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SUMMARY
During aging, the regenerative capacity of skeletal muscle decreases due to intrinsic changes inmuscle stem
cells (MuSCs) and alterations in their niche. Here, we use quantitative mass spectrometry to characterize
intrinsic changes in the MuSC proteome and remodeling of the MuSC niche during aging. We generate a
network connecting age-affected ligands located in the niche and cell surface receptors onMuSCs. Thereby,
we reveal signaling by integrins, Lrp1, Egfr, and Cd44 as the major cell communication axes perturbed
through aging. We investigate the effect of Smoc2, a secreted protein that accumulates with aging, primarily
originating from fibro-adipogenic progenitors. Increased levels of Smoc2 contribute to the aberrant Integrin
beta-1 (Itgb1)/mitogen-activated protein kinase (MAPK) signaling observed during aging, thereby causing
impaired MuSC functionality and muscle regeneration. By connecting changes in the proteome of MuSCs
to alterations of their niche, our work will enable a better understanding of how MuSCs are affected during
aging.
INTRODUCTION

Skeletal muscle possesses a remarkable ability to regenerate

(Schmidt et al., 2019), a process that depends on muscle stem

cells (MuSCs)—also termed satellite cells (Lepper et al., 2011;

Murphy et al., 2011; Sambasivan et al., 2011). MuSCs are quies-

cent in resting skeletal muscle and can be identified by the

expression of the transcription factor Pax7 (Sousa-Victor et al.,

2015). Stimuli like injury lead to the activation of MuSCs coin-

ciding with increased expression of Myf5 and MyoD (Chang

and Rudnicki, 2014; Schmidt et al., 2019). This is followed by a

tightly controlled sequence of myogenic transcription factors

that resembles myogenesis during embryonic development

required for myogenic progression (Bentzinger et al., 2012; Price

et al., 2014; Schmidt et al., 2019).

MuSCs interact with their immediate cellular environment, also

known as the stem cell niche. The interaction with the niche is

critical to provide MuSCs with the proper cues for self-renewal,

proliferation, and differentiation (Bentzinger et al., 2013a; Wosc-

zyna and Rando, 2018). Amajor component of theMuSC niche is

the extracellular matrix (ECM), which is remodeled by various cell

types during regeneration (Evano and Tajbakhsh, 2018). Multiple
This is an open access article under the CC BY-N
studies have demonstrated the critical role of ECM components

for MuSC functionality (Baghdadi et al., 2018; Brack et al., 2007;

Lukjanenko et al., 2016, 2019; Rayagiri et al., 2018). Timely re-

modeling of the niche, a prerequisite for proper regeneration, is

mediated by the controlled activation of different cell types

including macrophages, eosinophils, neutrophils, fibro-adipo-

genic progenitors (FAPs), and fibroblasts (Dumont et al., 2015;

Mashinchian et al., 2018; Murphy et al., 2011; Saclier et al.,

2013; Theret et al., 2019). Aberrant signals from the MuSC niche

caused, e.g., by chronic degenerative diseases leading to

fibrosis, can impair MuSC function and regeneration (Serrano

et al., 2011). During aging, the regenerative capacity of skeletal

muscle declines, in part due to reduced numbers of MuSCs,

but also due to reduced MuSC functionality. The impairment of

MuSC function in the aged can be caused either by intrinsic

changes in MuSCs or through changes in the stem cell niche,

both resulting in impaired regeneration of skeletal muscle

after injury (Brack and Muñoz-Cánoves, 2016; Chakkalakal

et al., 2012; Ermolaeva et al., 2018; Lukjanenko et al., 2016;

Rozo et al., 2016). Multiple MuSC-intrinsic signaling pathways

have been identified to be aberrantly regulated in aged

MuSCs, e.g., elevated JAK/STAT signaling (Price et al., 2014;
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Tierney et al., 2014). Furthermore, increased senescence

(Sousa-Victor et al., 2014) was shown to be caused by impaired

autophagy in quiescent MuSCs from geriatric mice (Garcı́a-Prat

et al., 2016). In addition, MuSCs display perturbed Integrin beta-

1 signaling during aging, which leads to aberrantly high ERK

signaling upon stimulation. This then leads to a break of quies-

cence, ultimately resulting in depletion of the stem cell pool dur-

ing aging (Rozo et al., 2016). Despite individual ECM proteins

such as Fibronectin andWisp1 having been shown to contribute

to the functional impairment of MuSCs (Lukjanenko et al., 2016,

2019), a comprehensive characterization of the impact of aging

on the MuSC niche is still missing, and consequently, the major

signaling axes that connect extrinsic alterations to intrinsic

changes in the aging MuSCs remain unclear.

Here, we investigate how aging alters the communication be-

tween MuSCs and their niche by studying in parallel the prote-

ome of MuSCs and the composition of the skeletal muscle

ECM during aging. We performed deep proteomic analyses of

freshly isolated MuSCs and whole skeletal muscles across three

different age groups ranging from young to geriatric mice. These

data revealed MuSC-intrinsic changes in protein levels and an

extensive remodeling of the MuSC niche during aging. Further-

more, we unraveled signaling axes potentially affected inMuSCs

in relation to age-dependent changes in theMuSC niche. Among

them, we identified the Integrin beta-1-mitogen-activated pro-

tein kinase (MAPK) signaling axis to be affected by the

SPARC-related modular calcium-binding protein 2 (Smoc2),

which accumulates in the MuSC niche during aging.

RESULTS

Aging changes the proteome of MuSCs
Wefirst investigatedwhich changes are occurring inMuSCs dur-

ing aging. Therefore, we developed a proteomic workflow based

on single-shot label-free data independent acquisition mass

spectrometry that enabled us to study age-dependent changes

of protein abundance in aging MuSCs (Figure 1A). Using freshly

isolated MuSCs (Figure S1A–S1F; Pasut et al., 2012), we were
Figure 1. Proteomics analysis of MuSCs during aging

(A) Workflow showing isolation, processing, and mass spectrometric analysis of

(B) Immunofluorescence showing freshly isolated MuSCs stained for Pax7 (gree

(C) Number of quantified protein groups for each pooled MuSC sample from the

8 pools analyzed; geriatric: 26 months old, 5 pools analyzed).

(D) PCA plots for old versus young and geriatric versus young MuSC samples. E

(E) Overlap of significantly affected proteins (q < 0.05 and absolute log2 fold chan

0.001, Fisher’s exact test.

(F) Comparison of aging MuSC proteomics data from this publication to aging Mu

data obtained from PRJNA494728 and from CD34 high- and low-expressing M

transcript fold changes. The upset plot shows the overlap of significant changes b

geriatric MuSCs (overlap shown in E) were used.

(G) Selected canonical pathways that are affected in old versus young MuSCs (Be

direction of regulation; orange increased and light blue decreased with aging. Gr

which a specific direction of regulation is not apparent.

(H) Network of aging-affected proteins in MuSCs. Interactions between proteins a

et al., 2019) (confidence score > 0.7). Only proteins displaying at least two intera

(I) Cell surface receptors with known ligands (Ramilowski et al., 2015) affected b

(J and K) Immunofluorescence analysis of MuSCs on their adjacent myofibers dire

nuclei in blue. n > 20 MuSCs per mouse. Data are normalized to the average of th

sided, unpaired Student’s t test. n = 4, 2 months and 26 months old. Error bars:
able to reproducibly quantify over 4,500 proteins across 3 age

groups (young: 3 months of age; old: 18 months of age; geriatric:

26 months of age), allowing us to investigate the progression of

age-dependent changes (Figures 1B and 1C). This is especially

important because the functionality of MuSCs is already

impaired in old mice but further deteriorates in geriatric mice

(Sousa-Victor et al., 2014). We compared 5–10 pools of MuSCs

for each age group and revealed a distinct aging signature, as

indicated by principal-component analysis (PCA) (Figure 1D)

and differential expression analysis (Figure 1E and S1G; Table

S1). Age-dependent transcriptome changes of MuSCs have

been characterized inmultiple studies; however, transcript levels

can only partially predict changes at the protein level during ag-

ing due to a progressive decoupling between the transcriptome

and proteome during aging (Janssens et al., 2015; Kelmer Sac-

ramento et al., 2020; Ori et al., 2015; Wei et al., 2015). To inves-

tigate if the proteome and transcriptome are also uncoupled in

aging MuSC, we re-analyzed transcriptome data from three in-

dependent studies based on microarray technology (Alonso-

Martin et al., 2016; Liu et al., 2013; Lukjanenko et al., 2016; Price

et al., 2014) and two recent datasets obtained by RNA

sequencing (RNA-seq; Garcı́a-Prat et al., 2020; Li et al., 2019).

We compared age-related transcriptome and proteome

changes by focusing on the 162 proteins significantly affected

in both old and geriatric MuSCs (Figure 1E). Although proteome

changes in old and geriatric MuSCs were highly correlated

(Spearman rho = 0.8), we observed lower or no correlation with

transcriptomics data, depending on the compared dataset

(Spearman rho = 0 – 0.4) (Figure S1H). This analysis indicates

that, also in MuSCs, a substantial proportion of age-dependent

changes in protein abundance (74 out of 162, 45.7%) cannot

be detected at the transcript level across multiple studies (Fig-

ure 1F). Calcitonin receptor (Calcr), Basal cell adhesion molecule

(Bcam), SUN domain-containing protein2 (Sun2), and Integrin

beta-4 (Itgb4) are examples of proteins being significantly

changed in abundance during MuSC aging, although not all of

them display consistent changes in transcript levels, a phenom-

enon that seems to be dependent also on the mRNA dataset
MuSCs.

n) and Hoechst (blue). Scale bar: 20 mm.

three age groups (young: 3 months old, 10 pools analyzed; old: 18 months old,

llipses represent 95% confidence intervals.

ge > 0.58) in old versus young and geriatric versus young comparisons. ***p <

SCmicroarray data from GSE63860, GSE47177, and GSE47401 and RNA-seq

uSCs from GSE155642. The heatmap shows the comparison of protein and

etween proteome and transcriptome datasets. Proteins affected in both old and

njamini-Hochberg adjusted [adj.] p < 0.01). The color of each bar indicates the

ay color indicates pathways enriched among the age-affected proteins but for

ffected in both old and geriatric MuSCs were retrieved from String (Szklarczyk

ction partners are shown.

y aging in either old or geriatric MuSCs.

ctly fixed after isolation; Calcr (J) or Bcam (K) shown in red, Pax7 in green, and

e fluorescence intensities in young animals (set to 1). *p < 0.05; **p < 0.01; two

SD. Scale bar: 5 mm. Related to Figures S1 and S2 and Table S1.
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analyzed (Figure S2A–S2D). We confirmed that mRNA expres-

sion of Bcam, Sun2, and Itgb4 does not change significantly in

aging MuSCs by using qRT-PCR analysis (Figure S2E–S2G).

