor interactions between SCs and niche cells. Specific subpopulations of cells show

differential ligand-receptor interactions with SCs. For example, Thbs1 and Thbs2 (thrombospondin)
iScience 25, 104444, June 17, 2022 7
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Figure 4. Identifying signaling pathways in a myogenic cluster acquiring quiescence

(A) A Dotplot representing NicheNet-imputed ligands produced by mononuclear cells in regenerating skeletal muscle

predicted to influencemyogenic cells. The dot size reflects the precent gene expression, and the hue intensity depicts the

relative gene expression.

(B) The most significantly expressed genes for cell ligands (by Pearson coefficient) and their potential interactions with

genes encoding receptors on SCs determined by NicheNet. Hue indicates interaction potential, a representation of the

number and quality of data sources supporting the ligand-receptor interaction.

(C) Expression levels for the most significant genes encoding ligands in mononuclear cells from regenerating skeletal

muscle; the heatmap indicates the relative gene expression level. See also Figure S5, Table S7, and S8.
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ligands produced by niche cells signal to myogenic cells via Cd36 and Cd47, respectively (Figures 4B and

S5A). Thbs1 is expressed in granulocytes, whereas Thbs2 is predominately expressed in fibroblasts

(Figures 4C and S5B). Granulocytes are most numerous at 4 dpi and fibroblasts at 7 dpi (Figure 3D). There-

fore, the availability of ligands or cellular interactions changes as the cellular populations present fluctuate

over the course of muscle regeneration. Similarly, several ligands produced by different cell types are each

capable of interacting with the SC b1-integrin receptor (Figures 4B, 4C, S5A, and S5B), suggesting that

some cellular signaling may remain constant despite shifting cellular composition. Therefore, the changing

cellular milieu could provide a complex combinatorial ligand array regulating myogenic cell fate decisions

during muscle regeneration.

Quiescence acquisition is determined by cell extrinsic factors

To identify additional signaling pathways potentially involved in quiescence acquisition, we examined the

expression of receptors identified by NicheNet in myogenic clusters containing SCs acquiring quiescence.

Hierarchical clustering of molecular signatures for myogenic clusters identifies unique gene expression

programs contributing to SCs acquiring quiescence (Figure S6), indicating that changes in the signaling

environment SCs experience affect the SC transcriptome. Eachmyogenic cluster expresses distinct cell sur-

face receptor transcripts (Figures 5A and S7A); for example, cluster 4 expresses higher levels of transcripts

encoding Cd47 and Eng receptors and much lower levels of Itgb1 and Atp5b receptor transcripts. The

selectivity in receptor expression may promote a response in specific SC populations that are poised to
8 iScience 25, 104444, June 17, 2022
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acquire quiescence, whereas SC populations undergoing differentiation would be less responsive. Thus, if

the environment drives myogenic cell fates, we predict that freshly isolated SCs transplanted into different

signaling environments will adopt distinct fates.

We transplanted freshly isolated SCs concomitant with injury, or at 5 dpi, the peak of SC niche repopulation

(schematic in Figures 5B ). SCs were isolated from mice harboring a nuclear targeted tdTomato transgene

preceded by a lox-stop-lox sequence (Daigle et al., 2018) and a tamoxifen-inducible Cre-recombinase in

the Pax7 locus (Murphy et al., 2011), enabling linage tracing of the donor cells. Donor cells were isolated,

and the population of cells was divided and transplanted simultaneously into the TA muscles of recipient

mice either concomitant with injury or into muscles that had been injured 5 days previously. Muscle tissue

was collected at 14 days following transplant and tdTomato + nuclei quantified as Pax7 positive or negative

(Figure 5C). In agreement with previous findings (Morton et al., 2019), resuspension in BaCl2 did not nega-

tively affect SCs, as they formed 91% G 10 of the colonies compared with SCs suspended in normal saline

(Figure S7B). Although more tdTomato + nuclei were detected when transplanted concomitant with injury

