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SUMMARY 

Tissue damage dramatically alters how cells interact with their microenvironment. These 

changes in turn dictate cellular responses, such as stem cell activation, yet early cellular 

responses in vivo remain ill-defined. We generated single cell and nucleus atlases from 

intact, dissociated, and injured muscle and liver, and identified a common stress 

response signature shared by multiple cell types across these organs. This prevalent 

stress response was detected in published datasets across a range of tissues, 

demonstrating high conservation but also a significant degree of data distortion in 

single-cell reference atlases. Using quiescent muscle stem cells as a paradigm of cell 

activation following injury, we captured early cell activation following muscle injury 

and found that an essential ERK1/2 primary proliferation signal precedes initiation 

of the Notch-regulated myogenic program.  This study defines initial events in 

response to tissue perturbation and identifies a broadly-conserved transcriptional stress 

response that acts in parallel with cell-specific adaptive alterations. 
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INTRODUCTION 

Cell plasticity is a fundamental property in response to injury in a variety of vertebrate organs. 

Tissue damage triggers activation and proliferation of stem/progenitor cells in order to restore 

homeostasis, as seen in the bone, skin, and skeletal muscle amongst others (Fuchs and 

Blau, 2020; Jessen et al., 2015). Differentiated cells too can get activated and eventually 

proliferate following de-differentiation, as is the case for hepatocytes after hepatectomy 

(Riehle et al., 2011) or neonatal mouse cardiomyocytes (Porrello et al., 2011). Cell death 

pathways, however, can also be instigated when cell injury is irreversible (Rathore et al., 

2017). Uncovering the early transcriptional roadmap of the cells as they exit homeostasis is 

critical for understanding their properties and developing tools for experimental 

manipulation. Despite extensive research, however, the degree, kinetics and nature of the 

early, cell-type specific or conserved responses to tissue damage as they occur in vivo remain 

poorly defined. 

A major limitation in capturing the early responses in vivo is that the process of cell isolation 

induces major transcriptional modifications that mask the actual injury-induced changes. Early 

studies that uncovered the global transcriptional changes in standard cell dissociation methods 

were performed on quiescent skeletal muscle stem cells (MuSCs), (Brink et al., 2017; Machado 

et al., 2017; van Velthoven et al., 2017). Yet, it was perceived that these changes are a particular 

feature of quiescent stem cells, and MuSCs in particular, as they have evolved to become 

activated following disruptions in their niche homeostasis. Several studies, however, have 

reported transcriptional changes in diverse cellular systems during ex vivo cell isolation, 

challenging the notion that this is unique to MuSCs (Adam et al., 2017; Bakken et al., 2018; 

Lacar et al., 2016; O’Flanagan et al., 2019; Wu et al., 2019, 2017). Considering the ever-

growing importance of transcriptional studies and reference atlases, understanding whether the 

changes are technical artefacts linked with cell isolation and RNA recovery methods or if they 

are caused by loss of niche signals is critical. Here, we have developed specialized protocols to 

identify the kinetics and nature of the stress response to tissue damage in diverse tissues and 

cell types. We identify a broadly conserved stress response across organs and cell types and 

uncover a functional role of this response, using MuSCs as a model of quiescent stem cell 

activation.  



RESULTS 

Definition of a core stress signature in muscle and liver in response to cell dissociation In 

order to test the impact of cell dissociation across cell types and tissues, we performed single-

nucleus RNA-seq (snRNA-seq) on intact or dissociated murine skeletal muscle and liver 

using a droplet-based platform (Fig. 1A) and identified 26,074 single-nucleus 

transcriptomes (Fig. S1A-D), distributed in 10 main populations in the muscle and 7 in the 

liver (Fig. 1B; S1E, F). When all nuclei of a tissue were merged, we noticed that cells 

tended to cluster by type yet there was a clear separation between intact and 

dissociated cells, indicating strong transcriptional differences (Fig. 1C). Remarkably, 

nearly all dissociated cells showed high induction of Jun, a prototypical stress-response 

gene (Fig. S1G), (Bohmann et al., 1987).  

Differential gene expression analysis indicated variable yet strong modifications in all cell types 

during dissociation, with an average of 1,226 differentially expressed genes (DEGs) in the main 

10 cell-types studied (Fig. S1H). Notably, for MuSCs the detected DEGs were highly similar 

to previous dissociation-induced differences found by bulk RNAseq (Machado et al., 2017), 

validating the single-nucleus approach (Fig. S1I, J). Analysis of the upregulated genes showed 

enrichment for cell-specific biological processes, as described in supplemental figure S1K-N. 

We then examined the extent to which the dissociation-induced modifications were shared 

between cell types. Approximately half of the up-regulated genes were cell-type specific while 

the rest were induced in at least two populations (Fig. 1D). A similar pattern was observed for 

the down-regulated genes (Fig. S2A).  

Importantly, we uncovered a conserved transcriptional core composed of 98 genes that was 

induced in at least 7 of the 10 main cell types (Fig. 1E; S2B, supplementary Table 1). The 

average expression of this gene set was designated as the Stress Index and was validated in our 

snRNA-seq dataset (Fig. S2C). Gene ontology analysis of the stress core was enriched for terms 

linked to MAPK signaling, response to growth factors and cytokines, and initiation of 

transcription (Fig. 1F). Consistently, phospho-ERK1/2 showed rapid induction of MAPK 

activation at 15 min of muscle digestion (Fig. S2D).  

Based on the broad modifications that we observed in muscle and liver cells during dissociation, 

we extended our analysis to a multi-organ murine single-cell atlas (Tabula Muris; Schaum et 

al., 2018) ), (Fig. 1G and S2E). Stress Index scored high for most cells of the muscle but only 

a fraction of the liver atlas (Fig. S2F), in contrast to our data on dissociated liver (Fig. S2C). 
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We postulated that these variations were linked to the time of the cell-dissociation procedure. 

To corroborate this hypothesis, we inferred the digestion time for every cell from the Tabula 

Muris dataset (supplementary Table 2) and found a strong correlation between dissociation 

time and Stress Index (Fig. 1G, H; S2G, H). This correlation held across organs, with 

those dissociated for more than 60 min - such as the bladder, the tongue, the trachea, the limb 

muscle or the mammary gland - presenting with a high Stress Index, while tissues dissociated 

for less than 20 min – such as the liver, the marrow, the spleen, the pancreas or the brain - 

presenting with a low Stress Index (Fig. S2I, J). In order to test for bias due to cell type 

composition, we calculated the median Stress Index per cell type across all tissues and, 

consistently, observed the same positive correlation with median dissociation time (Fig. 1I; 

S2K).  

Analysis of the cellular response to in vivo tissue injury 

The gene expression modifications that we found were identified in cells during experimental 

cell dissociation. However, it remained unknown what is the early transcriptional response to 

tissue damage in vivo. To address this, we performed single-nucleus transcriptomic analysis 

shortly after a chemically-induced injury of the liver and the skeletal muscle (Fig. 2A). 

Following a screening for the stress-response kinetics (Fig. S3A), we generated a snRNA-seq 

atlas from injured livers 4 h post carbon tetrachloride (CCl4) injection (Teixeira-Clerc et al., 

2010) and compared it to uninjured liver (Fig. 2B; S3B-D). Strong transcriptional changes were 

detected in all identified populations, as shown by the clear separation of the uninjured from 

the injured clusters (Fig. 2C) with a high Stress Index detected specifically in the injured-liver 

derived hepatocytes (Fig. 2D). We also performed injury of the Tibialis Anterior (TA) hindlimb 

muscle by intramuscular injection of barium chloride (BaCl2) (Casar et al., 2004). We first 

determined the stress response kinetics (Fig. S3E) and generated snRNA-seq atlases from 

muscles collected 4 h post BaCl2-injection (Fig. 2B; S3C, F, G). Analysis showed that the 

activated populations clustered separately from their corresponding populations in intact 

muscles (Fig. 2C) and a high Stress Index (Fig. 2D).  

To expand our analysis on the kinetics of a specialized stem cell population in vivo, we 

performed single-cell RNA-seq (scRNA-seq) on MuSCs at different time-points post-injury, 

by adapting the SMARTseq2 scRNA-seq for in Situ Fixation (iSiFi) treated samples. MuSCs 

were FACS-isolated at 2 h and 4 h post BaCl2 injury (T2 and T4) and compared to uninjured 

muscle (T0), (Fig. 2E). Following quality controls, we analyzed 280 MuSCs (Fig. S4A-F). 

Principal components analysis (PCA) grouped the cells according to their experimental 
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condition and showed transcriptional consistency within clusters yet marked 

differences between time-points (Fig. 2F). Of note, quiescent T0-MuSCs formed a unique, 

compact cluster indicating a relatively homogeneous cell population, whereas the activated 

cells appeared more scattered while remaining distinct (Fig. 2F; S4G).  