Next, we wondered whether the identified proteome signature

would recapitulate known aging pathways. Canonical pathway

analysis identified mitochondrial dysfunction, decreased Sirtuin

and eIF2 signaling, and a perturbation of the protein ubiquitina-

tion pathway, recapitulating alterations of metabolism and pro-

teostasis that have been previously linked to the loss of MuSC

functionality during aging (Kitajima et al., 2018; Ryall et al.,

2015; Sch€uler et al., 2020; Zhang et al., 2016; Zismanov et al.,

2016; Figures 1G and 1H; Table S1). Interestingly, we also iden-

tified a subset of pathways related to Integrin and Integrin-linked

protein kinase (ILK) signaling (Figure 1G) and 19 cell surface

receptors with known ligands to be affected in aging MuSCs

(Ramilowski et al., 2015; Figure 1I), suggesting an altered

communication with the stem cell niche. To verify the changes

observed through mass spectrometry, we quantified the immu-

nofluorescence signal for four candidate proteins in MuSCs on

myofibers isolated from young and old mice. We observed a sig-

nificant decrease in the abundance of Calcr (Figure 1J) in MuSCs

from aged mice, whereas we observed significant increases in

the abundance of Bcam and Sun2 as well as a trend for Itgb4

(Figure 1K; Figures S2H and S2I), validating our data obtained

by mass spectrometry.

Aging progressively affects the proteome of skeletal
muscle
Next, we asked which changes occur in the composition of the

MuSC niche during aging. Therefore, we established a second

proteomic strategy that allowed deep coverage (>4,000 protein

groups in total) and reproducible quantification of the skeletal

muscle proteome across the same three age groups used for

MuSC analysis (Figures 2A and S3A). We analyzed four different

muscles with different myofiber type composition, which relates

to distinct metabolic properties (gastrocnemius, G; soleus, S; ti-

bialis anterior, TA; extensor digitorum longus, EDL). To achieve

maximum proteome coverage, tandem mass tag (TMT) analysis

was performed. To be able to analyze five biological replicates

per age group, we performed two TMT10plex experiments per

muscle type and directly compared old versus young and geri-

atric versus young skeletal muscles. A clear impact of aging on

the proteome of skeletal muscle was already detectable in old

animals, as shown by PCA (Figures 2B and S3B). The direct

comparison of proteins affected in different age groups revealed

a subset of overlapping proteins, but also proteins that were

exclusively altered in old or geriatric muscles, indicating the

occurrence of different dynamics of age-dependent changes

(Figure S3C). For three out of the four muscles investigated, we

identified a higher number of differentially abundant proteins

when comparing geriatric and young muscles than comparing

old and young muscles, suggesting a progressive effect of aging

on the skeletal muscle proteome (Figure 2C). In addition, the

magnitude of fold changes was generally increased when geri-

atric muscles were compared to young muscles (Figure S3D),

again supporting the notion that most age-dependent changes

in the muscle proteome are progressive, and the extent and dy-

namics of proteome changes vary across the different muscles
4 Cell Reports 35, 109223, June 8, 2021
(Figures 2C and S3C; Table S2). Of note, PCA analysis of age-

related protein fold changes showed a clear separation between

the age comparisons (PC1, x axis), indicating a common prote-

ome signature of aging independent of the muscles investigated

(Figure 2D). Interestingly though, the PCA analysis also showed a

separation by muscle type (PC2, y axis), with the soleus showing

the most distinct aging signature in both age comparisons

(Figure 2D).

Next, we performed a gene set enrichment analysis (GSEA) to

identify pathways affected by aging. Thereby, we identified the

following threemajor groups of pathways: (1) ECM, (2) mitochon-

dria and energymetabolism, and (3) protein synthesis andmRNA

splicing (Figure 2E; Table S2). These pathways were affected in

all muscles that we analyzed; however, they showed distinct dy-

namics and, in some cases, opposite regulation between the

different muscles (Figure S3E). We investigated in more detail

rate-limiting enzymes for key metabolic pathways (Glycogen

synthase 1 [Gys1], ATP-dependent 6-phosphofructokinase

[Pfkm], Carnitine O-palmitoyltransferase 1 muscle isoform

[Cpt1b], Isocitrate dehydrogenase [NADP] cytoplasmic [Idh1],

Glucose-6-phosphate 1-dehydrogenase X [G6pdx], Fructose-

1,6-bisphosphatase isozyme 2 [Fbp2]) and found muscle-spe-

cific aging signatures (Figure 2F). Furthermore, we observed an

increase of respiratory chain proteins in TA, EDL, and gastrocne-

mius, whereas those proteins were decreased in the soleus dur-

ing aging (Figures 2G and S3F). These findings are consistent

with the known aging-dependent fiber type switch to a more

oxidative fiber type (Larsson et al., 1993; Schiaffino and Re-

ggiani, 2011). Finally, we found a decrease in the abundance of

components of the protein synthesis machinery exclusively in

the EDL (Figure 2H). Taken together, our data characterize the

progressive effect of aging on the proteome of skeletal muscle

and identify both common as well as muscle-type-specific

changes in protein abundance.

Aging remodels the ECM in skeletal muscle and thereby
the MuSC niche
Next, we investigated which cellular compartments are the most

affected in skeletal muscle during aging (Figures 3A, 3B, and

S4A). Consistent with GSEA (Figure 2E) and the known aging-

dependent accumulation of ECM molecules (Lacraz et al.,

2015), we observed a general increase in the abundance of

extracellular or secreted proteins in geriatric muscles (Figures

3B and 3C; Figures S4B and S5A–S5E). Also for changes of

ECM proteins, we observed an age-dependent clustering of

the different muscles, with the soleus being separated from the

fast twitched and mixed muscles (Figure S4C). Importantly, the

composition of the ECM appears to be altered already in old an-

imals for all the muscles analyzed, indicating that these alter-

ations occur early in the aging process (Figure 3D; Figure S6A;

Table S3). We further characterized those changes by focusing

on the 421 proteins annotated as ECM/secreted according to

Gene Ontology. A total of 183 of those 421 proteins were differ-

entially abundant in at least 1 of the muscle types investigated at

18 months of age (Figure 3E). Although we identified some alter-

ations in the abundance of ECM proteins that were muscle type

specific (e.g., collagens; Figure S6B), the majority of changes in

ECM proteins were shared by at least two of the muscle types
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Figure 2. Age-dependent changes in the proteome of different skeletal muscles

(A) Schematic workflow of the proteomics experiment. Soleus (S), tibialis anterior (TA), gastrocnemius (G), and extensor digitorum longus (EDL) are shown in the

order from slow to fast twitchmuscles. For eachmuscle type,muscles from 18-month-old (old) and 26-month-old (geriatric) micewere compared tomuscles from

3-month-old mice (young) in two separate TMT10plex experiments. n = 5 per sample group.

(B) PCA of young, old, and geriatric proteomics datasets from gastrocnemius. Ellipses represent 95% confidence intervals. The percentage of variance explained

by each principal component is indicated.

(C) Number of quantified protein groups in each skeletal muscle analyzed and across all experiments. Significantly affected proteins (adj. p < 0.05) are indicated in

dark blue.

(D) PCA plot of age-related proteome changes in different muscle types. The percentage of variance explained by each principal component is indicated.

(E) GSEA showing 10 of the most affected pathways during skeletal muscle aging using WebGestalt (Liao et al., 2019).

(F) Heatmap showing fold changes of rate limiting enzymes of different metabolic pathways. **q < 0.01, *q < 0.05.

(G) Age-related fold changes of proteins belonging to the different respiratory chain complexes.

(H) Violin plots showing log2 fold changes of proteins related to translation across all muscles and age comparisons. Related to Figures S3 and S4 and Table S2.
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Figure 3. Remodeling of the MuSC niche during aging

(A) Fraction of significantly affected proteins (adj. p < 0.05) across all muscles and age comparisons analyzed for the different cellular compartments.

(B) Bar plot showing the number of significantly affected ECM proteins across different muscles.

(C) Violin plot showing average log2 fold changes for all significantly affected ECM proteins quantified across muscles (***p < 0.001, Wilcoxon rank-sum test with

continuity correction).

(D) Scatterplot comparing the abundance of ECM proteins in young (x axis) and old (y axis) gastrocnemius. The red-blue color code indicates for each protein the

residual value of the linear model fitted on all the ECM proteins quantified (compartment normalized value, CNV; Parca et al., 2018).

(E) ECM proteins affected by aging, classified according to being significantly affected (adj. p < 0.05). Fold changes for the 67 ECM proteins affected in at least 2

different muscles are shown as a heatmap (top). The expression of the same proteins across cell types of skeletal muscle is shown (bottom heatmap). Single-cell

expression data were obtained from Giordani et al. (2019). The shade of green indicates the p value for the enrichment of cells expressing transcripts as

determined by a hypergeometric test. SCs, satellite cells; FAPs, fibro-adipogenic-progenitors; SMMCs, smooth muscle and mesenchymal cells. Related to

Figures S4, S5, and S6 and Table S3.
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investigated (Figure S6C). Therefore, we focused our further an-

alyses on the 67 proteins that showed consistent age-dependent

changes across different muscles at an age of 18 months. Of

note, the vast majority of significantly affected proteins showed

a consistent increase or decrease of abundance with aging

across all four muscles investigated (Figure 3E).