(Figure 5D), a greater proportion of donor-derived cells engrafted as SCs when transplanted into 5 dpi

muscle (Figure 5E). When donor SCs were transplanted at 5 dpi, the propotion of engrafted Pax7+ SCs

was 3-fold greater than donor SCs transplanted concomitant with injury (Figure 5E), which predominately

differentiated and fused, becoming myonuclei. Thus, a single population of donor SCs adopt different

fates when introduced to different environments. We conclude that the regenerating muscle environment

directs SC fate during skeletal muscle regeneration (Figure 5F).
DISCUSSION

Replenishing the SC pool is essential to maintain long-term muscle health, yet the timing and mechanisms

regulating SC replenishment in vivo (generation of quiescent SCs in the niche) remain largely unknown.

Because the SC niche is difficult to observe and time-consuming to manipulate in vivo, the majority of in-

formation on SC self-renewal is derived from observing asymmetric division of SCs cultured on myofibers

(Kuang et al., 2007; Troy et al., 2012; Dumont et al., 2015; Wang et al., 2019). We took advantage of DNA-

based lineage tracing and scRNA-Seq to investigate the timing of SC replenishment and identify the

signaling pathways likely influencing SC quiescence acquisition during muscle regeneration.

Lineage tracing duringmuscle regeneration reveals that most SCs reacquire quiescence from 5 dpi to 7 dpi,

after the majority of myonuclei have been produced. In contrast, when EdU is provided from 0 dpi to 2 dpi,

myonuclei are labeled nearly exclusively, and thus, we identify a critical window when the fate of myogenic

cells exiting the cell cycle shifts from terminal differentiation to reacquiring quiescence. Our in vivo findings

contrast data from in vitromyofiber cultures showing SCs reacquire quiescence via asymmetric division dur-

ing the first cell division following activation (Kuang et al., 2007; Troy et al., 2012; Dumont et al., 2015; Wang

et al., 2019). In a prior scRNA-Seq dataset of skeletal muscle regeneration, no quiescent SCs were detected

until 5 dpi (Oprescu et al., 2020), supporting our finding that the SCpool is replenished relatively late inmus-

cle regeneration. We do, however, detect heterogeneity in the timing of SCs acquiring quiescence.

Althoughmore than 75%of quiescent SCs are generated after 5 dpi, aminority of SCs (24%) reacquire quies-

cence between 2 dpi and 4 dpi. What directs theminority of SCs to reacquire quiescence in an environment

promoting proliferation and differentiation is unclear. Because the same population of cells transplanted

into two different environments adopted different cell fates, we favor the idea that SC heterogeneity arises

from the cellular context an activated SC encounters rather than hierarchical limitation of cell fates. But, as

cell intrinsic differences affect SC activation from quiescence following injury (Kuang et al., 2007; Chakkala-

kal et al., 2012, 2014; Scaramozza et al., 2019), similar differences may also affect the return to quiescence.

We identified when SCs reacquire quiescence in vivo independently from lineage tracing and from scRNA-

Seq, where we identified a cluster (cluster 4) of myogenic cells that appear to be reacquiring quiescence.

This cluster contains nondividing Pax7-high, Myod1-low cells, and elevated levels of transcripts encoding

proteins involved in asymmetric division including Aurora Kinase A, EGFR, GSK, JAK signaling, Auf1, and

Pcp-wnt (Le Grand et al., 2009; Chenette et al., 2016; Wang et al., 2019; De Micheli et al., 2020a). Differen-

tially increased transcripts encoding proteins involved in asymmetric division and self-renewal within clus-

ter 4 suggests that SCs may enter quiescence through asymmetric division.

By comparing scRNA-Seq during myonuclear production from 0–4 dpi to 5–7 dpi during SC replenishment,

we identified signaling pathways that may regulate the decision to terminally differentiate or to self-renew
iScience 25, 104444, June 17, 2022 9
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Figure 5. The regenerating muscle environment controls SC cell fate

For a Figure360 author presentation of this figure, see https://doi.org/10.1016/j.isci.2022.104444.