To precisely order cells along the activation path, we performed pseudotime analysis (Street 

et al., 2018) and observed a continuous trajectory, suggesting that all cells transitioned 

evenly from T0 to T2 to T4 state but with variable kinetics (Fig. 2G). Furthermore, to cross-

correlate in vivo activation and the stress response core genes, we visualized the Stress Index 

of each cell according to its pseudotime value. We noticed that MuSCs activated in vivo 

exhibited a strong and transient induction of the Stress-core genes (Fig. 2H), indicating that 

the transcription of the early response genes is transient and dynamic. Finally, implementation 

of the iSiFi protocol during early activation, enabled us to provide an explanation for some 

puzzling features in high-quality single-cell datasets on quiescent MuSCs (Camps et al., 

2020; Dell'Orso et al., 2019; Giordani et al., 2019; Schaum et al., 2018); namely, the low 

detection of the MuSCs hallmark gene Pax7 and, paradoxically, the high abundance of 

several oncogene transcripts, such as Egr1, Jun, and Fos (Fig. S4H-J), which have been 

shown to be expressed in activated MuSCs (Wang et al., 2018).   

Time-course analysis of MuSCs quiescence exit reveals modules of co-regulated genes. 

To further define the kinetics of MuSCs quiescence-exit, we generated a comprehensive time-

course transcriptional map on iSiFi-processed muscle stem cells. In situ fixed MuSCs were 

isolated by FACS every 30 min for 2 h during the standard dissociation procedure and RNA-

sequenced in bulk. A time-point of 15 min (T15) was introduced to detect earlier 

transcriptional events (Fig. 3A). PCA on the transcriptomes clustered samples by time-

points and formed a clear activation trajectory along the three main principal components 

(Fig. 3B). Following 15 min, 42 genes were upregulated (FC > 2, p < 0.05) and most 

differential expression events took place at T60, reaching a maximum at T120 (> 3,000 

DEGs, FC > 2; Fig. 3C). The identity of the DEGs at T120 was highly similar to our previous 

report (Machado et al., 2017), (S4K).  

Using hierarchical clustering, transcripts with related kinetics were grouped in 5 clusters (Fig. 

3D-F). Cluster 1 contained 36 out of the 42 upregulated genes following 15 min of dissociation, 

including immediate and early response genes (Ier2, Ier3, Egr1, and Egr2) and members of the 

AP-1 family of oncogenes and ERK1/2 targets (Jun, Junb, Jund, Fos and Fosb). Of note, cluster 
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1 pattern of expression was characterized by a peak at T60 that rapidly reverted close to T0-

levels after 2h of digestion (Fig. 3F), a stereotypical expression pattern of growth-factor or 

stress driven responses (Barton et al., 1996).  

Transcriptional events directly linked to the myogenic program were found well into the 

second hour of digestion, such as the induction of Myod (cluster 3, 11.9 upregulated in T120 

compared to T0) or the downregulation of the MuSCs quiescence markers Pax7 (Seale et al., 

2000), Spry1 (Chakkalakal et al., 2012), and Calcr (Yamaguchi et al., 2015), (cluster 4, fold-

changes of 3.5, 3.2 and 1.7 respectively in T0 / T120). Similarly, we scored attenuation of 

Notch signaling at the latest time-points, with pathway canonical target genes Hey1, 

Hes1 and HeyL being downregulated at T60, T90 and T120, respectively, compared to T0. 

Counterintuitively, but consistent with its role as an adaptor protein of kinase complexes, 

the cell cycle inhibitor encoding gene Cdkn1a (p21) was up-regulated by the dissociation 

procedure (cluster 2, fold-change of 29.9 in T120/T0). By ontology analysis we propose that 

the 5 clusters did not differ merely on the gene expression patterns but also exhibited 

distinct functional identities (Fig. S4L).  

To investigate the similarities in MuSCs activation between in vivo muscle injury and ex vivo 

muscle dissociation, we integrated the scRNA-seq from the injured TA with the bulk RNA-seq 

time-course (Fig. 2E and 3A, respectively). First, we projected the dissociated MuSCs onto the 

PCA-space of in vivo activated MuSCs. PC1 and PC2 accurately positioned the ex vivo 

dissociated samples according to their digestion time, from T0 to T120 (Fig. 3G). Next, we 

investigated the behavior of the 5 genetic clusters identified ex vivo into the injury-activated 

MuSC and found a striking similarity in the dynamic behavior of genes across all clusters (Fig. 

3H). Finally, we confirmed statistically this observation using an analysis of covariance 

(ANCOVA) and found no significant differences in the genetic behavior of 4 out of the 5 

clusters investigated (Fig. S4M). Of note, Cluster 1 genes differed between experimental 

models possibly due to the highly dynamic nature of genes in this cluster. 

Functional role of early response to MuSCs activation. 

Having established that a broadly conserved stress response occurs with cell activation, we 

investigated its functional role on muscle stem cell activity. As part of the early stress response, 

we identified Odc1 and Azin1 (Fig. 1E and 3E), whose products form a complex for the 

synthesis of the polyamine spermidine that is important in cell proliferation, growth, translation 
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initiation and elongation (Mandal et al., 2013). In turn, spermidine is the source of the amino 

acid hypusine, a unique post-translational addition to the eukaryotic translation initiation 

factor eIF5A (Schuller et al., 2017), that was also found to be transcriptionally induced during 

activation. To test the role of polyamine biosynthesis on the G0-to-S transition of quiescent 

cells, we cultured freshly isolated MuSCs with the ODC1 inhibitor d,l-α-

difluoromethylornithine (DFMO) for 40 h and quantified EdU incorporation. DFMO 

treatment resulted in significantly decelerated cell-cycle entry. Interestingly, decreased 

proliferation did not lead to accelerated differentiation but instead DFMO treatment retained a 

more upstream PAX7+/Myogenin- cell population, compared to control (Fig. 4A, B). 

We then focused on two major signaling pathways, MAPK and Notch, that showed opposite 

yet potent responses to tissue damage. MAPK was strongly and immediately induced whereas 

Notch was gradually downregulated as MuSCs entered the myogenic program (Fig. 3E 

for Hes1, Hey1, and HeyL; S4D for ERK1/2 phosphorylation). To test the significance of 

these pathways and their potential interaction during early MuSC activation, we generated 

mice conditionally overexpressing a constitutively active form of Notch1 (NICD) in 

MuSCs (Pax7CreERT2; Rosastop-NICD) and cultured muscle cells with or without the ERK1/2 

inhibitor SCH772984 (Fig. 4C). NICD impeded the expression of the activation marker 

MYOD and, probably as a consequence, delayed entry to the S-phase (Mourikis and 

Tajbakhsh, 2014) , (Fig. 4C). Treatment with SCH772984 did not impact the antagonistic 

effect of NICD on MYOD but strongly blocked cell cycle entry (Fig. 4C). After 3 days in 

culture, the majority of control NICD cells cycled and all were positive for PAX7 (Fig. 4D). 

Of interest, the combination of ERK inhibition and Notch activation maintained MuSCs in a 

quiescent-like state for at least 72 h in culture (EdU-, Pax7+, Myog-) with spindle-shaped 

nuclei, characteristic of quiescent MuSCs (Machado et al., 2017), (Fig. 4D). Taken 

together, our data suggest that Notch and ERK pathways are partially uncoupled, whereby 

an early ERK signal is the driving force of MuSCs proliferation and Notch downregulation 

is priming the progression into the myogenic differentiation program. Next, to test 

directly the significance of the early stress response to stem cell activation, ERK signaling 

was blocked during the 2 h of the dissociation process and then MuSCs were plated in 

proliferation medium (Fig. 4E; S4N, O). Remarkably, this treatment significantly impaired 

the capacity of these cells to enter S-phase, providing strong evidence for the importance of 

the early stress response on MuSCs quiescence exit (Fig. 4F; S4P).  
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Discussion 

In this study, we have captured the primary cellular responses to niche damage, focusing on 

two highly regenerative tissues, the skeletal muscle and the liver. By analyzing a large number 

of diverse cells, we defined a conserved transcriptional response to tissue damage that 

appears to depend primarily on the duration of the stressors’ signal rather than the cell 

type. Since different cells are serving diverse functions during regeneration, the core stress 

response is also likely to operate in a variety of specialized functions. Indeed, in the muscle, 

quiescent MuSCs and FAPs enter a proliferation phase in response to injury, whereas 

terminally differentiated myonuclei are wasted and replaced, yet still manifest the stress 

core response. Moreover, the nature of the stress that cells encounter leading to this response 

remains unclear. Tissue damage involves cell lysis and release of growth factors and cytokines, 

mechanical changes such as loss of adhesion and physical barriers and loss of cell contact 

with ligand-bearing cells to name a few. With such a complexity of damage-induced 

processes, it is likely that the trigger of the stress response is multifactorial. Our results that 

ERK1/2 inhibition is mitigating the activation of MuSC points towards growth factors playing 

a prominent role in this process.  