To investigate which cell types contribute the most to the re-

modeling of the MuSC niche during aging, we integrated single-

cell RNA-seq data from adult skeletal muscle (Giordani et al.,

2019) with our proteome data. To identify the cell type(s) express-

ing the identified ECM proteins affected by aging, we used a hy-

pergeometric test, as implemented in scfind (Lee et al., 2019;

see STARMethods for details). Thereby, wemapped the majority

of ECM proteins changed in aging skeletal muscle to at least one

cell type (53/67, 79%; Figure S6D). We found FAPs to predomi-
6 Cell Reports 35, 109223, June 8, 2021
nantly express transcripts for ECM proteins affected by aging

(42/67, 63%), indicating that cells of mesenchymal origin are the

major contributors to the aging-dependent remodeling of the

ECM in skeletal muscle (Figures 3E and S6E). Taken together,

we identified an aging signature of the ECM that is conserved be-

tween different skeletal muscles, supporting the notion that the

MuSC niche is progressively remodeled with increasing age inde-

pendent of the fiber type composition of the muscle.

Aging perturbs the communication axes between
MuSCs and their niche
In order to identify the main axes of communication between

MuSCs and their niche that are perturbed during aging, we

used known ligand-receptor interactions (Ramilowski et al.,

2015). In brief, the identification of receptors that are expressed
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Figure 4. Network analysis of changes in the MuSC niche and receptors in MuSC during aging

(A) Network derived from 100 ligands with known receptors (Ramilowski et al., 2015) that were significantly changed in at least 1 of the skeletal muscle aging

comparisons, and 243 receptors expressed by MuSCs according to GEO: GSE63860, GSE47177, and GSE81096.

(B) Top 20 affected receptors in MuSCs, ranked by the number of ligands that change in abundance during aging. Displayed are the total number of quantified

ligands in the skeletal muscle aging proteomics dataset of this study (gray) and the number of significantly changed proteins (green, adj. p < 0.05).

(C) Heatmap showing the protein fold changes of selected receptors from (B) that were quantified in the MuSC proteomics dataset and the connection to their

ligands that were significantly altered in their abundance in the aging skeletal muscles. Related to Figure S7 and Table S4.
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by MuSCs was based on detectable mRNA levels in different da-

tasets, whereas the analysis of which receptor-ligand axes are

mainly affected during aging was based on the proteomics data

generated here. Thereby, we connected ECM/secreted proteins

that we found to be affected in at least one muscle type at old

age with cell surface receptors that are expressed by MuSCs

(Alonso-Martin et al., 2016; Liu et al., 2013; Lukjanenko et al.,

2016; Price et al., 2014; Table S4). This network analysis revealed

the existence of clusters of receptors in MuSCs that displayed

multiple interactions to be affected by changes in ligand abun-

dance in the old MuSC niche (Figure 4A; Figure S7A). Through

ranking the receptors expressed byMuSCs based on the number

of predicted affected interactions, we revealed multiple Integrin-

related cell surface proteins, Lrp1, Egfr, and Cd44, as themain re-

ceptors for ECM/secreted proteins affected through aging in the

MuSC niche (Figures 4B and 4C). Interestingly, the abundance

of all of those receptors was also directly changed in MuSCs in

an age-dependent manner. The abundance of Integrin-related

proteins was generally increased, whereas Egfr and Cd44

showeddecreased abundance in agedMuSCs (Figure 4C). These

results, together with the findings that (1) Integrin signaling is an

affected aging pathway inMuSCs (Figures 4B and 4C), (2) Integrin

beta-1 was shown to display abnormal localization in aged

MuSCs causing altered activation (Rozo et al., 2016), and (3)

Egfr is a predicted major upstream regulator of intrinsic changes

in our MuSC proteome dataset (Figure S7B; Table S1), underline

the interconnectivity between changes in the MuSC niche and

intrinsic alterations during MuSC aging.

The abundance of the ECM protein Smoc2 increases
during aging and upon injury in the MuSC niche
Because regeneration is severely impaired during aging and it is

known that changes in the ECM directly affect functionality of
MuSCs (Baghdadi et al., 2018; Bentzinger et al., 2013b; Lukja-

nenko et al., 2016; Rayagiri et al., 2018), we searched for ECM

proteins that show differential abundance during aging under ho-

meostatic conditions and during regeneration in the young.

Therefore, we generated a proteomic dataset of young regener-

ating TA muscles at day 7 after CTX (cardiotoxin) injury and

analyzed the changes in abundance of the 67 ECM proteins

affected during aging in resting skeletal muscle (Table S5). We

found that the majority of ECM proteins displaying age-depen-

dent changes in abundance also showed changes during regen-

eration (57 of the 65 proteins quantified in both datasets, 88%;

Figure 5A). We chose Smoc2, Asporin, Elastin, and Collagen

alpha-1(XIV) chain (Col14a1) for further validation because (1)

they are among the most prominently affected proteins in skel-

etal muscle during aging (Figures S5A–S5E, 5F–5K, S8O, and

S8P), (2) their levels progressively increase or decrease with

age (Figures S8A–S8N), and (3) their abundance is increased

during regeneration (Figures 5B–5E).

We focused on Smoc2 for further investigations and found

Smoc2mRNAs to be primarily expressed in FAPs and tenocytes

(Figure 5L). We confirmed that Smoc2 remains primarily ex-

pressed by mesenchymal cells at old age by analyzing the Tab-

ula muris senis single-cell RNA-seq dataset (Pisco et al., 2019;

Figure S9A). To verify that Smoc2 is transcribed by FAPs in skel-

etal muscle, we performed qRT-PCR on freshly isolated FAPs

from young and old mice and on primary myoblasts isolated

from young mice. Indeed, Smoc2 transcript levels were signifi-

cantly higher in freshly isolated FAPs from both young and old

mice than those in primary myoblasts, further supporting the

notion that FAPs are the primary source of Smoc2 in skeletal

muscle (Figure 5M). The secretion of Smoc2 protein by FAPs

was demonstrated by targeted proteomic analysis of condi-

tioned media from cultured FAPs (Figures 5N and S9B) and
Cell Reports 35, 109223, June 8, 2021 7
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co-immunofluorescence staining of Smoc2 and Pdgfra, a

marker for FAPs (Figure 5O). Of note, Smoc2 accumulated in

cultured FAPs after Monensin treatment, further strengthening

our finding that FAPs are the main cells secreting Smoc2 in skel-

etal muscle (Figure 5P).

FAPs from young and old mice appeared to express similar

levels of Smoc2 transcript (Figure 5M). Consistently, no age-

dependent increase in transcript levels was observed for

Smoc2 in bulk RNA-seq fromwhole skeletalmuscle (Figure S9C).

These data suggest that the increased levels of Smoc2 protein in

old muscles derive from an accumulation of the protein in the

ECM rather than from increased transcription. To test this hy-

pothesis, we decellularized TA muscles from young and old

mice and analyzed them by quantitative mass spectrometry (Ta-

ble S6). Efficient decellularization was confirmed by a significant

decrease in the DNA-to-tissue weight ratio compared to that of

native tissue at both ages (Figure S9D). Indeed, we found

Smoc2 to be among the proteins with the largest increase in de-

cellularized old TA muscles, confirming its accumulation in the

ECM during aging (Figure S9E).

Smoc2 contributes to perturbed Itgb1-dependent
signaling in MuSCs during aging
Next, we hypothesized that aberrantly high levels of Smoc2might

contribute to altered Integrin signaling in MuSCs because Smoc2

was previously shown to stimulate signaling via ILK (Liu et al.,

2008). First, we confirmed the interaction between Smoc2 and

components of Integrin signaling complexes by affinity purifica-

tion followed by quantitative mass spectrometry by using a cell

line expressing Smoc2 fused to GFP (Figure S10A). After vali-

dating the expression of Smoc2-GFP and GFP control (Figures

S10B and S10C), we focused our analysis on cell surface proteins

and searched for proteins exclusively identified in eluates from

Smoc2-GFP-expressing cells. Among those proteins, we identi-

fied Integrin beta-1 (Itgb1) as an interaction partner of Smoc2 (Fig-

ure 6A). Interestingly, we also found ILK to be bound to Smoc2-

GFP complexes, further supporting the interaction between

Smoc2 and components of the Integrin signaling pathway (Fig-
Figure 5. Validation of proteomics data and demonstration that Smoc

(A) Pie chart showing the 67 ECM proteins identified in Figure 3E and how they a

(B–E) Mass spectrometry analysis of Smoc2 (B), Asporin (C), Col14a1 (D), and

displayed, normalized to the uninjured control. n = 3, 3 months. *** adj. p < 0.001

(F andG) Immunoblot analysis of gastrocnemius (F) and TA (G) homogenates for S

levels relative to Gapdh. n = 4 per group, age: 3 months, 18 months, 26 months

(H) Representative images of immunofluorescence stainings of Col14a1 (white) wi

100 mm.

(I) Quantification of (H). **p < 0.01; n = 4 per group, age: 3 months, 22 months; tw

(J) Representative images of immunofluorescence analysis of Elastin (white) with L

old mice. Scale bar: 100 mm.

(K) Quantification of (J). *p < 0.05; n = 4, 3 months and n = 3, 22 months; two-sid

(L) Bar plot showing the expression levels of Smoc2 based on single-cell transcr

(M) Transcript levels of Smoc2 on sorted FAPs (n = 5, 2-month-old mice) andmyob

samples. ***p < 0.001; one-way ANOVA.

(N) Detection of Smoc2 peptides in conditioned media of cultured FAPs by

DPQLEIAHR. For additional replicates, see Figure S9B.

(O) Representative images of immunofluorescence staining for Smoc2 (red), Pdgf

old mice. Scale bar: 50 mm.

(P) Smoc2 protein abundance in cultured FAPs after inhibition of secretion by M

compared to Ctrl. Error bars: SD. Related to Figures S8 and S9 and Table S5.
ure 6A). Through a proximity ligation assay (PLA), we demon-

strated a close proximity of Smoc2 and Itgb1 inMuSCs in floating

myofiber culture, indicating that Smoc2 and Itgb1 interact also in

MuSCs (Figure 6B).