(A) Hierarchical clustering of NicheNet-identified genes encoding receptors on myogenic cell clusters. The heatmap

indicates the Z score.

(B) Schematic of experimental design for SC transplantation concomitant with injury, or at 5 dpi (during the peak of SC

quiescence acquisition).

(C) Representative images of engrafted tdTomato+/Pax7+ SCs (filled arrowheads) at 14 days posttransplant. Scale bar:

100 mm.

(D) Quantification of tomato+, donor-derived, nuclei identified per mm2 from transplants at 0 dpi, 5 dpi, and into

uninjured TA muscle. Statistical significance tested by ANOVA. *p value < 0.05.

(E) The percentage of donor cells engrafting either as myonuclei or as SCs. Statistical significance tested by t test with p value =

0.006, For all meanG SD, n = individual mice, where all tomato + cells in each of three TA muscle sections were quantified.

(F) A model depicting the influence of the regenerating muscle microenvironment on SC cell fate. See also Figures S6 and S7.
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and reacquire quiescence. We determined significant agreement (p value = 2.53 10�18) between our list of

ligand-receptor pairs and signaling pairs identified in myogenic progenitors from both mice and human

muscle using alternative computational methods (DeMicheli et al., 2020a, 2020b). The agreement between

these independent datasets emphasizes the robustness of all the experiments and the likely involvement of

the signaling pathways we identified in regulating SC return to quiescence. Further studies will be needed

to determine the relative contributions and interactions of these signaling pathways in SCs.

In addition to the signaling pathways, we identified differentially expressed transcripts that could be

involved in establishing or maintaining quiescence. For example, the myogenic cluster returning to quies-

cence had significantly increased transcript levels encoding proteins that modulate autophagy and are

involved in DNA damage repair, both processes that contribute to SC quiescence (Umansky et al., 2015;

Yue et al., 2017; Liu et al., 2018; Gassen et al., 2019). Moreover, we identified several upregulated tran-

scripts encoding proteins that are polarized in asymmetrically dividing SCs, identifying potential new

markers of SC asymmetric division and providing additional tools to examine SC behavior in vivo.

The majority of SCs appear to reacquire quiescence and repopulate the SC niche from 5–7 dpi, as demon-

strated by lineage tracing and scRNA-Seq. We observed a 3-fold increase in the percentage of engrafted

SCs occupying the SC niche when engrafted into skeletal muscle at 5 dpi as opposed to transplantation

with injury, demonstrating noncell autonomous signaling plays a role in determining SC fate. These results

may provide an explanation for potentially disparate reports for the percentage of SC niche engraftment

following transplantation (Sacco et al., 2008; Hall et al., 2010; Lepper et al., 2011; Chan et al., 2018; Incitti

et al., 2019). A major hurdle for cell-based therapies is encouraging transplanted cells to engraft both as

myonuclei, contributing to healthier, repaired myofibers, and as SCs prepared to maintain the muscle

for years to come. By manipulating the signals encountered by SCs upon transplant, a greater percentage

of donor cells could be encouraged to adopt an SC fate, ensuring longevity of treatment by manipulating

either the response of engrafted SCs to the donor environment or by manipulating the signals in host

skeletal muscle tissue.
Limitations of the study

To adequately assess the data, we present the following limitations of our study. We identified a group of

genes expressed in a cell population of myogenic cells acquiring quiescence by trajectory analysis. These

genes are implicated in stem cell maintenance or stem cell self-renewal in tissues other than skeletal mus-

cle. We validated that a subset of the proteins encoded by these genes are present in SCs and are polarized

in asymmetrically dividing SCs associated with explanted myofibers in culture. Because, as we describe in

this manuscript, in vivo quiescence acquisition is not fully recapitulated in culture, assessing the functional

role of the identified proteins will require either a knockdown or knockout in vivo. Future experiments will

require significant experimental manipulation of mice to address whether polarization of the identified pro-

teins regulates SC acquiring quiescence or is a consequence of quiescence.