Using specialized protocols, we have generated single-cell atlases that accurately capture the 

transcriptional states of cells as they exist in the context of their native tissue. Recent studies 

have reported that dissociation impacts the transcriptome of freshly-isolated neurons (Bakken 

et al., 2018; Lacar et al., 2016; Wu et al., 2017), kidney cells (Adam et al., 2017; Wu et al., 

2019), and MuSCs (Brink et al., 2017; Machado et al., 2017; van Velthoven et al., 2017). 

Methods including iSiFi (Machado et al., 2017; van Velthoven et al., 2017), single-nucleus 

RNA-seq (Bakken et al., 2018; Lacar et al., 2016; Dos Santos et al., 2020; Wu et al., 2019), 

cold dissociation (Adam et al., 2017) and spatial transcriptomics (Eng et al., 2019; Rodriques 

et al., 2019; Wang et al., 2018) will represent an array of invaluable tools that can be utilized 

to produce second-generation atlases that reflect the genuine molecular state of cells within 

both homeostatic and diseased tissues. 

Limitations of study 

In this study we have demonstrated the advantages of implementing specialized protocols for 

capturing accurately the molecular profile of cells both in homeostatic tissue and in response to 

injury. The two protocols that we propose (in situ paraformaldehyde-fixation of cells (Machado 

et al., 2017) and instant nuclei extraction from muscle (Dos Santos et al., 2020)), demonstrate 
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great advantages yet have certain limitations. Due to their chemical properties, aldehyde-fixed 

cells were incompatible with high-throughput 10x Genomics single-cell analysis. To 

overcome that, we performed single-nuclei RNA-seq that results in lower yields and 

decreased gene coverage compared to single-cell approaches. Moreover, despite producing 

precise homeostatic atlases, single-nuclei RNAseq lack spatial information. 

In addition, this study investigated the effect of dissociation on many cell-types and focused 

on MuSCs as a paradigm for stem cell fate transition. The functional role of this cellular 

response should be studied on other cell types, including stem cells and terminally 

differentiated cells. Moreover, we analysed two highly regenerative tissues from one 

mammalian organism. To strengthen the conservation aspect of the stress-core, our field 

would benefit from a systematic study of this phenomenon across tissues and organisms, 

including humans, under normal and pathological conditions.  
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Figure 1. Definition of a core stress signature in response to cell dissociation. 

(A) Liver and hindlimb skeletal muscle single nuclei were FACS-isolated based on DAPI from
either intact tissues or after 2 h enzymatic dissociation at 37 °C. Intact muscle: 7,951 nuclei
from 2 biological replicates. Digested muscle: 8,640 nuclei from 1 biological replicate. Each
muscle biological replicate is a pool of TAs from 4 mice. Intact liver: 8,996 nuclei from 1
biological replicate. Digested liver: 3,762 nuclei from 1 biological replicate. Each liver
biological replicate is a pool of livers from 3 mice.

(B) Uniform Manifold Approximation and Projection (UMAP) plots displaying the different
cell populations in intact and digested muscle and liver. Abbreviations: Endo: endothelial cells;
Hepato: hepatocytes; T: T cells; B: B cells; FAPs: fibro- adipogenic progenitors; Teno:
tenocytes; SM: smooth-muscle cells; Macro: macrophages; MuSCs: skeletal muscle stem cells;
Lymph: lymphatic cells; Adipo: adipocytes; Chol: cholangiocytes.

(C) UMAP plots displaying the different populations inferred from intact (blue) or dissociated
(red) muscle (left) and liver (right) single-nucleus transcriptomes without data integration.
Differences were observed in the relative abundance of the populations: Myonuclei: digested
6%, intact 64%; Endothelial muscle: digested 29%; intact 1%; Endothelial liver: digested 36%,
intact 4%.

(D) Histogram representing the distribution of genes induced by dissociation in the 10 main
cell populations. Number of genes within each segment is indicated.

(E) Genes up-regulated by at least 7 populations composed the 98-genes Stress core. Selected
examples are displayed in the table.

(F) Gene ontology analysis of the Stress core using the biological process category. Selected
terms with corrected p-value < 0.05 are displayed and ranked by fold-change.

(G) UMAP plot representing the Stress Index of every cell from the published Tabula Muris
Smart-Seq2 dataset.

(H) UMAP plot representing the calculated digestion time at 37 °C (see Methods) of every cell
from the Tabula Muris Smart-Seq2 dataset (53,760 cells). Note the correlation between high
digestion time and high Stress Index (Spearman correlation coefficient: 0.51).

(I) Median Stress Index in different cell types. Median digestion time at 37 °C is color-coded
(grey/blue gradient).
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Figure 2. Stress signature during in vivo tissue injury. 

(A) Nuclei from intact and 4h-injured Tibialis Anterior (TA) muscle and liver were FACS-
isolated based on DAPI and analyzed using 10X Genomics. Intact muscle: 7,951 nuclei from 2
biological replicates. Injured muscle: 1,618 nuclei from 2 biological replicates. Each muscle
biological replicate is a pool of TAs from 4 mice. Intact liver: 8,996 nuclei from 1 biological
replicate. Injured liver: 6,271 nuclei from 1 biological replicate. Each liver biological replicate
is a pool of livers from 3 mice.

(B) UMAP plots displaying the different populations inferred from intact and injured liver (top)
and muscle (bottom) single-nucleus RNA-seq after data integration using Seurat3.
Abbreviations: Endo: endothelial cells; T: T cells; B: B cells; FAPs: fibro- adipogenic
progenitors; Teno: tenocytes; SM: smooth-muscle cells; Macro: macrophages; MuSCs: skeletal
muscle stem cells; Lymph: lymphatic cells; Adipo: adipocytes; Chol: cholangiocytes.

(C) UMAP plots displaying the different populations inferred from intact (blue) or injured (red)
liver (top) and muscle (bottom) single-nucleus transcriptomes without data integration. Red box
inset in muscle UMAP designates the MuSC and tenocyte populations

(D) UMAP plots representing the Stress Index among liver (top) and muscle (bottom) intact
and injured cells.

(E) Graphical scheme of single-MuSC RNAseq post injury experiment: TA muscles of
Tg:Pax7-nGFP mice were injected with BaCl2 and single MuSCs were isolated at 0, 2 and 4 h
post-injury using the iSiFi methodology. 280 cells were obtained from 6 mice (2 biological
replicates per time-point).

(F) PCA of resting (T0) and in vivo activated MuSCs (T2 and T4). PC1 and PC2 represent 4%
and 3% of variance explained, respectively.

(G) Pseudotime-analysis (Slingshot) shows the differentiation trajectory of MuSCs during in
vivo activation. Pseudotime values are color-graded from dark blue to dark red for
undifferentiated to differentiated cellular state, respectively.

(H) Kinetics of the stress response during muscle injury. Representation of the Stress Index
(log2) from the shared Stress core genes into each single-MuSC (gray dot), ordered by
pseudotime value. Polynomial second order regression shown in red and standard error in grey.
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Figure 3. Time-course analysis reveals the kinetics of MuSCs quiescence exit. 

(A) Graphical scheme of the time-course experiment: MuSCs from forelimbs and hindlimbs of
Tg:Pax7-nGFP mice were fixed with ice-cold 0.5% paraformaldehyde at different time-points
during the enzymatic digestion and sorted for GFP for RNA extraction and sequencing. 3 to 4
biological replicates were used per time-point for a total of 24 mice analyzed for the experiment.

(B) Principal component (PC) analysis during MuSCs ex vivo dissociation delineating the
transcriptional trajectories during early activation. Trend line and IC-75 have been added for
visualization. PC1, PC2 and PC3 represent 27, 10% and 8% of the variance explained,
respectively.

(C) MA plots during MuSCs ex vivo dissociation. Colored dots represent statistically
differentially expressed genes with p < 0.05 and absolute FC > 2 (red dots) or < 0.5 (blue dots),
using DEseq2 against T0 for each time-point. The number of up- and down- regulated genes is
indicated in each panel.

(D) Hierarchical clustering of gene expression during MuSC ex vivo dissociation reveals
transcriptional modules of co-expressed genes. The clusters were extracted from the row
dendrogram using k = 5.

(E) Mean expression of specific genes per time-point. Gene symbols in red are members of the
Stress core.

(F) Clusters of upregulated (clusters 1, 2, and 3) and downregulated (clusters 4 and 5) genes as
defined by the hierarchical. Linear regression with second-order polynomial was performed on
the mean gene expression per time-point for each cluster. Samples are ordered from T0 to T120.
Standard error is displayed in grey.

(G) Projection of the ex vivo dissociated MuSCs using gene loadings of the first two Principal
Components from the injury-activated MuSC; dissociated MuSCs are positioned according to
their digestion time from T0 to T120.