Next, we tested activation of Itgb1-dependent signaling by

Smoc2 in myogenic cells. We found a mild, but significant,

increase of pERK 10 min after addition of the Smoc2 recombi-

nant protein in myogenic cells. This was followed by a reduc-

tion of pERK levels 60 min after addition of Smoc2, which is

consistent with the described transient activation of MAPK

signaling by different activators in cell culture (Cirit et al.,

2012; Kiyatkin et al., 2006; Pronsato et al., 2012; Figures 6C

and S10D). We confirmed the activation of pERK signaling by

Smoc2 by using phospho-proteomics analysis. In particular,

we found known targets of pERK, such as Tnks1bp1 (S763)

(Courcelles et al., 2013), and ERK1/2 itself (Y185) to display

increased phosphorylation upon addition of Smoc2 (Figures

6D and S10E; Table S7). Of note, phosphorylation of Itgb1 at

T777 was also increased upon Smoc2 supplementation, sup-

porting the notion that Smoc2 signals via the Itgb1/ERK axis

(Figure 6D).

Next, we tested if addition of the Smoc2 recombinant protein is

sufficient to activate transcription of MAPK target genes in young

MuSCsbyusing the floatingmyofiber culture system.Thismethod

allows the investigation of MuSCs in their endogenous niche in an

otherwise defined environment (H€uttner et al., 2019; Pasut et al.,

2012). We found that addition of the Smoc2 recombinant protein

is sufficient to increase the expression of target genes down-

stream of the MAPK signaling pathway (i.e., p57 and Ets2),

whereas target genes of other signaling pathways known to be

important for MuSC functionality in general and of which some

are also altered in MuSCs during aging were not affected (canon-

ical Wnt, Smad, Notch, and JAK/STAT pathways; Figure 6E; Fig-

ure S10F; Brack et al., 2007; Chakkalakal and Brack, 2012; Price

et al., 2014; Rozo et al., 2016). To demonstrate that induction of

ERK phosphorylation through Smoc2 is dependent on Itgb1, we

transfected MuSCs on isolated myofibers with small interfering

RNA (siRNA) directed against Itgb1 (siItgb1) or a non-targeting
2 is mainly expressed and secreted by FAPs

re regulated 7 days after CTX injury in TA muscle. n = 3, 3 months old.

Elastin (E) expression 7 days after CTX injury. Normalized protein quantity is

.

moc2 (Isoform 1), Asporin, andGapdhwith quantification of Smoc2 and Asporin

. *p < 0.05; one-way ANOVA.

th Hoechst (blue) in TAmuscles of 3months and 22months old mice. Scale bar:

o sided, paired Student’s t test.

aminin (green) and Hoechst (blue) in TAmuscles of 3-month-old and 22-month-

ed, paired Student’s t test.

iptomics data from Giordani et al. (2019).

lasts (n = 3), normalized to the average delta cycle threshold (dCT) of myoblast

parallel reaction monitoring using heavy spike-in peptides FSALTFLR and

ra (green), and Hoechst (blue) of TA sections from 3-month-old and 22-month-

onensin (4 h and 8 h). **p < 0.01, *p < 0.05; two-sided, paired Student’s t test
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Figure 6. Smoc2 interacts with Integrin beta-1, induces activation of the ERK pathway, and affects MuSC behavior

(A) Cell surface proteins identified as potential interaction partners of Smoc2. Peptide counts for all proteins annotated to the cell surface Gene Ontology (GO)

term (GO: 0009986) enriched in eluates from Smoc2-GFP expressing cells. n = 4.

(B) Proximity ligation assay (PLA; shown in red andmarked by arrows) using antibodies directed against Smoc2 and Itgb1 onMuSCs in floatingmyofiber culture of

2-month-old and 26-month-old mice. Number of PLA signals per Pax7-positive cell (in green) was quantified. ***p < 0.001; two-sided, unpaired Student’s t test.

n = 5. Scale bar: 5 mm.

(C) Immunoblot analysis of pERK and ERK in C2C12 cells at different time points after 10 mg/ml Smoc2 treatment. pERK levels were normalized to ERK levels. *p <

0.05; two-sided, paired Student’s t test. n = 3.

(D) Phospho-proteome analysis of C2C12 cells at different time points after 10 mg/ml Smoc2 treatment. Normalized phosphosite intensities are shown for Erk1/2

Y185, Tnks1bp S763, and Itgb1 T777. **p < 0.01, *p < 0.05. n = 4.

(E) qPCR analysis of different MAPK downstream targets in MuSCs on floating myofibers after Smoc2 treatment. Values are normalized to the expression level at

0 h after isolation (set to 1), **p < 0.01, *p < 0.05; two-sided, paired Student’s t test. n = 7, 2-month-old mice, 5 mg/ml Smoc2 treatment at 0 h and 32 h after

isolation.

(F) Schematic showing the experimental setup; 10 mg/ml Smoc2 were used for either 32 h or 10 min.

(G) Representative images for (F) showing pERK (red), Pax7 (green), and Hoechst (blue). Scale bar: 5 mm.

(legend continued on next page)
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control siRNA (siCtrl), incubated them with either Smoc2 or a sol-

vent control, and quantified pERK staining intensity in the nucleus

in relation to the total pERKsignal in the samecell (Figures 6F–6H).

Thereby, we could show that phosphorylation of ERK following

administration of Smoc2 is dependent on Itgb1. Of note, even a

short incubation with Smoc2 recombinant protein (10 min) was

sufficient to induce phosphorylation and shuttling of ERK into

the nucleus (Figures 6F–6H).

To further assess the functional consequences of aberrantly

increased levels of Smoc2 onMuSCs, we cultured young MuSCs

on their adjacent myofibers with and without the recombinant

Smoc2 protein for 72 h, a time point when clusters of MuSCs

have formed comprising self-renewing MuSCs, committed

MuSCs, and differentiated cells such as myoblasts (Schmidt

et al., 2019; Figure 6I). We quantified the percentage of Pax7+/

MyoD� self-renewing, Pax7+/MyoD+ committed, and Pax7�/

MyoD+ differentiated cells per cluster after 72 h of culture and

found that addition of Smoc2 recombinant protein reduced the

ability of MuSCs to self-renew (Pax7+/MyoD� cells), whereas

early differentiation (Pax7�/MyoD+cells) was not impaired,which

is a phenotype reminiscent of agedMuSCs (Figures 6J and S10G;

Price et al., 2014). Interestingly, the number of clusters per myo-

fiber and the cluster size were not affected, suggesting that

Smoc2 does not impair activation or proliferation of MuSCs per

se but rather their self-renewal (Figures S10H and S10I). We

then askedwhether or not addition of Smoc2 recombinant protein

affects terminal differentiation of MuSCs. Therefore, we analyzed

the number of myogenin-positive cells per cluster and expression

of myogenin mRNA, a marker for terminal differentiation, after

supplementing the myofiber cultures with recombinant Smoc2

protein. When analyzing the percentage of myogenin+ cells per

cluster, we did not observe differences in the percentage of my-

ogenin-positive cells per cluster (Figure 6K). However, addition

of Smoc2 recombinant protein reduced the expression ofmyoge-

nin mRNA, whereas total Pax7mRNA levels showed a slight, but

not significant decrease, and total MyoD mRNA expression did

not change (Figures 6L and S10J). Taken together, these data

suggest that elevated Smoc2 levels—as found in the aged

MuSC niche—activate MAPK signaling in MuSCs through Itgb1

and impair their functionality.

Exogenous Smoc2 protein mildly affects muscle
regeneration upon repeated injury
Regeneration of skeletal muscle is accompanied by dynamic re-

modeling of the MuSC niche to promote each step of the regen-

eration process in a specificmanner (Schmidt et al., 2019;Wosc-

zyna and Rando, 2018). To identify at which step Smoc2 is most
(H) Quantification of nuclear pERK to total pERK. n > 20 cells per mouse and co

(I) Schematic showing the floating myofiber culture assay.

(J) Analysis of the number of Pax7- and MyoD-expressing cells in clusters on flo

pressing neither Pax7 nor MyoD (Pax7�/MyoD�), Pax7 only (Pax7+/MyoD�), M

paired Student’s t test. n = 4, 3-month-old mice, 5 mg/ml Smoc2.

(K) Analysis of the number of myogenin-positive cells per cluster using the floati

cluster expressing myogenin. n = 4, 2-month-old mice, 5 mg/ml Smoc2 treatmen

(L) qPCR analysis for myogenin inMuSCs on floatingmyofibers. Expression levels

to 1). **p < 0.01, *p < 0.05; two-sided, paired Student’s t test. n = 6, 2-month-old

Related to Figure S10 and Table S7.
likely affecting the regeneration process, we investigated the dy-

namics of Smoc2 expression during regeneration after CTX-

induced injury in young mice. We found that Smoc2 protein

levels display two peaks of expression, namely, at day 2 after

injury as well as at day 4/5 after injury, which are the time points

of MuSC activation and proliferation (Bentzinger et al., 2013a),

suggesting that Smoc2might directly affect MuSC behavior dur-

ing early regeneration (Figures 7A and S10K). To estimate the to-

tal amount of Smoc2 in a TAmuscle, we performed absolute pro-

tein quantification by using targeted proteomic analysis based

on spike-in reference peptides. Thereby, we estimated an

endogenous concentration of 0.33 fmol Smoc2 per mg total pro-

tein in 18-month-old mice, resulting in approximately 115 ng of

Smoc2 per TA muscle (Figure 7B).