Trajectory analyses derived from single-cell sequencing allowed us to identify several potential signaling

pathways between 4 and 7 days postinjury that may regulate cell fates of transplanted satellite cells. Given

the challenging nature of manipulating signaling at specific time points duringmuscle regeneration, we did

not attempt to resolve whether these pathways regulate SC cell fate. Future studies will address the roles of

the identified signaling pathways and how they may interact to regulate SC fate, SC asymmetric division,

and SC quiescence acquisition.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-Pax7 Developmental Studies

Hybridoma Bank

Cat# PAX7, RRID:AB_2299243

anti-parD3 Santa Cruz Biotechnology Cat# Sc-79577; RRID:AB_2159660

anti-phospho histone 3 (ser10) Sigma-Aldrich Cat# H9908, RRID:AB_260096

anti-itm2a Proteintech Cat# 18306-1-AP, RRID:AB_2249412

anti-HO-1 Proteintech Cat# 66743-1-Ig, RRID:AB_2882091

anti-gabarap1 Abcam Cat# ab109364, RRID:AB_10861928

anti-mgp Proteintech Cat# 10734-1-AP, RRID:AB_2297660

anti-ncoa7 Novus Biologicals Cat# NBP1-85200, RRID:AB_11019710

anti-mest Invitrogen Cat# PA5-77067, RRID:AB_2720794

anti-mouse IgG1 Invitrogen Cat# A-21240, RRID:AB_2535809

anti-rat Biotium Cat# 20,027; RRID:AB_2920542

anti-goat Invitrogen Cat# A-21432, RRID:AB_2535853

anti-mouse IgG2a Invitrogen Cat# A-21241, RRID:AB_2535810

Anti-rabbit Invitrogen Cat# A-31573, RRID:AB_2536183

Chemicals, peptides, and recombinant proteins

5-Ethynyl-20-deoxyuridine Carbosynth NE08701

Barium chloride Sigma B-6394

Collagenase Type 1 Worthington Biochemical

Corporation

CLS-1 Lot: 40C20080

Ham’s F-12C VWR 10-080-CV

Click-iT EdU cell Proliferation Kit for Imaging,

Alexa Fluor 488 dye

Invitrogen C10337

TritonX-100 Sigma T9284

Bovine serum albumin Sigma TA9647

Dead Cell Removal kit Miltenyi Biotec 130-090-101

LD Columns Miltenyi Biotec 130-042-901

Satellite Cell Isolation Kit Mouse Miltenyi Biotec 130-104-268

Chromium Next GEM Single Cell

30 Reagent kits v2

10x Genomics PN-120237

Tamoxifen Sigma T5648

Dulbecco’s Modification of Eagle’s medium VWR 10-013-CV

Deposited data

Raw 10x scRNA sequencing data This paper GEO: GSE63473

Experimental models: Cell lines

Mouse: C2C12 cells ATCC CRL-1772

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory JAX: 000664

Mouse: Pax7-CreERT2 NLS-tdTomato The Jackson Laboratory JAX: 025106, JAX: 017763

Software and algorithms

CellRanger version 3.0.1 10x Genomics https://support.10xgenomics.com/single-

cell-gene-expression/software/release-notes/3-0
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R version 3.6.2 The R Foundation https://cran.r-project.org/bin/windows/base/old/3.6.2/

R version 4.0.0 The R Foundation https://cran.r-project.org/bin/windows/base/old/4.0.0/

Seurat version 3.1.5 Stuart et al., 2019 https://github.com/satijalab/seurat/releases?page=2

Doublet Finder McGinnis et al. 2019 https://github.com/chris-mcginnis-ucsf/DoubletFinder

SingleR version 1.2.3 Aran et al. 2019 https://bioconductor.org/packages/release/bioc/html/