(H) Mean normalized counts per million of the genes contained in the 5 cluster modules of the
ex vivo bulk RNA-seq dataset (Fig. 3D) compared to the mean normalized counts per million
of the same genes into the in vivo injury-activated MuSCs.
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Figure 4. Functional assessment of the stress response in MuSCs exit from quiescence 

(A) Effect of DFMO on the activation and differentiation of freshly isolated MuSCs from
Tg:Pax7-nGFP mice. Cell cycle entry was quantified by EdU incorporation for 40 h after
plating, and MuSC differentiation by PAX7 (GFP) and Myogenin positive cells at 72h after
plating (n=4 mice per condition).

(B) (left) Representative images of EdU and nuclear GFP after 40 h in culture in the absence
(control) or presence of 2 µM DFMO. (right) MuSCs stained against GFP and the
differentiation Myogenin after 72 h in culture.

(C) Immunostaining and quantification for MYOD and EdU on dissociated muscle cells after
45 h in culture in the presence of the ERK1/2 inhibitor SCH772984 or DMSO vehicle control.
MuSCs were detected by GFP in control (Tg:Pax7-nGFP) and NICD-ires-GFP expression
(Pax7CreERT2; R26stop-NICD-ires-nGFP), (n=4 mice per genotype and per condition).

(D) Immunostaining and quantification for PAX7, EdU (24 h chase) and NICD (GFP) on
cultured muscle cells from Pax7CreERT2; R26stop-NICD-ires-nGFP mice with or without SCH772984
after plating for 72 h; * EdU– cell; (n=4 mice per genotype and per condition).

(E) Inhibition of ERK1/2 signaling during the dissociation process. Efficiency of inhibition was
evaluated in MuSCs by qRT-PCR for MAPK target genes on freshly isolated GFP+ cells. Gene
expression was normalized to Tbp (n=3 mice per condition).

(F) Representative images of cells from Tg:Pax7-nGFP mice stained for MYOD, EdU, and
GFP after 45 h in culture; EdU added at t=0. (n=4 mice per condition).

Independent student t-test was performed. ns not statistically significant * p<0.05, ** p<0.01, 
*** p<0.001. Scale bar 15µm. 
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Resource availability 

Lead contact 

Further information and requests for resources and reagents should be directed to and will be 
fulfilled by the Lead Contact, Frederic Relaix (frederic.relaix@inserm.fr) 

Materials availability 

This study did not generate new unique reagents. 

Data and code availability 

All single-cell, single-nuclei and bulk RNA-sequencing datasets generated during this study 
are available at Gene Expression Omnibus (GEO), accession number GSE163856. 

Experimental model and subject details 

Animals 

The following mouse lines were kindly provided by the corresponding laboratories as 

described: Tg:Pax7-nGFP (S. Tajbakhsh; Sambasivan et al., 2009), R26Rstop-NICD-nGFP 

(D. Melton; Jackson Laboratories, stock 008159; Murtaugh et al., 2003), Pax7-CreERT2 (G. 

Kardon; Jackson Laboratories, stock 017763; Murphy and Kardon, 2011). Animals were 

handled as per 

French and European Community guidelines and protocols were approved by the ethics 

committee at the French Ministry (Project No: 20-027 #24357). 

Cell culture of primary muscle cells 

MuSCs were isolated by FACS from male and female Tg:Pax7-nGFP mice and plated on 
Matrigel-coated (Corning, 354248), 8-chamber slides (Sarstedt, 94.6140.802) in growth 
medium (GM) composed of DMEM (GIBCO) with 20% fetal bovine serum (FBS), 1% 
penicillin/streptomycin (GIBCO), and supplemented with 5 ng/ml basic FGF (Peprotech, 450-
33) at 37 °C. Whole muscle bulk preparations were cultured on Matrigel-coated 8-chamber
Sarstedt slides in GM at 37°C in the presence of 10 μM EdU. Muscles from Tg:Pax7-nGFP 
mice were dissected and chopped on ice, then digested following standard procedures in the 
presence or absence of 2 μg/mL SCH772984 or DMSO control. Digested muscle was then 
filtered through 100 μm and 70 μm cell strainers, spun down at 600g/5 min, then resuspended 
in cold DMEM and filtered through a 40 μm cell strainer and eventually spun down at 600g for 
5 min. All filtering steps were done on ice. For Pax7-CreERT2; R26Stop-NICD-nGFP and Tg:Pax7-

nGFP bulk muscle preparations, growth medium was supplemented with 5 ng/mL of basic FGF 
and cells were cultured in the presence of DMSO (control) or 1 g/ml SCH772984. For ERK 
inhibition, cells were plated in the presence of the ERK1/2 inhibitor SCH772984 (Selleckchem, 
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S7101) at 1 μg/ml or DMSO, in the presence of 10 μM 5-ethynyl-20-deoxyuridine (EdU), 
(Click-iT PLUS Kit C10640, Life Technologies). For ODC1 inhibition, cells were plated in the 
presence or absence of 2.5 mM DFMO (Tocris, 2761) resuspended in DMEM with 10 μM EdU 
for the first time point. 

Method details 

Muscle and liver injury 

For muscle injury, mice were anaesthetized with an intraperitoneal injection of 1.6:1 ketamine 

and xylazine (2%, VMD), 60 μl per 20 g of bodyweight. Both TA muscles were injected with 

50 μl of 1.2 % BaCl2 (Sigma, 202738). For liver injury, mice received an intraperitoneal 

injection of carbon tetrachloride (CCl4, Sigma, 289116 at 0.5 ml/kg bodyweight, 1:5 dilution in 

olive oil) as described previously described (Teixeira-Clerc et al., 2010).  

Single-nucleus isolation 

For the intact/dissociated muscle and liver atlases 6 tibialis anterior, gastrocnemius, soleus, 

plantaris, and extensor digitorum longus muscles as well as 3 whole liver from 3 8-week old 

female mice were used. For the intact/injured muscle atlas, 8 tibialis anterior muscles from 4 

8-week old female mice were used. Tissues were dissected and pulled in cold PBS with 0.2

U/μl RNase inhibitor (Roche, 03335399001). PBS was removed and tissues were minced in 1 

ml cold lysis buffer (10mM Tris-HCl, 10mM NaCl, 3mM MgCl2, and 0.1% NonidetTM P40 

in Nuclease-Free Water) with scissors. After 2 min, 4 ml of cold lysis buffer was added and 

tissues were lysed for 3 min at 4 °C. 9 ml of cold wash buffer (PBS, BSA 2% and 0.2 U/μl 

RNase inhibitor) was subsequently added and the lysates were homogenized with 10 strokes of 

loose pestle using a 15 ml Dounce homogenizer. The homogenates were filtered with 70 μm 

and 40 μm cells strainers. Nuclei were pelleted by centrifugation for 5 min (500 g, 4 °C). Nuclei 

were washed in 1 ml of cold wash buffer, transferred in a 1.5 ml tube and centrifuged 5 min 

(500 g, 4 °C). The pellets were resuspended in 250 μl of wash buffer and stained during 15 min 

in the dark at 4 °C with DAPI at 10 μg/ml. The nuclei were therefore washed and spun down 5 

min (500 g, 4 °C), resuspended in 300 μl of wash buffer and filtered with 30 μm cell strainers. 

Nuclei were then FACS sorted for Hoechst to exclude debris with a BD FACSAria III and the 

BD FACSDIVA software. 
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Staining 

For cell culture, following fixation (2% paraformaldehyde (PFA), 20 min), MuSCs were 

washed three times in PBS, permeabilized, and blocked using a blocking solution (BS) 

containing 5% BSA (Jackson Laboratories 001-000-162) and 0.25% Triton X-100 (Sigma) for 

60 min at room temperature. The samples were subsequently washed three times with PBS and 

stained for EdU and Hoechst (EdU Click-iT PLUS Kit C10640, Life Technologies) following 

the manufacturer guidelines before a final wash and mounting. For tissue sections, dissected 

and injured TA muscles were immediately frozen in liquid-nitrogen-cooled isopentane and 

sectioned transversely at 8 μm. The sections were fixed for 10 min with 4% PFA, washed three 

times, permeabilized and blocked with BS for 1 h at RT before being incubated with anti-

laminin primary antibody (Sigma, L9393, 1:500) overnight. After three washes, the sections 

were incubated with the corresponding secondary antibodies and Hoechst (1:1000) for 1 h at 

RT. 