Next, we injured the TAmuscle of 3-month-old mice with CTX,

followed by injection of Smoc2 (10 mg recombinant protein,

�873 relative to endogenous concentration) or a control at

day 3 and 5 after injury (Figure 7C). Unexpectedly, we did not

observe an impairment of the regeneration process at day 10

of regeneration after a single injury (Figures 7D and 7E). The per-

centage of newly formedmyofibers, marked by the expression of

developmental myosin heavy chain (devMHC), as well as themy-

ofiber size, was not significantly different under Smoc2 versus

control conditions (Figures 7D and 7E). Accordingly, the amount

of Pax7+ MuSCs per myofiber was not altered (Figures 7F and

7G). Concomitantly, no obvious alterations in Sirius red staining,

a marker for fibrotic tissue, were observed following injection of

the Smoc2 recombinant protein (Figure S10L). Therefore, we

investigated how aberrant protein amounts of Smoc2 affect

regeneration and MuSC numbers in a setting of constant regen-

eration. Thus, we performed a serial injury experiment in young

mice, as follows: the same TA muscle was injured 3 times every

14 days, and Smoc2 recombinant protein or a control was in-

jected at day 3 and 5 following each round of injury. Thereby,

we created a condition in which MuSCs are constantly chal-

lenged and dividing. Muscles were harvested and analyzed

21 days after the last injury, which is a time point at which

most MuSCs have stopped dividing and the regeneration pro-

cess is nearly complete (Rogers et al., 2015; Figure 7H). Under

these conditions, we observed that regeneration of skeletal mus-

cles injected with the Smoc2 recombinant protein was per-

turbed, as evidenced by an increased percentage of devMHC-

positive myofibers and smaller myofiber sizes in the Smoc2-in-

jected muscles (Figures 7I–7K). Interestingly, addition of

Smoc2 recombinant protein only slightly reduced the number

of MuSCs per myofiber (Figures 7L and 7M). Similar to the

data observed after a single injury, we did not observe an
ndition. *p < 0.05, two-way ANOVA. n = 3, 2-month-old mice.

ating myofibers. Displayed values are the percentage of cells in a cluster ex-

yoD only (Pax7�/MyoD+), or both (Pax7+/MyoD+). ***p < 0.001; two-sided,

ng myofiber culture system. Displayed values are the percentage of cells in a

t at 0 h and 42 h after isolation.

are indicated relative to levels of directly processed samples (0-h cultivation set

mice, 5 mg/ml Smoc2 treatment at 0 h and 32 h after isolation. Error bars: SD.
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obvious increase in fibrosis following injection of the Smoc2 re-

combinant protein (Figure S10M). We suggest that the aberrant

levels of Smoc2 during aging are a contributing, but not exclu-

sive, factor that transiently impair MuSC functionality and skel-

etal muscle regeneration in the aged.

DISCUSSION

Here, we established two distinct proteomics approaches that

enabled us to analyze the proteome of MuSCs and whole skel-

etal muscle during aging. With these workflows, we were able

to establish a connection between intrinsic changes in MuSCs

and changes in the skeletal muscle niche, particularly of the

ECM. Furthermore, the combined approach allowed us to

identify candidate signaling axes that link impaired MuSC

functionality during aging to age-dependent changes in the

ECM.

The integration of our proteomics data from MuSCs and

skeletal muscles showed that several ECM proteins affected

by aging converge on a few major axes of inter-cellular

communication, including Integrin signaling, corroborating pre-

vious findings that demonstrated dysfunctional Itgb1 signaling

in aging MuSCs (Rozo et al., 2016). Our data reveal the

complexity of signaling rewiring in the aged skeletal muscle

mediated by changes in the abundance of multiple ligands in

the MuSC niche and by changes in cell surface receptors on

MuSCs (e.g., decreased levels of Calcr and increased levels

of Itgb4). Our analyses indicate that FAPs are the primary cell

of origin for the majority of ECM proteins showing age-depen-

dent differences. Because the numbers of FAPs do not in-

crease with age (Lukjanenko et al., 2019), we speculate that

gene expression programs of FAPs change during aging, lead-

ing to an altered abundance of specific ECM molecules. For

instance, it was recently shown that the ECM molecule

Wisp1 is severely reduced in the aged ECM of skeletal muscle

and that this decrease is due to changes in aged FAPs (Lukja-

nenko et al., 2019). Additional mechanisms independent of

transcriptional changes, e.g., altered protein turnover due to

decreased degradation or increased protein synthesis and

secretion, could also lead to the accumulation of proteins in

the ECM of aged skeletal muscle, as it appears to be the

case for Smoc2. Finally, the contribution of other cell types to

the ECM remodeling should not be underestimated because

a considerable fraction of aging-affected ECM proteins origi-

nates from other cell types, including immune cells, fibroblasts,

and MuSCs themselves.

In different cell types, a decoupling of the proteome from the

transcriptome has been observed during aging (Janssens

et al., 2015; Kelmer Sacramento et al., 2020; Ori et al., 2015;

Wei et al., 2015). We identified a similar decoupling in MuSCs,

which involves half of the proteins that we detected as affected

by aging. We propose that decoupling of the transcriptome

and proteome in MuSCs is at least partially caused by posttran-

scriptional mechanisms regulating protein abundance, including

altered protein degradation by the lysosome-autophagy and

ubiquitin-proteasome systems, as observed in other aging tis-

sues such as the brain, muscle, and heart (Bulteau et al., 2002;

Ferrington et al., 2005; Kelmer Sacramento et al., 2020; Sch€uler
12 Cell Reports 35, 109223, June 8, 2021
et al., 2020) and changes in protein synthesis rates. Consistent

with our observations, a decreased proteolytic activity by the

lysosome-autophagy system has been described in aging

MuSCs (Garcı́a-Prat et al., 2016). Furthermore, proteasome

function has been shown to be required for the maintenance of

the MuSC pool (Kitajima et al., 2018), whereas altered control

of protein synthesis by mutation of eIF2 alpha leads to spurious

activation of MuSCs and reduces the muscle regenerative ca-

pacity (Zismanov et al., 2016). However, we observed a substan-

tial heterogeneity between different transcriptomic studies, at

least for the group of genes investigated in this study. A similar

heterogeneity has also been described for transcriptomic data-

sets of aging hematopoietic stem cells (Svendsen et al., 2020).

Thus, we cannot exclude that differences in sample preparation,

sorting strategies, and age groups used in the different studies

(Table S1) might—at least in part—account for the observed dif-

ferences between the proteome and transcriptome data. Our

findings emphasize the necessity of having a dedicated work-

flow to also detect alterations that are only observable on the

protein level and, subsequently, lead to functional changes dur-

ing aging. With the proteomic workflow presented here, a com-

bined analysis of the bulk proteome and transcriptome ofMuSCs

will be possible in the future, enabling a deeper understanding of

functional changes during aging.

We identified Smoc2 as a player that contributes to altered In-

tegrin signaling in MuSCs during aging. We have shown that

increased levels of Smoc2 result in the activation of MAPK/

ERK1/2 signaling by Itgb1 in myogenic cells. Signaling down-

stream of Itgb1 connecting changes in the ECM to changes in

the MuSCs themselves has been shown to be perturbed in aging

MuSCs, resulting in impaired MAPK signaling (Lukjanenko et al.,

2016; Rozo et al., 2016). We suggest that Smoc2 is one of the

ECM factors contributing to alterations of Itgb1 activity in aged

MuSCs, althoughwe cannot exclude the involvement of other re-

ceptors/signaling pathways. Because Smoc2 was previously

shown to promote cell cycle progression in several cell types

(Liu et al., 2008; Rocnik et al., 2006; Su et al., 2016), we hypoth-

esize that Smoc2 is preventing the return of MuSCs to quies-

cence following activation, presumably by ERK signaling. This

is in line with data from Rozo et al. (2016) demonstrating that

ERK signaling is the most activated signaling pathway in MuSCs

downstream of Itgb1, whereas activation of AKT is rather mild

(Rozo et al., 2016). Chronic exposure to elevated Smoc2 levels

might lead to stem cell exhaustion during aging and upon

repeated injury. Indeed, we could show that elevated levels of

Smoc2 during regeneration in the young lead to slightly

decreased numbers of MuSCs. This ultimately impairs the

regeneration of skeletal muscle and results in a phenotype that

partially resembles the one observed in aged regenerating skel-

etal muscle (Brack and Muñoz-Cánoves, 2016). Interestingly, it

was shown that the two ECM molecules Wisp1 and Fibronectin

can interact with Itgb1 (Maiese, 2014; Ono et al., 2018). An age-

dependent decrease of Fibronectin in the ECM of skeletal mus-

cle has been shown to impair Itgb1 signaling (Rozo et al., 2016).

Therefore, we suggest that during aging the balance between

different ECM molecules, such as Smoc2, Fibronectin, or

Wisp1, is altered, resulting in aberrant activity of membrane re-

ceptors in MuSCs, including Itgb1.
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Figure 7. Effect of increased Smoc2 levels on skeletal muscle regeneration

(A) Smoc2 expression in regenerating TA muscles between day 0 (uninjured) and day 21 after injury. n = 4 mice per group, 3 months old. Smoc2 expression was

normalized to Ponceau displayed in Figure S7A. ***p < 0.001, *p < 0.05; one-way ANOVA.

(B) Absolute quantification of Smoc2 protein in TA muscle lysates of 3-month-old and 18-month-old mice by parallel reaction monitoring. The concentration of

Smoc2 was derived from the average value of 3 peptides quantified (n = 5 per group).

(C) Schematic showing in vivo injury; 10 mg Smoc2 or solvent was injected. n = 3 mice per group, 3 months old.

(D) Percentage of regenerating myofibers being positive for devMHC in the injured TA.

(E) Fiber feret distribution of devMHC-positive myofibers.

(F) Representative images for Pax7 (red), Laminin (green), and Hoechst (blue) in regenerating TA muscles. Scale bar: 50 mm.

(G) Quantification of the number of Pax7+ cells normalized to the injured area.

(H) Schematic depicting the repeated injury experiment. The same TAmuscle was injured 3 times every 14 days and injectedwith 10 mg Smoc2 or the solvent after

each injury.

(I) Representative images for devMHC (red), Laminin (green), and Hoechst (blue). Scale bar: 100 mm.

(J) Quantification of the percentage of devMHC-positive myofibers of all regenerating fibers. Control: n = 3, Smoc2: n = 4; mice were 2 months old at the start of

the experiment.

(K) Fiber feret distribution of devMHC+ myofibers. Control: n = 3, Smoc2: n = 4.

(L) Representative images for Pax7 (red), Laminin (green), and Hoechst (blue) in TA muscle. Scale bar: 50 mm.