SingleR.html

Seaborn version 0.11.0 (Python version 3.6.3) N/A

scVelo (Python version 3.6.3) Bergen et al., 2020 https://scvelo.readthedocs.io/

Samtools version 1.8 (Python version 3.6.3) https://github.com/samtools/samtools/releases/

LoomR version 0.2.0 https://github.com/mojaveazure/loomR/releases

Nichenetr Browaeys et al. 2020 https://github.com/saeyslab/nichenetr

Prism version 9.3.1 GraphPad https://www.graphpad.com/
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Lead contact

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

the lead contact Brad Olwin (olwin@colorado.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Data: scRNA-Seq data have been deposited at GEO: GSE205690 and are publicly available as of the

date of publication. Accession numbers are listed in the Key resources table. Microscopy data re-

ported in this paper will be shared by the Lead contact upon request.

� Code: This paper does not report original code

� Any additional information required to reanalyze the data reported in this paper is available from the

Lead contact upon request.

EXPERIMENTAL MODEL DETAILS

Mice were bred and housed according to National Institutes of Health (NIH) guidelines for the ethical treat-

ment of animals in a pathogen-free facility at the University of Colorado at Boulder. University of Colorado

Institutional Animal Care and Use Committee (IACUC) approved animal protocols and procedures. The

mice included in experiments were either C57BL6 (Jackson Labs Stock No. 000664) or Pax7-creERT2 NLS-

tdTomato (Jackson Labs Stock No. 025106 crossed to No. 017763) between 4 and 8 months old and

were a mix of male and female.

METHOD DETAILS

Mouse injuries and EdU delivery

Mice were anesthetized with isoflurane followed by injection with 50mL of 1.2% BaCl2 in normal saline into

the TA and EDL muscles. To deliver EdU, mice were either given water containing 0.5 mg/mL EdU (Carbo-

synth), with 1% glucose or given IP injections of 10 mM EdU (Carbosynth), re-suspended in water, a volume

of 100 mL per 25g mouse weight.

Myofiber isolation, immunostaining, and culture

The EDL muscles were dissected and placed into 400 U/mL collagenase at 37�C for 1.5h with rotation and

then transferred into Ham’s F-12C and 15% horse serum to inactivate the collagenase. Individual EDL my-

ofibers were separated using a glass pipet and fixed using 4% paraformaldehyde for 10 min at room tem-

perature either immediately, for EdU lineage tracing, or at 36 hours post isolation, for polariztion imaging,
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and stored in PBS at 4�C. For visualization of EdU incorporation and immunocytochemistry, myofibers were

permeabilized with 0.5% Triton-X100 in PBS (phosphate buffered saline without calcium or magnesium pH

7.4), containing 3% bovine serum albumin (Sigma) for 30 min at room temperature. EdU incorporation was

visualized using the Click-iT EdU Alexa Fluor 488 imaging kit (ThermoFisher) following the manufacturer’s

protocol. Primary antibodies [anti-Pax7, 2 mg/mL (Developmental Studies Hybridoma Bank (DSHB) at the

University of Iowa), anti-mgp 1:50 (Proteintech), anti-ncoa7 1:50 (Novus Biologicals), anti-mest 1:100 (Invi-

trogen), anti-itm2a 1:50 (Proteintech), anti-HO-1 1:100 (Proteintech), anti-gabarap1 1:50 (abcam), anti-

parD3 1:200 (Santa Cruz Biotechnology), anti-phospho histone 3 1:500 (Millipore)] were incubated with

intact myofibers at room temperature for 1hour followed by three washes in PBS. Myofibers were then incu-

bated with appropriate fluorescently conjugated secondary antibodies [Donkey anti-mouse IgG1

(ThermoFisher), anti-rat (ThermoFisher), anti-goat (ThermoFisher), anti-mouse IgG2a (ThermoFisher)]

diluted 1:1000 for 1hour at room temperature. Myofibers were washed 3 times in PBS, incubated with

1 mg/mL DAPI for 10 min at room temperature to label nuclei and then mounted in Mowiol supplemented

with DABCO (Sigma-Aldrich) as an anti-fade agent.