Western Blot 

Hind limb muscles were dissected and directly processed or digested for 15 min at 37 °C in 1X 

digestion solution. Before lysis, tissues were fixed in 0.5% PFA for 1 h at 4 °C and then washed 

3 times in cold PBS (600 g, 5 min). The samples where then re-digested for 2 h in 2X digestion 

solution, minus the initial digestion time, before being filtered successively through 100 μm 

and 70 μm cell strainers (MACS, 130-110-917 and 130-110-916, respectively), then spun down 

(600 g, 5 min), resuspended in ice-cold DMEM and filtered through 40 μm cell strainer 

(Corning, 352340) before a last centrifugation (600 g, 5 min). For ERK inhibition during the 

dissociation, hind limb muscles from Tg:Pax7-nGFP mice were dissected and digested in the 

presence of 2 μg/mL SCH772984. DMSO was added in control samples. The cells were lysed 

using RIPA buffer: 50 μM Tris Hcl pH 8,150 μM NaCl, 1% NP40, 0.5% Sodium Deoxycholate, 

0.1% SDS, 1 μM EDTA pH 8, protease inhibitor cocktail (Merck, 4693159001) and phosSTOP 

(Merck, 4906845001). After BCA protein assay measurements, 800 ng of protein per lane were 

loaded on a Bolt™ 4-12% Bis-Tris Plus Gels (Thermofisher, NW04120BOX) for 1 h at 150 V. 

The gel was washed once in H2O and fixed for 5 min in 20% ethanol. The proteins were then 

transferred on a membrane (15V, 7 min) using the iBlot™ 2 Transfer Stacks, PVDF, mini kit 

(Thermofisher, IB24002). The membrane was washed twice with PBST (0.1% triton:PBS, 5 

min), blocked with 5% BSA in PBST for 1 h at RT with rotation. The membrane was incubated 

with primary antibodies overnight for ERK1/2 (EMD Millipore 06-182 rabbit polyclonal, 

1:10000) and for phospho-ERK1/2 (Abcam ab50011-100 mouse, 1:1000) (Fig. S4D) (Cell 
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signaling Technology, 9101, 1:1000) (Fig. S10A) in PBST. After two washes with PBST (5 

min) the membrane was incubated with secondary antibodies (conjugated anti-rabbit PI-1000 

ZD0821 and anti-mouse PI-2000-1 ZC1212 from Vector Laboratories, 1:5000) for 1 h at RT. 

Proteins were revealed using SuperSignal™ West Femto Maximum Sensitivity Substrate 

(Thermofisher, 34094) for 3 min at RT. 

In Situ Fixation treatment and reagents 

For ex vivo dissociation, after mouse sacrifice muscles were dissected (hindlimb and forelimb) 

and minced in small pieces. Tissue pool from two mice were separated in 6 groups (T0, T15, 

T30, T60, T90, and T120). T0 samples were prepared according to the original iSiFi protocol 

(Machado et al., 2017). Briefly, the samples were fixed for 1 h in 0.5% PFA, washed 3 times 

in ice-cold PBS and digested for 2 h at 37 °C with agitation in 2X digestion solution: Dispase 

II, 6 U/ml (Roche, 4942078001), Collagenase A 1 U/ml (Roche, 10103586001) and 0.2% 

BSA:DMEM. T15, T30, T60, T90 and T120 samples were digested for 15, 30, 60, 90 and 120 

min respectively in 1X digestion solution: Dispase II, 3 U/ml (Roche, 4942078001), 

Collagenase A 0.5 U/ml (Roche, 10103586001) and 0.2% BSA/DMEM at 37 °C with agitation. 

The samples were then spun down (600 g, 5 min) and resuspended in ice-cold 0.5% PFA and 

incubated for 1 h at 4 °C with gentle agitation to fix the cells. The samples were washed 3 time 

with ice-cold PBS (600 g, 5 min) and resuspended in 2X digestion solution to terminate 

digestion for 105, 90, 60 and 30 min for T15, T30, T60 and T90 samples respectively. T120 

samples were not re-digested. At this point, all the samples were filled with DMEM (Gibco, 

41966-029) and filtered successively through 100 μm and 70 μm cell strainers (MACS, 130-

110-917 and 130-110-916 respectively) then span down (600 g, 5 min), resuspended in ice-cold

DMEM and filtered through 40 μm cell strainer (Corning, 352340) before a last centrifugation 

(600 g, 5 min) and resuspension in 0.2% BSA/DMEM for cell sorting. 

For the experiment comparing T60 MuSCs in the supernatant to intact tissue pieces, T0, T60 

and T120 samples were obtained from the dissection of hindlimbs and forelimbs from the same 

mice. For this experiment T0 and T120 samples were processed as indicated above. T60 

samples were incubated for 60 min in 1X digestion solution. The samples were then separated 

simply with gravity by incubating the tube (50 ml conical) vertically at RT for 5 min to pellet 

intact tissue pieces and to carefully pass the supernatant successively through 100, 70 and 40 

μm filters (references above) to obtain dissociated cells. Both samples were filled with ice-cold 

DMEM, span down (600 g, 5 min) and resuspended in ice-cold 0.5% PFA for 1 h at 4 °C with 
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agitation. The T60-pellet samples were then re-digested for 60 min in 2X digestion solution. 

All samples were then filtered as indicated above.  

For in vivo activation, after mouse sacrifice injured TA muscles were dissected and minced in 

small pieces. The samples were prepared according to the original iSiFi protocol (Machado et 

al., 2017), with the following modification: 0.5 M glycine:PBS was used in the first post-

PFA wash.  

RNA extraction 

For ex vivo dissociation time-course, in vivo activation control and ex vivo ERK1/2 inhibition 

during dissociation RT-qPCR, the cells were sorted directly in lysis buffer from the Quick RNA 

FFPE kit (Zymo, R1008) and the RNA extracted following the manufacturer guidelines 

(without the tissue digestion step). For T60 supernatant/pellet RT-qPCR, the cells were sorted 

directly in lysis buffer from the RecoverAll FFPE kit (Thermo, AM1975) and the RNA 

extracted following the manufacturer guidelines (without the tissue digestion step, without the 

incubation step at 80 °C and with the incubation step at 50 °C for 1 h instead of 15 min). For 

in vivo activation time-course, Pax7-nGFP cells were sorted single-cell by FACS in 96 well 

plates (4titude, 4ti-0960). Each well contained 2.5 µl PKD buffer (Qiagen, 1034963) 

supplemented with 1:16 proteinase K (Qiagen, 19131). Prior to RNA separation, plates were 

decrosslinked for 1 h at 56 °C. RNA separation was performed on a Hamilton STAR 

according to the G&T-seq protocol (Macaulay et al., 2015). Briefly, oligo-dt30VN-labeled 

beads and wash buffer were prepared. 10 µl of beads were added to every well with the 

liquid-handling robot and incubated for 20 min at RT while mixing (2,000 rpm). Thereafter, 

the beads were washed twice with wash buffer and 5 µl of Reverse Transcriptase master mix 

was added to every well of the bead-containing 96-well plate.  

RT-qPCR 

Reverse transcription was performed using the SuperScript IV VILO Master Mix 

(Thermofisher, 11756050) following the manufacturer’s guidelines. RT-qPCR was performed 

using the Power SYBR Green PCR Master Mix (Applied Biosystems, 4367659). 

Library preparation 

 For snRNA-seq:

Single-cell Gel Bead-In-EMulsions (GEMs) were generated using a Chromium Controller 

instrument (10x Genomics). Sequencing libraries were prepared using Chromium Single Cell 
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3’ Reagent Kits (10x Genomics, 1000074), according to the manufacturer’s 

instructions. Briefly, GEM-RT was performed in a thermal cycler: 53 °C for 45 min, 85 °C 

for 5 min. Post GEM-RT Cleanup using DynaBeads MyOne Silane Beads 

(Thermofisher, 37002D) was followed by cDNA amplification (98 °C for 3 min, cycled 12 

x 98 °C for 15 s, 67 °C for 20 s, 72 °C for 1 min, and 72 °C 1 min). After a cleanup with 

SPRIselect Reagent Kit (Beckman, C10640) and fragment size estimation with High 

Sensitivity™ HS DNA kit runned on 2100 Bioanalyzer (Agilent, 5067-4626), the libraries 

were constructed by performing the following steps: fragmentation, end-repair, A-tailing, 

SPRIselect cleanup, adaptor ligation, SPRIselect cleanup, sample index PCR, and 

SPRIselect size selection.  

The fragment size estimation of the resulting libraries were assessed with High Sensitivity™ 

HS DNA kit runned on 2100 Bioanalyzer and quantified using the Qubit™ dsDNA High 

Sensitivity HS assay (Thermofisher, Q32851). Libraries were then sequenced by pair with a 

HighOutput flowcel using an Illumina Nextseq 500 with the following mode: 26 base-pairs (bp) 

(10X Index + UMI), 8 bp (i7 Index) and 57 bp (Read 2). 

 For Bulk RNA-seq:

Directional libraries were prepared using the Smarter Stranded Total RNA-Seq kit- Pico Input 

Mammalian following the manufacturer’s instructions (Clontech, 635005). The quality of all 

libraries was checked with the DNA-1000 kit (Agilent) on a 2100 Bioanalyzer and 

quantification was performed with Quant-It assays on a Qubit 3.0 fluorometer (Invitrogen). 