(M) Quantification of the number of Pax7+ cells per area in the injured region. n = 3. For (B), (D), (E), (G), (J), (K), and (M), *p < 0.05; two-sided, unpaired Student’s t

test. Error bars: SD. Related to Figure S10.
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In summary, we provide two resources that describe alter-

ations and interactions of protein abundances in MuSCs and

their niche during aging. The majority of these changes appear

to depend on post-transcriptional mechanisms regulating pro-

tein levels. Our data recapitulate known phenotypes of aged

MuSCs, includingmitochondrial dysfunction, perturbed proteo-

stasis, and altered cell communication, and might therefore

help to provide mechanistic insights on how aging impacts

the regenerative capacity of MuSCs. We identified Smoc2 as

a modulator of the Integrin signaling axis between MuSCs and

their niche. Aberrantly high levels of Smoc2, as observed during

aging, are sufficient to impair MuSC functionality in young mice

following repeated muscle injury. Finally, we propose that tar-

geting themajor signaling axis that we identified to be perturbed

during aging might represent an efficient strategy to design

therapies aimed at improving regeneration of skeletal muscle

in the elderly.
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anti-alpha 7 integrin 647 (clone: R2F2) The University Of British Columbia AbLab 67-0010-05

Polyclonal goat IgG Bcam R&D AF8299 RRID:AB_2811217

Polyclonal rabbit IgG Calcr Biorad AHP635 RRID:AB_2068967

Rat IgG2b CD11b-PE BD Bioscience 553311 RRID:AB_394775

Rat IgG2a CD31-PE BD Bioscience 553373 RRID:AB_394819

Rat IgG2b CD45-PE BD Bioscience 553081 RRID:AB_394611

Polyclonal rabbit IgG Col14a1 Abcam Ab101464 RRID:AB_10710544

Hybridoma mouse IgG1 devMHC DSHB clone F.1652 RRID:AB_528358

Polyclonal rabbit IgG Elastin Abcam ab217356 RRID:AB_2827685

Monoclonal mouse IgG2b Erk1 Santa Cruz sc-271269 RRID:AB_10611091

Monoclonal mouse IgG2b Erk2 Santa Cruz sc-1647 RRID:AB_627547

Monoclonal mouse IgG1 Gapdh Santa Cruz sc-365062 RRID:AB_10847862

Polyclonal rabbit IgG laminin Sigma L9393 RRID:AB_477163

Monoclonal rat IgG2a MyoD Merck MABE132 RRID:AB_2665561

Hybridoma mouse IgG1 Pax7 DSHB Pax7 RRID:AB_528428

Polyclonal goat IgG Pdgfra R&D AF1062 RRID:AB_2236897

Polyclonal rabbit IgG pErk1/2 Cell Signaling 4370 RRID:AB_2315112

Monoclonal rat IgG2a Sca1-FITC eBioscience 11-5981-85 RRID:AB_465334

Monoclonal rat IgG2a Sca1-PE

(Ly-6A/E-PE)

BD Bioscience 553108 RRID:AB_394629

Monoclonal mouse IgG2a Smoc2 Santa Cruz sc-376104 RRID:AB_10989756

Polyclonal rabbit IgG Smoc2 MyBiosource MBS2527784

Polyclonal rabbit IgG Sun2 Atlas antibodies HPA001209 RRID:AB_1080465

Chemicals, peptides, and recombinant proteins

Cardiotoxin Latoxan L8102

HRM peptides Biognosys AG 42896

Recombinant mouse SMOC-2 protein R&D 6075-SM-050

Peptide: smoc2 FSALTFLR JPT customized

Peptide: smoc2 LSEPDPSHTLEER JPT customized

Peptide: smoc2 DPQLEIAHR JPT customized

Duolink blocking solution Sigma DUO82007-8ml

Duolink in situe detection reagents RED Sigma DUO92008-100RXN

Probemaker MINUS Sigma DUO9201-1KT

Probemaker PLUS Sigma DUO92009-1KT

Critical commercial assays

GFP-Trap Chromotek gta-100

TMT10plex reagents Thermo Fisher 90111

AssayMAP Fe(III)-NTA cartridges Agilent Technologies G5496-60085

Deposited data

Proteomics datasets for skeletal

muscle aging

ProteomeXchange PXD015616

Proteomics datasets for GFP trap analysis ProteomeXchange PXD015728

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Proteomics datasets for MuSC aging ProteomeXchange PXD016356

Proteomics datasets for Monensin

treatment of FAPs

ProteomeXchange PXD023628

Phosphoproteomics dataset ProteomeXchange PXD023643

Experimental models: cell lines

C2C12 ATCC ATCC� CRL-1772

HEK293 (Flp-In 293 T-Rex cells) Thermo Fisher R78007

HEK293-GFP This paper N/A

HEK293-Smoc2-GFP This paper N/A

Oligonucleotides

For primer sequences see Table S8 Metabion Customized

siRNA targeting Itgb1 (ON-Target

plus SMART pool)

Dharmacon L-040783-01-0005

Non targetin siRNA (ON-Target

plus SMART pool)

Dharmacon D-001810-10-05

Recombinant DNA

Mouse Smoc2 Dharmacon MMM1013-202764967

Software and algorithms

Compartment normalized value analysis Parca et al., 2018 N/A

Cytoscape v.3.8.0 Shannon et al., 2003 N/A

DESeq2 package for R Love et al., 2014 N/A

FeatureCounts v1.6.5 Liao et al., 2014 N/A

ImageJ (Schneider et al., 2012) N/A

Ingenuity pathway analysis software

v.01-14

QIAGEN 830018

limma package Ritchie et al., 2015 N/A

Mascot v2.5.1 Matrix Science N/A

MaxQuant v1.5.3.28 with Andromeda

search engine

Max Planck Institute of

Biochemistry

Cox et al., 2011

GraphPad Prism v8.3.0 GraphPad RRID: SCR_002798

Proteome Discoverer v2.0 Thermo Fisher OPTON-30812

R v3.3.3, v3.4.1, v3.6.3, v4.0.1 R Development Core Team, 2018 RRID: SCR_000432

RStudio v. 1.2.5042 RstudioTeam http://www.rstudio.com/

scfind Lee et al., 2019 N/A

SpectroDive v9 Biognosys AG N/A

Spectronaut v10-14 Biognosys AG Sw-3001

STAR v2.7.6a Dobin et al., 2013 N/A

Zen v3.0 Zeiss N/A

Other

R shiny web app for proteomics data This paper https://genome.leibniz-fli.de/shiny/

orilab/muscle-aging/
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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 Julia von

Maltzahn (Julia.vonMaltzahn@leibniz-fli.de).
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Materials availability
Plasmids and cell lines generated in this study can be obtained by contacting the Lead Contact. Further information and requests for

resources and reagents should be directed to and will be fulfilled by the Lead Contact Julia von Maltzahn (Julia.vonMaltzahn@

leibniz-fli.de).

Data and code availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol

et al., 2019) partner repository with the dataset identifier PRIDE: PXD015616, PXD015728, PXD016356, PXD023628, PXD023643

In addition, the proteomics data presented in this manuscript are available via a R shiny web server: https://genome.leibniz-fli.de/

shiny/orilab/muscle-aging/

The codes supporting the study are available from the corresponding authors upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal experiments were carried out with the approval of the Th€uringer Landesamt f€ur Verbraucherschutz (Germany) (Reg.-Nr.

011-03/14, FLI-17-014 and FLI-18-006).

Mice
All wild-type mice were C57BL/6J obtained from Janvier or from internal breeding at the Leibniz Institute on Aging – Fritz Lipmann

Institute (FLI) using the Janvier strain. All animals were kept in groups in a specific pathogen-free animal facility with a constant 12 h

light/dark cycle and fed ad libitum. Young mice were aged 2-3 months, old mice were aged 18-20 months and geriatric animals were

aged 24-42 months. All mice used in this study were male.

Cells
Muscle stem cells (MuSCs) were isolated from young, old and geriatric mice as described in the section ‘‘FACS Isolation of MuSCs

and FAPs’’ below.

Myoblasts were isolated from male C57BL/6J mice with an age of 5 months and cultured on collagen (Corning #354236) coated

plates in Ham’s F-10 Nutrient Mix (Thermo Fisher #31550031) supplemented with 10% FBS (Thermo Fisher #10270106), 1% Peni-

cillin-Streptomycin (Thermo Fisher #15140-122) and 2.5 ng/ml bFGF (Thermo Fisher #13256029) in a 37�C incubator with 95% hu-

midity and 5% CO2.

Fibro-adipogenic-progenitor cells (FAPs) for qRT-PCR analysis were isolated from 2 and 25 months old, male C57BL/6J mice and

immediately frozen as described in the section ‘‘FACS Isolation of MuSCs and FAPs.’’

FAPs for cell culture experiments were isolated from 2 – 3 months old, male C57BL/6J mice and cultured in DMEM high glucose

(Sigma #D6429) supplemented with 10% FBS (Thermo Fisher #10270106), 1% Penicillin-Streptomycin (Thermo Fisher #15140-122)

and 2.5 ng/ml bFGF (Thermo Fisher #13256029) in a 37�C incubator with 95% humidity and 5% CO2.

C2C12 cells were obtained from ATCC (ATCC� CRL-1772) and cultured in DMEM high glucose (Sigma #D6429) supplemented

with 10% FBS (Thermo Fisher #10270106), 1% Penicillin-Streptomycin (Thermo Fisher #15140-122) in a 37�C incubator with 95%

humidity and 5% CO2.

HEK293 cells (Flp-In 293 T-Rex cells) were obtained from Thermo Fisher (R78007). HEK293 cells were grown in Dulbecco’s modi-

fied Eagle’s medium (Sigma #D6429) with high glucose (5 g/l) supplemented with 10% heat inactivated fetal bovine serum (Thermo

Fisher #10270106) and supplementation with 100 mg/ml Zeocin (Thermo Fisher #R250-01) and 15 mg/ml Blasticidin (Thermo Fisher

#R210-01). After generation of a stable line cells were supplemented with 100 mg/ml Hygromycin (Thermo Fisher # 10687-010) and

15 mg/ml Blasticidin. Cells were cultured in a 37�C incubator with 95% humidity and 5% CO2.