TA muscle collections and cell isolations

TAmuscles were dissected and placed into 400U/mL collagenase at 37�C for 1h with shaking and then placed

into Ham’s F-12C supplemented with 15% horse serum to inactivate the collagenase. Cells were passed

through three strainers of 100, 70, and 40mm (BD Falcon) and flow through was centrifuged at 15003g for

5 min and the cell pellets were re-suspended in Ham’s F-12C. To remove dead cells and debris, cells were

passed over the Miltenyi, dead cell removal kit columns (Cat# 130-090-101). To remove red blood cells

(RBC), cells were incubated with antiTer119 micro magnetic beads and passed over a Miltenyi column

(Cat#130-049-901). For the adult and aged uninjured TAs, 6 TA muscles (from 3 mice) were pooled together.

For the injured TAmuscles 2 TAmuscles from 2 different mice were pooled together. Cells were then counted

using a BioRad TC20 automated cell counter and processed with the 10X genomics single cell sequencing kit.

SC transplant

For SC transplants, Pax7CreERT2; R26RNLStdTom mice were injected with 100 mL 20 mg/mL tamoxifen once

daily for five days to induce recombination and expression of tdTomato in Pax7+ cells. These tomato pos-

itive donor mice were then sacrificed and SCs collected from hindlimb muscles as described above. To

remove dead cells and debris, cells were passed over the Miltenyi, dead cell removal kit columns (Cat#

130-090-101). To remove RBCs, cells were incubated with antiTer119 micro magnetic beads and passed

over aMiltenyi column (Cat#130-049-901). To deplete non-SCs, cells were incubated with satellite cell isola-

tion kit micro magnetic beads and passed over a Miltenyi column (Cat# 130-104-268). The resulting purified

SCs were separated into 100,000 cell aliquots and re-suspended in either normal saline (for 5dpi trans-

plants) or 1.2% BaCl2 in normal saline (for 0dpi transplants) and injected into the TA of an anesthetized

mouse. For transplants concomitant with injury or into uninjured muscle, mice were anesthetized with iso-

flurane and 50mL of SCs suspended in BaCl2 or normal saline, respectively, was injected into the TA muscle.

For transplants at 5dpi, 5 days prior to donor cell collection, recipient mice were injected with 50mL of BaCl2
in the TA muscle and the injection site marked. Then, on the day of transplantation, 50mL of SC suspended

in normal saline was injected into the same injection site as the initial injury.

C2C12 cell culture and EdU persistence

Muscle cell line C2C12 cells weremaintained in 20% FBSDMEM supplemented with 1% penicillin and strepto-

mycin. Cells were plated at clonal density on gelatin coated coverslips the day before beginning the EdUpulse

chase. EdUwas supplemented to the growthmedia at a final concentration of 100nM.Cells weremaintained in

EdU containingmedia for 12 hours and then themedia was replaced with standard growth media. A coverslip

was fixed in 4%paraformaldehyde every 24 hours. All coverslips were processed together to detect EdU signal.

Single cell sequencing

To capture, label, and generate transcriptome libraries of individual cells we used the 10X genomics Chro-

mium Single Cell 30 Library and Gel Bead Kit v2 (Cat #PN-120237) following the manufactures protocols.