Clusters were generated for the resulting libraries, with Illumina HiSeq SR Cluster Kit v4 

reagents (Illumina, GD-401-4001). Sequencing was performed with the Illumina HiSeq 2500 

system and HiSeq SBS kit v4 reagents. Runs were carried out over 65 cycles, including seven 

indexing cycles, to obtain 65 bp single-end reads. Sequencing data were processed with 

Illumina Pipeline software (Casava version 1.9). 

 For scRNA-seq:

cDNA libraries were generated based on the Smart-seq2 protocol (Picelli et al., 2014). To 

increase RNA extraction from fixed cells, we sorted single cells into 96-well tubes containing 

5 µL of PKD Buffer (Qiagen) with 1:16 Proteinase K Solution (Qiagen), as previously 

described (Thomsen et al., 2016). Briefly, mRNA was reverse transcribed and cDNA was 

amplified via PCR for 27 cycles. Amplification was done with KAPA HIFI Hot Start ReadyMix 

(Roche, 07958919001) and purification by magnetic beads (CleanNA CPCR). Quantity and 

quality of cDNA was assessed with the quantifluor RNA system (Promega E3310) and Agilent 
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2100 BioAnalyzer with a high-sensitivity chip. Library preparation was done with the Nextera 

XT library prep and index kit (Illumina FC-131-1096 and FC-131-2001). 100 pg of cDNA 

was tagmented by transposase Tn5 and amplified with dual-index primers (i7 and i5, 

Illumina, 12 cycles). Reagents were mixed together by the Echo 555 (Labcyte) and 

pooled-nextera XT libraries were purified. 384 single-cell libraries were pooled together and 

sequenced single-end 50 bp on a single lane of a HiSeq4000 (Illumina). All results related to 

scRNA-seq are based on 2 pooled biological replicates per group, experiments were 

performed on the same day. 

Quantification and statistical analysis 

High-throughput datasets processing 

 snRNA-seq

The sequencing data was processed into transcript count tables with the Cell Ranger Single Cell 

Software Suite 3.0.2 by 10X Genomics. Raw base call files from the Nextseq 500 were 

demultiplexed with the cellranger mkfastq pipeline into library-specific FASTQ files. The 

FASTQ files for each library were then processed independently with the cellranger count 

pipeline. This pipeline used STAR to align cDNA reads to the Mus musculus transcriptome 

(Sequence: GRCm38, Mouse reference provided by 10X.). Once aligned, barcodes associated 

with these reads – cell identifiers and Unique Molecular Identifiers (UMIs), underwent filtering 

and correction. Reads associated with retained barcodes were quantified and used to build a 

transcript count table. We re-run this same pipeline with the pre-mRNA reference, build with 

cellranger mkgtf and cellranger mkref. Quality control on aligned and counted reads was 

performed keeping cells with > 500 reads, > 250 detected genes and less than 15 % 

mitochondrial genes. The subsequent visualizations, clustering and differential expression tests 

were performed in R (v 3.4.3) using Seurat (v3.0.2) (Stuart et al., 2019), Pooling of intact and 

dissociated nuclei was performed by merging the raw data per tissue followed by normalisation. 

 Bulk RNA-seq datasets processing

Bioinformatics analysis was performed using the RNA-seq pipeline from Sequana (Cokelaer et 

al., 2017). Reads were cleaned of adapter sequences and low-quality sequences using cutadapt 

version 1.11 (Martin, 2011). Only sequences at least 25 nt in length were considered for further 

analysis. STAR version 2.5.0a (Dobin et al., 2013), with default parameters, was used for 

alignment on the reference genome (Mus musculus GRCm38 assembly from Ensembl release 

87). Genes were counted using featureCounts version 1.4.6-p3 (Liao et al., 2013) from Subreads 

package (parameters: -t exon -g gene_id -s 1) under gencode mm10 annotation version M11. 
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Count data were analyzed using R version 3.4.3 and the Bioconductor package DESeq2 version 

1.18.1 (Love et al., 2014). Due to putative genomic DNA contamination, only genes with an 

average number of reads greater than 150 were used as input of the differential analysis 

(N=8059 genes). The normalization was performed using the "shorth" parameter and dispersion 

estimation was performed using the default parameters. A generalized linear model was set in 

order to test for the differential expression between the different time points. For each pairwise 

comparison, the independent filtering algorithm was applied and raw p-values were adjusted 

for multiple testing according to the Benjamini and Hochberg (BH) procedure (Benjamini and 

Hochberg, 1995). Genes with an adjusted p-value lower than 0.05 and an absolute fold-change 

higher than 2 were then considered differentially expressed. 

 scRNA-seq downstream analysis

Fastq files contained 50-bp-long single-end sequenced tags (reads) from 384 cells. Each were 

trimmed with cutadapt 1.5 with the parameters ‘-q 20,20 --minimum-length 35 “ and the nextera 

adapter sequence. The retained tags were aligned to the Ensembl 84 (Yates et al., 2016) gene 

annotation of the NCBI38/mm10 mouse genome using STAR 2.4.0 with the parameters ‘--

outSAMunmapped Within –runThreadN44 --genomeDir {reference_genome} --

readFilesCommand zcat --outSAMtype BAM SortedByCoordinate’. The number of tags per 

gene was calculated using htseq-count 0.6.0 (Anders et al., 2015) with the parameters –

’format=bam --order=pos --mode=intersection-strict --stranded=no --type=exon --

idattr=gene_id {input.bam} {reference_gtf} > {output.count}’. Quality control on alignment 

and counting was done with ngsplot 44 with parameters ‘-G mm10 -R genebody -C {input.bam} 

-O {results_dir}/genecoverage/ {wildcards.sample}.gene -F rnaseq’ and multiqc (Ewels et al.,

2016). Quality control on aligned and counted reads was performed with Scater 1.8.4 

(McCarthy et al., 2017), cells with < 200,000 reads, < 900 detected genes, > 6 percent 

mitochondrial genes and > 0.75 percent of spike-in ERCCs. Read normalization was done with 

Scran 1.8.4. Reads were normalized separately from ERCCs. For each gene, expression 

estimates per gene were expressed as log-transformed counts by taking the log2 (counts + 1). 

We used the top 500 highest variable genes to obtain a 2D representation of the cells, while 

maintaining the similarity relationships between them using PCA as implemented in the 

package Scater 1.8.4 (McCarthy et al., 2017). The trend line and IC-75 were calculated using 

the function geom_smooth() in R using the following parameters: method="glm", formula =  y 

~ poly(x, 2), level=0.75, alpha=0.04. All data analysis was conducted in Python v3.6 (Python 

software foundation) or R v3.5.1 (CRAN). Differential expression was performed using MAST 
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version 1.10 (Finak et al., 2015) and Monocle2 version 2.12.0 (Qiu et al., 2017) across all 

time-points. 

Pseudotime analysis 

Satellite cells are reported to display a linear differentiation trajectory during the first hours 

after injury (De Micheli et al., 2020). Therefore, we performed single-cell trajectory 

analysis with Slingshot v1.4 (Street et al., 2018), shown in benchmarks to be the most optimal 

trajectory inference method for linear single-cell trajectories (Saelens et al., 2019). A matrix 

containing log normalized counts from 280 single satellite cells over three different 

timepoints was used to calculate the transcriptional differentiation path. Slingshot consists of 

three main steps. First a minimum spanning tree on the predefined clusters resembling 

different timepoints is constructed, this was done on the top five principal components. It 

builds a rough representation of the lineage trajectory that is then smoothened out in the 

second step, here, simultaneous principal curves are used to obtain smooth representations. 

Third, pseudotime values for each cell were calculated by orthogonal projection onto the 

smoothened lineage curve. 

Comparison of in vivo scRNA-seq with ex vivo bulk RNAseq data  

In order to compare the in vivo single-cell RNAseq data with ex vivo bulk RNAseq data, we 

exported the gene loadings of the first two principal components from the single-cell RNAseq 

data and multiplied this by the scaled normalized expression values of the bulk RNAseq data. 

The single-cell RNAseq matrix consisted of the principal components as rows and genes as 

columns, while the bulk RNAseq matrix (N) consisted of genes as rows and replicates as 

columns. Matrix multiplication yielded a matrix with components as rows and replicates as 

columns. The first two projected principal components were then plotted per timepoint of the 

bulk RNAseq data (Fig. 3G). 