METHOD DETAILS

FACS isolation of MuSCs and FAPs
MuSCs and FAPs were isolated from hindlimb muscles of adult male mice of different ages. The muscles were dissected and

collected in PBS, minced using scissors and digested in 2.5 g/ml collagenase B (Sigma) and 1 g/ml dispase (Sigma) for 20 min at

37�C. Together with 12 mL of isolation medium (HAMs F10 + 20%FBS) the digested muscle pieces were transferred into a 15 mL

tube (188271, Corning) to allow the sedimentation of larger undigested muscle chunks. The sample was then filtered using a

0.74 mm cell strainer (Corning) into a 50 mL tube, spun down at 450x g (Centrifuge 5408R, Eppendorf) for 5 min at room temperature

and resuspended in 500 mL isolation medium. The sample was then incubated on ice for 15 min with the antibodies used for FACS

analysis, as indicated below. Afterward, 15mL PBSwere added, the sample was spun down for 5 min at 450x g at room temperature

followed by resuspension in 1 mL PBS. After filtering the cells with a 0.35 mm cell strainer (Corning), a staining with SYTOX Blue Dead

Cell Stain (Thermo Fisher) was performed to distinguish between dead and alive cells. A BD FACSAria III was used for sorting of the

cells.
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For MuSCs, gating was set to select for Sca1- (Ly-6A/E-PE, 553108, BD Bioscience, 1:500), CD11b- (CD11b-PE, BD Bioscience,

order: 553311, 1:500), CD31- (CD31-PE, BD Bioscience, order: 553373, 1:500), CD45- (CD45-PE, BD Bioscience, order:553081,

1:500) and alpha7-integrin+ (anti-Alpha 7 Integrin 647 (clone: R2F2), The University Of British Columbia AbLab, order: 67-0010-

05, 1:500) cells. For further proteomics analysis isolated MuSCs were collected directly into 2x lysis buffer (100 mM HEPES pH8,

20 mM dithiotreitol, 2% sodium dodecyl sulfate) and stored at �80�C.
For FAPs, gating was set to select for Sca1+ (Sca1-FITC, eBioscience #11-5981-85, 1:500), CD11b- (CD11b-PE, BD Bioscience

#553311, 1:500), CD31- (CD31-PE, BD Bioscience #553373, 1:500), CD45- (CD45-PE, BD Bioscience #553081, 1:500) and alpha7-in-

tegrin- (anti-Alpha7 Integrin647 (clone:R2F2), TheUniversityOfBritishColumbiaAbLab#67-0010-05,1:500) cells. FAPswerecollected

in 10% FBS in PBS, spun down 450x g for 5 min and cells were either taken into culture as described above or frozen at �20�C.

Cell culture experiments using FAPs
All experiments with FAPswere performedwith cells whichwere passaged three times at themaximum. For targeted proteomic anal-

ysis of conditioned media from FAPs the supernatant was collected 48 h after seeding the cells. Monensin (GolgiStop, BD # 554724)

treatment was performed as described according to the instructions provided by the manufacturer (0.33 ml Monensin in 500 ml me-

dium, final 0.00017% Monensin) for 4 h and 8 h. Cells were collected and lysed in RIPA buffer (150 mM Sodium Chloride (Roth

#P029.2), 1% Triton X-100 (v/v, Roth #3051.3), 0.5% Sodium Deoxycholate (Thermo Fisher #89904), 0.1% SDS (w/v, Sigma

#75746-250G), 50 mM Tris (Roth #4855.2), pH8) for further analysis.

Preparation of MuSCs and FAPs for MS analysis
Samples from FACS were sonicated 10x 1 min using a Bioruptor Plus (Diagenode) on high intensity at 20�C to lyse the cells, boiled for

10 min at 95�C using a block heater and sonicated again 10x 1 min as before. Proteins were reduced with 10 mM dithioreitol (Roth

#6908.3) for 30 min at 37�C followed by alkylation with 15 mM iodoacetamide (Sigma #I1149) for 30 min at room temperature in the

dark. Subsequently, proteins were precipitated with 100% Acetone (Biosolve # 0001037801BS) over night at �20�C. Then, samples

were spundownat 21,000xg, 30min, 4�C, the pelletwaswashedwith 80%acetone (v/v), spundownat 21,000xg, 10min, 4�C,washed

again with 80%acetone (v/v) and spun down at 21,000x g for 2min at 4�C. The pellets were air-dried and resuspended in 30 mLMUrea

(Sigma #U6504), 100mMHEPES (Sigma #H3375), pH8 by sonication for 3x 1 min using a Bioruptor Plus. Lysyl endopeptidase (Lys-C,

Wako Chemical GmbH #125- 05061) was added at a 1:100 enzyme:protein ratio followed by incubation for 4 h at 37�Cwith continuous

shaking at 650 rpm. Samples were then diluted 1:1 with HPLC grade water (Sigma #270733) and trypsin (Promega #V5111) added at a

1:100 enzyme:protein ratio. The samples were digested for 16 h at 37�C at 650 rpm under continuous shaking. The digested samples

were acidified by the addition of trifluoroacetic acid (Biosolve #0020234131BS) to a final concentration of 2% (v/v) and then desalted

using Waters Oasis� HLB mElution Plate 30 mm (Waters #186001828BA) according to the manufacturer’s instructions. The eluates

weredriedwith a speed vacuumcentrifuge andpeptideswere reconstituted in 8.5ml reconstitutionbuffer (5% (v/v) acetonitrile (Biosolve

#0001204102BS), 0.1% (v/v) formic acid (Roth #4724.3) inMilli-Qwater), 0.5 mL of theHRMkit (Biognosys #Ki-3002-1)was added in the

dilution recommended by the manufacturer and 1 mg of peptides were injected for measurement in the mass spectrometer.

Tissue lysis for immunoblot and MS analysis
Skeletal muscle samples were cut into pieces inside a Precellys Keramik-Kit 1,4/2,8 mm tube (VWR # 431-0170), the respective vol-

ume of PBS was added (Gastrocnemius: 800 ml, TA: 400 ml, Soleus: 300 ml, EDL: 400 ml) and samples were homogenized using in a

Precellys 24 homogenizer (Bertin) for 30 s at 4�C. For a second round of homogenization (also 30 s), an additional volume of 400 mL

PBS was added to Gastrocnemius samples, while 200 mL of PBS were added to TA samples. All muscle samples were aliquoted

before subsequent lysis (Gastrocnemius: 20 ml, TA: 25 ml, Soleus: 30 mL and EDL: 30 ml). For lysis, the sample volume was adjusted

to to 100 mL with PBS followed by addition of 20 mL of 10% (w/v) sodium deoxycholate (Sigma #30970) before boiling at 95�C for

10 min. Samples were then allowed to cool down at room temperature for 10 min, then 80 mL of 10M Urea (Sigma #46504) in

250 mM ammonium bicarbonate (Roth #T871.2) were added. Samples were sonicated with a Bioruptor Plus for 10x 1 min on,

30 s off at 20�C using the highest settings. Samples were spun down at 21,000x g for 1 min and transferred into a new 1.5 mL

tube. SDS-PAGE and BCA assay were performed to estimate the protein concentration of each sample.

Data independent acquisition for MuSC and FAP samples
For spectral library generation, a pool of approx. 1 mg of reconstituted peptides was analyzed using Data Dependent Acquisition

(DDA) using the nanoAcquity UPLC system (Waters) equipped with a trapping (nanoAcquity Symmetry C18, 5 mm, 180 mm x

20mm, Waters) and an analytical column (nanoAcquity BEH C18, 2.5 mm, 75 mm x 250 mm, 186007484, Waters). The outlet of the

analytical column was coupled directly to an Orbitrap Fusion Lumos (Thermo Fisher) using the Proxeon nanospray source. The sam-

ples were loaded with a constant flow of solvent A (0.1% formic acid (v/v, 4724.3, Roth). Peptides were eluted via a non-linear

gradient from 0% to 40% solution B (0.1% formic acid (v/v, 4724.3, Roth) in acetonitrile (0001204102BS, Biosolve)) in 120min.

The peptides were introduced into the mass spectrometer via a Pico-Tip Emitter 360 mm OD x 20 mm ID; 10 mm tip (FS360-20-

10-D-20, New Objective). Total run time was 145min, including clean-up and column re-equilibration. The RF lens was set to

30%. For spectral library generation, individual MuSC samples were measured in DDA mode. The conditions for DDA data acquisi-

tion were as follows: Full scan MS spectra with mass range 350-1650 m/z were acquired in profile mode in the Orbitrap with a
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resolution of 60,000 FWHM. The filling time was set at maximum of 50 ms with limitation of 2 3 105 ions. The ‘‘Top Speed’’ method

was employed to take the maximum number of precursor ions (with an intensity threshold of 53 104) from the full scan MS for frag-

mentation (using HCD collision energy, 30%) and quadrupole isolation (1.4 Da window) and measurement in the Orbitrap (resolution

15,000 FWHM, fixed first mass 120m/z), with a cycle time of 3 s. TheMIPS (monoisotopic precursor selection) peptide algorithmwas

employed but with relaxed restrictions when too few precursors meeting the criteria were found. The fragmentation was performed

after accumulation of 23 105 ions or after a filling time of 22 ms for each precursor ion (whichever occurred first). MS/MS data were

acquired in centroid mode. Only multiply charged (2+ - 7+) precursor ions were selected for MS/MS. Dynamic exclusion was em-

ployed with a maximum retention period of 15 s and a relative mass window of 10 ppm. Isotopes were excluded.

For Data Independent Acquisition (DIA), approx. 1 mg of reconstituted peptides were loaded and the same gradient conditions were

applied to the LC as for the DDA. TheMSconditions were varied as follows: Full scanMS spectra withmass range 350-1650m/zwere

acquired in profile mode in the Orbitrap with a resolution of 120,000 FWHM. The filling time was set at a maximum of 20 ms with lim-

itation of 53 105 ions. DIA scanswere acquiredwith 34masswindow segments of differing widths across theMS1mass rangewith a

cycle time of 3 s. HCD fragmentation (30% collision energy) was applied and MS/MS spectra were acquired in the Orbitrap at a res-

olution of 30,000 FWHM over the mass range 200-2000 m/z after accumulation of 23 105 ions or after a filling time of 70 ms (which-

ever occurred first). Ions were injected for all available parallelizable time. Data were acquired in profile mode. For data acquisition

and processing of the raw data the Xcalibur v4.0, Tune v2.1 (Thermo Fisher) were used.