Barcoded cDNA is used to make sequencing libraries for analysis with Illumina sequencing. We captured

16,868 cells from the 4-dpi and 8,995 cells from the 7-dpi. Sequencing was completed on an Illumina

NovaSeq 6000, using paired end 150 cycle 2 3 150 reads by the genomics and microarray core at the Uni-

versity of Colorado Anschutz Medical Campus.
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Single cell informatics

CellRanger version 3.0.1 (10X Genomics, Pleasanton, CA) was used for initial processing of sequencing

reads in keeping with standardized workflows with reads mapped to the mouse reference transcriptome

mm10. For each library, gene expression matrixes generated, and subsequent downstream analysis was

conducted using either R version 3.6.2 (2019-12-15) or R version 4.0.0 (2020-04-24). For each library, quality

control, filtering, data clustering and visualization was carried out using Seurat version 3.1.5 R package with

some custom modifications to the standard pipeline (Stuart et al., 2019). Each dataset was independently

analyzed and datasets from the same time points were combined for integrated analysis. Briefly, for each

individual dataset, pre-processing was conducted according to standard workflows wherein genes that

were expressed in less that 3 cells as well as single cells harboring less than 2500 UMIs, greater than 5%

UMIs mapping to mitochondrial genes, or less than 200 genes were removed from the gene expression

matrix. Doublets were identified and removed using DoubletFinder (McGinnis et al., 2019). After log-

normalizing the data, we performed PCA on the gene expression matrix and used the first 12 principal

components for clustering and visualization. Unsupervised shared nearest neighbor (SNN) clustering

was performed with a resolution of 0.5 and visualization was done using uniform manifold approximation

and projection (UMAP). Cell identities were annotated using SingleR version 1.2.3 (Aran et al., 2019). Dif-

ferential gene expression analysis was performed using either Seurat version 3.1.5 ‘‘FindMarker’’ or the DE-

Seq2 package. Data was plotted using Seurat enabled ggplot2, custom R ggplot2 scripts, or exported for

graphical analysis using Seaborn version 0.11.0 in Python or Tableau visualization software.
RNA velocity and trajectory mapping

RNA velocity was performed using the scVelo package (Bergen et al., 2020). In brief, using Python version

3.6.3, velocyto.py alongside Samtools version 1.8 was used to generate loom files pertaining to spliced and

unspliced information from CellRanger version 3.0.1 generated output files. Loom files for each Seurat ob-

ject from each processed library were created using LoomR version 0.2.0 and combined with velocyto

output loom files into an adata object using custom Python scripts. Subsequent RNA velocity analysis along

with velocity-inferred trajectory and connectivity mapping were performed using standardized scripts with

the outputs superimposed onto the UMAP embeddings.
Ligand-receptor interaction mapping

Ligand-Receptor interaction analysis was conducted using NicheNet using the R-enabled nichenetr plugin

(Browaeys et al., 2020) and the Seurat version 3.1.5 R package in R version 4.0.0 (2020-04-24). In brief, a com-

bined processed Seurat object was created for 4 and 7-dpi with embedded cell annotations having been

generated using SingleR as above. Metadata was amended to include either a 4-dpi or 7-dpi descriptor for

each cell. Previously generated weighted network files were read in and genes were converted to mouse

orthologs based on one-to-one orthology. NicheNet analysis and differential expression was performed

using standard scripts with ‘‘receiver’’ cells defined as myogenic clusters and ‘‘sender’’ cells defined as

all remaining SingleR-annotated cell clusters. Data was plotted using Seurat enabled ggplot2 or exported

for graphical analysis using Seaborn version 0.11.0 in Python.
Microscopy and image analysis

Images were captured either on a Nikon inverted spinning disk confocal microscope or on anOlympus IX83

widefield microscope. Objectives used on the Nikon were: 10x/0.45NA Plan Apo, 20x/0.75NA Plan Apo,

and 60x/1.4NA Plan Apo. The objective used on the Olympus microscope was 10x/0.040NA PlanSApo. Im-

ages were processed using Fiji ImageJ. Confocal stacks were projected as maximum intensity images for

each channel and merged into a single image. Brightness and contrast were adjusted for the entire image

as necessary.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed in Prism (GraphPad), where statistical significance was assessed using,

two-tailed, unpaired Student’s t test or one-way ANOVA with p < 0.05 considered significant.
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