For comparison of gene cluster modules of the bulk RNAseq data described in Figure 3H, we 

summed raw counts of the single-cell RNAseq data per replicate yielding two pseudobulks per 

timepoint. Bulk and pseudobulk data was combined and normalized for counts per million 

(CPM), genes contained in the different gene clusters were then averaged per replicate and 

visualized as a linear model (avg CPM ~ Time grouped for Experiment and gene clusters). To 

find out if gene clusters portrayed differences between experiments independently on time we 

performed an analysis of covariance test (ANCOVA) and computed the pairwise comparison 

between experiment groups per gene cluster by avg CPM ~ Experiment*Time with Bonferroni 

correction as post-hoc test (Fig. S9C). 
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Associations with Tabula-Muris scRNA-seq 

The Tabula Muris droplet and Smart-Seq2 datasets were loaded from the TabulaMuris R 

package (v1.0) analyzed and visualized using Seurat. The Stress Index was calculated using 

the Seurat function “AddModuleScore” using the Stress response core from Figure S4B as a 

feature set. The Tabula Muris tissue digestion time were inferred from the original paper 

supplemental methods (supplemental Table 1). An arbitrary conversion factor of 0.5 and 0.2 

were applied to correct kinetics of digestion steps at RT or on ice, respectively. The sum 

of all corrected sequential enzymatic digestion times for each cell was used to define the 

digestion time at 37 °C. The relative gene expression on muscle stem cells in each dataset 

shown in Figure S4J (iSiFi single-cell RNA-seq, snRNA-seq and Tabula Muris scRNA-

seq) was analyzed and visualized using Seurat. 

Statistical analysis 

For comparison between two groups, unpaired Student’s t test was performed to calculate p 

values and to determine statistically significant differences (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 

0.001). 

 Supplementary Table ST1. List of Stress core genes. Related to Figure 1.

 Supplementary Table ST2. Summary of the digestion time of different

tissues analyzed by the Tabula Muris consortium. Related to Figure 1.

 Supplementary Table ST3. Sequence of RT-qPCR oligonucleotides. Related to Figure 

4, Figure S3, and Figure S4.
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REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Anti-ERK1/2 rabbit polyclonal EMD Millipore 06-182
Anti-phospho-ERK1/2 mouse Abcam ab50011 
Anti-phospho-ERK1/2 rabbit Cell signaling Technology 9101 
anti-rabbit Vector Laboratories PI-1000 ZD0821 
anti-mouse Vector Laboratories PI-2000-1 ZC1212 

Bacterial and Virus Strains 

Biological Samples 

Chemicals, Peptides, and Recombinant Proteins 
Matrigel Corning 354248 
DMEM Gibco 41966-029 
FBS 
bFGF Peprotech 450-33
ERK inhibitor SCH772984 Selleckchem S7101 
ODC1 inhibitor  DFMO Tocris 2761 
Ketamine and xylazine VMD 
BaCl2 Sigma 202738 
CCl4 Sigma 289116 
RNase inhibitor Roche 03335399001 
BSA Jackson Laboratories 001-000-162
phosSTOP Merck 4906845001 
Collagenase A 1 U/ml Roche 10103586001 
Dispase II Roche 4942078001 
PKD buffer Qiagen 1034963 
proteinase K Qiagen 19131 

Critical Commercial Assays 
EdU Click-iT PLUS Kit Life Technologies C10640 
Bolt™ 4-12% Bis-Tris Plus Gels Thermofisher NW04120BOX 
the iBlot™ 2 Transfer Stacks, PVDF, 
mini kit 

Thermofisher IB24002 

SuperSignal™ West Femto Maximum 
Sensitivity Substrate 

Thermofisher 34094 

Quick RNA FFPE kit Zymo R1008 



RecoverAll FFPE kit Thermofisher AM1975 
SuperScript IV VILO Master Mix Thermofisher 11756050 
Power SYBR Green PCR Master Mix Applied Biosystems 4367659 
Chromium Single Cell 3’ Reagent Kits 10x Genomics 1000074 
DynaBeads MyOne Silane Beads Thermofisher 37002D 
SPRIselect Reagent Kit Beckman C10640 
High Sensitivity™ HS DNA kit Agilent 5067-4626 
Qubit™ dsDNA High Sensitivity HS 
assay 

Thermofisher Q32851 

Smarter Stranded Total RNA-Seq kit- 
Pico Input Mammalian 

Clontech 635005 

Illumina HiSeq SR Cluster Kit v4 Illumina GD-401-4001 
KAPA HIFI Hot Start ReadyMix Roche 07958919001 
quantifluor RNA system Promega E3310 
Nextera XT library prep and index kit Illumina FC-131-1096 and FC-

131-2001

Deposited Data 
GEO accession number GSE163856 

Experimental Models: Cell Lines 

Experimental Models: Organisms/Strains 
Tg:Pax7-nGFP Jackson Laboratories MGI:5308730 

R26Rstop-NICD-nGFP Jackson Laboratories stock 008159 
Pax7-CreERT2 Jackson Laboratories stock 017763 

Oligonucleotides 
Sequence of RT-qPCR primers 
are listed in Table S3 

Recombinant DNA 



Software and Algorithms 
Illumina Pipeline software Casava version 1.9 
Cell Ranger Single Cell Software 
Suite 

10X Genomics version 3.0.2 

STAR (Dobin et al., 2013) version 2.4.0, 2.5.0a 
R R core team version 3.4.3 & 3.5.1 
Seurat (Stuart et al., 2019) version 3.0.2 
TabulaMuris R package (Schaum et al., 2018) version 1.0 
Sequana RNA-seq pipeline (Cokelaer et al., 2017) Version 0.9.19 
cutadapt (Martin, 2011) version 1.11 & 1.5 
featureCounts (Liao et al., 2013) version 1.4.6-p3 
DESeq2 (Love et al., 2014) version 1.18.1 
htseq-count (Anders et al., 2015) version 0.6.0 
Scater (McCarthy et al., 2017) version 1.8.4 
Scran (Lun et al., 2016) version 1.8.4 
Python Python software 

foundation 
version 3.6 

MAST (Finak et al., 2015) version 1.10 
Monocle2 (Qiu et al., 2017) version 2.12.0 
Slingshot (Street et al., 2018) version 1.4 

Other 
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Figure S1. Cell populations and gene deregulation in intact and dissociated muscle and liver. 

Related to Figure 1.  

(A) Violin plots of detected genes in intact and dissociated muscle and liver scRNA-seq 
experiments. (bottom) Table summarizing the median number of genes using mRNA (exonic 
sequences only) or pre-mRNA (exonic and intronic sequences). 

(B) Number of detected genes per sample using pre-mRNA sequences. The red line represents the 
quality cutoff set at 250.     

(C) Percentage of mitochondrial genes detected per sample. The red line represents the quality 
cutoff set at 15%.     

(D) Number of reads per sample using pre-mRNA sequences. The red line represents the quality 
cutoff set at 500.  

(E) Heatmap displaying the expression of common cell population markers used to annotate the 
nuclei from integrated intact and dissociated Tibialis Anterior muscle snRNA-seq. 

(F) Heatmap displaying the expression of common cell population markers used to annotate the 
nuclei from integrated intact and dissociated liver snRNA-seq. 

(G) UMAP plots displaying the expression of a typical dissociation-response gene Jun in muscle 
(left) and liver (right) intact and dissociated cells (see Fig. 1C for corresponding identities). 

(H) Differential gene expression in the 10 main cell populations using Seurat. Up: up-regulated by 
dissociation; Down: down-regulated by dissociation. On each bar the percentage of DEGs divided 
by the total detected genes within this population is indicated. Detected genes are those with at 
least one count in at least 10 percent of the cells of the population.  

(I) PCA analysis of MuSCs single-nuclei isolated from intact and dissociated muscle. PC1 explain 
7% of the experimental variance and PC2 4%.   

(J) Venn Diagram showing the overlap between single-nucleus and bulk RNA-seq MuSCs 
dissociation-induced DEGs (both up- and down-regulated, adjusted p-value < 0.05). The bulk 
RNA-seq DEGs are extracted from Machado et al., 2017. 

(K-N) (left) Pathways analysis (Wikipathways_2019 vie Enrichr) displaying upregulated terms 
during dissociation of selected cell-types (adjusted p-value < 0.05 and ranked by combined_score); 
(middle) combined expression of upregulated genes from the selected signaling pathways 
visualized using the Seurat AddModuleScore() function in the selected cell-types; (right) UMAP-
plots of the merged intact and dissociated selected cell-types. Analysis of the upregulated genes 
showed enrichment for cell-specific biological processes. These included TGF-β signaling in the 
FAPs (K), known to be induced in the mesenchymal stromal cells during muscle regeneration 
(Contreras et al., 2019). TGF-β signaling is also involved in angiogenesis and was found enriched 
in muscle endothelial cells (L) (Van Meeteren and Ten Dijke, 2012). Moreover, we found a 
prominent response to cytokines in different cell-types with Interferon-gamma signaling in liver 



sinusoidal cells (M) and Interleukin (IL) -5 signaling highly enriched in muscle endothelial cells 
and FAPs, and IL-6, IL-2 (not shown). Hepatocytes were also enriched with terms for IL-6 and 
IL-2 in addition to c-Met signaling, a pathway that is critical for liver regeneration (N), (Ishikawa 
et al., 2012). 

For panels A-D: DL: Digested Liver; DM: Digested Muscle; IL: Intact Liver; IM: Intact Muscle.  
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Figure S2. Conserved, digestion-time dependent stress response in muscle, liver and 

published datasets. Related to Figure 1. 

(A) Histogram representing the distribution of downregulated genes by dissociation in the 10 main 
populations (sinusoidal cells, hepatocytes, Kupffer cells, stellate cells, FAPs, tenocytes, muscle 
endothelial cells, smooth muscle cells, MuSCs, and macrophages) that we found in the muscle and 
liver snRNA-seq atlases (see Figure 1B). 

(B) Heatmap displaying the expression of the Stress core genes in all cells from muscle and liver 
snRNA-seq, grouped by dissociation status (digested/intact).  

(C) Stress index in UMAP plots of all cells from intact and dissociated muscle and liver 
(dissociation status blue/red in Fig. 1C). The Stress Index was calculated by the average expression 
of the 98 Stress core genes. 

(D) Western blot analysis of ERK1/2 phosphorylation on intact (0 min) and 15 min digested whole 
muscle, showing early MAPK activation. (right) Quantification of pERK1\2 over total ERK ration 
(student t-test, * p<0.05).  

(E) Graphical representation of the analysis: Stress core genes were used to calculate the Stress 
Index into the Tabula Muris datasets using more than 120,000 cells from the droplet (> 50,000 
cells) and the Smart-Seq2 (> 70,000) datasets across 20 tissues.     

(F) UMAP plots representing the Stress Index across 2,102 muscle single-cells (left) and 981 liver 
single-cells (right) from the published Tabula Muris Smart-Seq2 dataset. The digestion times at 
37 °C is indicated adjacent to the panels: 90 min for muscle and < 20 min for liver.  

(G) UMAP plot representing the Stress Index of every cell from the published Tabula Muris 
droplet dataset (70,118 cells).    

(H) UMAP plot representing the digestion time at 37 °C of every cell from the published Tabula 
Muris droplet dataset (70,118 cells). Note the correlation between digestion time and Stress Index 
(Spearman correlation index: 0.54).  

(I) Correlation between tissue digestion time at 37 °C and median tissue Stress Index calculated 
from the Tabula Muris Smartseq2 dataset. Spearman correlation index: 0.71. 

(J) Correlation between tissue digestion time at 37 °C and median tissue Stress Index calculated 
from the Tabula Muris droplet dataset. Spearman correlation index: 0.71. 

(K) Median Stress Index in different cell types calculated from the Tabula Muris droplet dataset. 
Median cell-type digestion time at 37 °C is color-coded (grey/blue gradient). 
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Figure S3. Stress response kinetics and quality controls related to single-nuclei RNA-seq 

experiments on intact and injured muscle and liver. Related to Figure 2. 

(A) Measurement of early stress response to liver injury by RT-qPCR at 0, 2, 4 and 6 h post-
injection of CCl4. Transcripts were measured from bulk liver extracts. Statistical t-tests are T0/T2 
for Fos, Jun, and Egr1 and T0/T6 for Stat3, Il-6 and Igf-bp. 

(B) UMAP plot of intact (blue) and injured (red) liver cells after data integration using Seurat3.  

(C) Quality controls of intact and injured liver and muscle cells showing the number of UMI (left), 
the number of detected genes (middle), and the % of mitochondrial genes (right).  

(D) Heatmap displaying the expression of common cellular populations markers used to annotate 
the nuclei from integrated intact and injured liver.   

(E) Measurement of early MuSCs response to muscle injury (1.2% BaCl2) by RT-qPCR at 0, 2, 4 
and 6 h post-injury. Transcripts were measured in FACS-isolated, iSiFi-treated MuSCs. Statistical 
t-tests are T0/T6 for Myod1 and Pax7 and T0/T2 for Jun. 

(F) UMAP plot of intact (blue) and injured (red) muscle cells after data integration using Seurat3.  

(G) Heatmap displaying the expression of common cellular populations markers used to annotate 
the nuclei from integrated intact and injured muscle. 

Independent student t-test was performed; * p<0.05, ** p<0.01, *** p<0.001. 
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Figure S4. Muscle stem cells activation in vivo and in culture. Related to Figure 3 and Figure 

4.    

(A) Validation of the BaCl2 injury efficiency by staining for DAPI and laminin two weeks post- 
injury. Graph shows the percentage of centrally located nuclei in regenerated myofibers; n=4. 

(B) Elbow plot showing standard deviations of first 30 principal components after standard log-
normalization. 

(C) Histogram displaying the distribution of reads per cell and the quality control cutoff (red line) 
set at 200.    

(D) Histogram displaying the distribution of detected genes per cell and the quality control cutoff 
(red line) set at 1000.    

(E) Dot plot representing the percentage of ERCC spikes-in contamination across all cells and the 
quality control cutoff (red line) set at 5%.     

(F) Dot plot representing the percentage of mitochondrial genes contamination across all cells and 
the quality control cutoff (red line) set at 15%.  

(G) Median Euclidian distance of each cell from the other cells within its group (time-point) as an 
indication of transcriptional heterogeneity (T0=2.8, T2=4.8, and T4=4.9). The first two principal 
components from Figure 2F were used as coordinates. 

(H) Number of UMIs in T0/T2/T4 MuSCs (single-cells, iSiFi, SmartSeq2), intact/dissociated 
MuSCs (single-nuclei, 10X genomics), and Tabula-Muris dissociated MuSCs (single-cells with 
SmartSeq2 and 10X Genomics droplets). 

(I) Violin Plots showing the relative counts of specific stress-related genes between T0/T2/T4 
injured MuSCs (single-cells, iSiFi, SmartSeq2), intact/dissociated MuSCs (single-nuclei, 10X 
genomics), and Tabula-Muris dissociated MuSCs (single-cells with SmartSeq2 and 10X Genomics 
droplets). 

(J) Dynamic expression of selected genes from: (top line) T0, T2 and T4h iSiFi-treated single-
MuSCs; (middle line) intact (T0) and dissociated (T2) MuSCs single-nuclei; (bottom line): freshly 
isolated MuSCs from the Tabula Muris Smart-Seq2 dataset. The dashed ellipses represent the 
approximate position of the different transcriptional clusters and the percentages the number of 
cells with at least 6 counts (iSiFi and Tabula Muris datasets) or 2 counts (single-nucleus dataset). 

(K) Comparison of the T0/T120 fold changes (Fig. 3) and the T0/T3 (Machado et al., 2017) fold 
changes for shared genes, showing strong reproducibility between the two RNA-seq experiments. 
Note that T3 refers to MuSCs digested for 120 min. 

(L) Gene ontology analysis using EnrichR for all of the genes within each of the five clusters. 
Color code indicates p-value and circle size the combined enrichment score (0 to 60). The ontology 
terms that emerged during MuSCs dissociation represented a sequence of coherent biological 
processes: the triggering events (cluster 1) were initiation of transcription and stimulation of the 



MAPK cascade. This was followed by mRNA processing, including splicing and initiation of 
translation (cluster 2), and in a later phase by ontologies related to ribosome assembly and 
biosynthesis (cluster 3). Of note, late cluster 3 (maximum at T120) also contained ontologies 
related to inactivation of MAPK signaling, which coincides with the attenuation of the 
corresponding genes of early cluster 1 (drop at T120). The quiescence-to-activation transition is 
nevertheless characterized also by a downregulation of a significant number of genes. Indeed, we 
validated previous findings on T0-MuSCs enriched ontologies, including a switch from fatty-acid 
beta-oxidation to glycolysis, and processes related to cilium disassembly, (cluster 4). Of interest, 
cluster 5 was enriched in ontologies related to RNA methylation and mitochondrial RNA 
metabolic genes, yet the significance of these processes in quiescence-exit remains to be 
uncovered.  
 
(M) Pairwise comparison between the gene clusters in ex vivo and in vivo activated MuSCs using 
an analysis of covariance test (ANCOVA).  

(N) Western blot for total ERK1/2 and p-ERK1/2 from whole muscle extracts right after 2 h 
dissociation in the presence of DMSO (Control) or SCH772984. On the bottom, the ratio of 
intensity of p-ERK1 over total ERK1 is shown (upper bands).  

(O) RT-qPCR on myogenic and stress core genes on freshly isolated MuSCs of Tg:Pax7-nGFP 
mice, from muscles dissociated in the presence or absence of SCH772984 (n=3 mice). 

(P) Percentage of EdU+ myogenic cells (Pax7 and/or Myog) in whole muscle bulk preparations 
cultured for 72 h; EdU was added 24 h before fixation. 

Independent student t-test was performed. ns not statistically significant * p<0.05, ** p<0.01, 
*** p<0.001. 
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