Preparation of skeletal muscles for MS analysis
Tissue lysates (50 mg) were reduced with 10 mM dithiotreitol (Roth #6908.3) for 30 min at 37�C followed by alkylation with 20 mM

iodoacetamide (Sigma #I1149) for 30 min at room temperature in the dark. Proteins were precipitated through addition of 100%

TCA in a 1:4 volume ratio (Sigma #T6399) for 30 min on ice, spun down at 21,000x g for 20 min at 4�C. The pellet was washed twice

with 1 mL pre-cooled 10% TCA followed by two washes with 100% ice-cold acetone (Biosolve # 0001037801BS,). The pellets were

air-dried before addition of the respective volume of digestion buffer (3M Urea, 100 mM HEPES, pH8) to obtain a protein concentra-

tion of 1 – 3mg/ml. LysC (Wako Chemical GmbH #125- 05061) was added at a ratio of 1:100 (w/w) enzyme:protein and digestion was

proceeded for 4 h at 37�C under constant shaking (1000 rpm for 1 h, then 650 rpm). Samples were then diluted 1:1 with MilliQ water

and trypsin (Promega #V5111) added at a ratio of 1:100 (w/w) enzyme:protein. Samples were further digested overnight at 37�C un-

der constant shaking (650 rpm). The following day, the digested samples were acidified by addition of TFA (Biosolve

#0020234131BS,) in a final concentration of 2% (v/v) and then desalted with Sep Pak C18 cartridges (Waters #WAT054945) accord-

ing to manufacturer’s instructions (Waters Corporation, Milford, MA, USA). The eluates were dried in a speed vacuum centrifuge and

dissolved at a concentration of 1 mg/mL in reconstitution buffer (5% (v/v) acetonitrile (Biosolve #0001204102BS), 0.1% (v/v) formic

acid (Roth #4724.3) in Milli-Q water). Reconstituted peptides were used for TMT labeling.

TMT labeling
The solution containing the resuspended peptides were brought to a pH 8.5 and a final concentration of 100 mM HEPES (Sigma

H3375) prior to labeling. For proteome analysis of the four different muscle types from young, old and geriatric mice, the samples

obtained from young mice were used as a common reference. 20 mg of peptides were used for each label reaction. TMT-10plex re-

agents (Thermo Fisher #90111) were reconstituted in 41 mL of acetonitrile (Biosolve #0001204102BS). TMT labeling was performed in

two steps by addition of 2x of the TMT reagent per mg of peptide (e.g., 40 mg of TMT reagent for 20 mg of peptides). TMT reagents were

added to samples at room temperature, followed by incubation in a thermomixer (Eppendorf) under constant shaking at 600 rpm for

30 min. After incubation, a second portion of TMT reagent was added and followed by incubation for another 30 min. After checking

the labeling efficiency byMS, equal amounts of samples were pooled (200 mg total), desalted using twowells of aWaters Oasis�HLB

mElution Plate 30 mm (Waters #186001828BA) and subjected to high pH fractionation prior to MS analysis.

The labeling of the samples was performed as follows:
young old geriatric

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

G 126 127N 127C 128N 128C 129N 129C 130N 130C 131 129N 129C 130N 130C 131

TA 129N 129C 130N 130C 131 126 127N 127C 128N 128C 126 127N 127C 128N 128C

EDL 129N 129C 130N 130C 131 126 127N 127C 128N 128C 126 127N 127C 128N 128C

S 129N 129C 130N 130C 131 126 127N 127C 128N 128C 126 127N 127C 128N 128C
High pH peptide fractionation
Offline high pH reverse phase fractionation was performed using an Agilent 1260 Infinity HPLC System equipped with a binary pump,

degasser, variable wavelength UV detector (set to 220 and 254 nm), peltier-cooled autosampler (set at 10�C) and a fraction collector.

The column used was a Waters XBridge C18 column (3.5 mm, 1003 1.0 mm, Waters) with a Gemini C18, 43 2.0 mm SecurityGuard
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(Phenomenex) cartridge as a guard column. The solvent system consisted of 20 mM ammonium formate (20 mM formic acid (Bio-

solve #00069141A8BS), 20mM (Fluka #9857) pH 10.0) as mobile phase (A) and 100% acetonitrile (Biosolve #0001204102BS) as mo-

bile phase (B). The separation was performed at a mobile phase flow rate of 0.1 mL/min using a non-linear gradient from 95% A to

40% B for 91 min. Forty-eight fractions were collected along with the LC separation that were subsequently pooled into 23 or 24

fractions. Pooled fractions were dried in a speed vacuum centrifuge and then stored at �80�C until MS analysis.

Data acquisition of TMT labeled samples
For TMT experiments, fractions were resuspended in 20 mL reconstitution buffer (5% (v/v) acetonitrile (Biosolve #0001204102BS),

0.1% (v/v) TFA in water) and 5 mL were injected into the mass spectrometer. Peptides were separated using the nanoAcquity

UPLC system (Waters) fitted with a trapping (nanoAcquity Symmetry C18, 5 mm, 180 mm x 20 mm) and an analytical column (nano-

Acquity BEH C18, 2.5 mm, 75 mm x 250 mm). The outlet of the analytical column was coupled directly to an Orbitrap Fusion Lumos

(Thermo Fisher Scientific) using the Proxeon nanospray source. Solvent A was water with 0.1% (v/v) formic acid and solvent B was

acetonitrile, 0.1% (v/v) formic acid. The samples were loaded with a constant flow of solvent A at 5 ml/min, onto the trapping column.

Trapping time was 6 min. Peptides were eluted via the analytical column at a constant flow rate of 0.3 ml/ min, at 40�C. During the

elution step, the percentage of solvent B increased in a linear fashion from 5% to 7% in the first 10 min, then from 7% B to 30%

B in the following 105min and to 45%B by 130 min. The peptides were introduced into the mass spectrometer via a Pico-Tip Emitter

360 mm OD x 20 mm ID; 10 mm tip (New Objective) and a spray voltage of 2.2kV was applied. The capillary temperature was set at

300�C. Full scan MS spectra with a mass range of 375-1500 m/z were acquired in profile mode in the Orbitrap with a resolution

of 60000 FWHM using the quad isolation. The RF on the ion funnel was set to 40%. The filling time was set to a maximum of

100 ms with an AGC target of 4 3 105 ions and 1 microscan. The peptide monoisotopic precursor selection was enabled along

with relaxed restrictions if too few precursors were found. The most intense ions (instrument operated for a 3 s cycle time) from

the full scanMSwere selected for MS2, using quadrupole isolation and awindow of 1 Da. HCDwas performed with a collision energy

of 35%. A maximum fill time of 50 ms for each precursor ion was set. MS2 data were acquired with a fixed first mass of 120 m/z and

acquired in the ion trap in Rapid scanmode. The dynamic exclusion list was set with amaximum retention period of 60 s and a relative

mass window of 10 ppm. For theMS3, the precursor selection windowwas set to the range 400-2000m/z, with an exclusion width of

18 m/z (high) and 5 m/z (low). The most intense fragments from the MS2 experiment were co-isolated (using Synchronus Precursor

Selection = 8) and fragmented using HCD (65%). MS3 spectra were acquired in the Orbitrap over the mass range of 100-1000 m/z

and the resolution set to 30000 FWHM. Themaximum injection timewas set to 105ms and the instrument was set not to inject ions for

all available parallelizable time. For data acquisition and processing of raw data the Xcalibur v4.0 and Tune v2.1 were used.

Affinity purification of Smoc2-GFP fusion protein
For generation of stable lines expressing either Smoc2-GFP or GFP control, plasmids were generated using theGateway Technology

(Invitrogen). The destination vector containing GFPwas combined with the entry clone (vector generated with pDONR) Smoc2 (Dhar-

macon #MMM1013-202764967). The X-tremeGENE9DNA transfection reagent (Sigma-Aldrich) was then used to stably transfect the

HEK293 (Flp-In 293 T-Rex cells) cells.

To induce the expression of either GFP or Smoc2-GFP, cells were cultured until they reached a confluency of 70%, then tetracy-

cline (1 mg/ml, Sigma, #87128) was added. 48 h after induction cells were harvested by trypsinization and the cell pellet was frozen at

�80�C. The cells were lysed in 200 ml RIPA buffer (150 mM Sodium Chloride, 0.5% Sodium Deoxycholate, 0.1% SDS, 50 mM Tris

pH8, 1%Triton X-100, Phosstop (Roche #4906837001), complete PI (Roche #11697498001)), and the pulldownwas performed using

GFP-traps according to manufacturer’s instructions (Chromotek #gta-100). Immunoblot analysis was performed on 10%of the sam-

ple to show Smoc2-GFP fusion-protein expression. Sample preparation for mass spectrometry analysis included sonication for 10x

1 min on, 30 s off at 20�C and highest intensity settings in a Bioruptor Plus and boiling 10 min at 95�C, followed by reduction with

10 mM dithiotreitol (Roth #6908.3) for 30 min at 37�C and alkylation with 20 mM iodoacetamide (Sigma #I1149) for 30 min at

room temperature in the dark. Proteins were precipitated through addition of 1:8 volume of 100% Acetone (Biosolve

#0001037801BS) over night at �20�C. ‘‘Protein precipitation, digestion and desalting were performed as described in ‘‘Preparation

of MuSCs and FAPs for MS analysis.’’

Data acquisition for GFP-trap samples
Digested peptides were separated using the nanoAcquity UPLC system (Waters) fitted with a trapping (nanoAcquity Symmetry C18,

5mm, 180 mm x 20 mm) and an analytical column (nanoAcquity BEH C18, 1.7mm, 75mm x 250mm). The outlet of the analytical column

was coupled directly to an Orbitrap Fusion Lumos (Thermo Fisher Scientific) using the Proxeon nanospray source. Solvent A was

water with 0.1% (v/v) formic acid and solvent B was acetonitrile with 0.1% (v/v) formic acid. The samples (500 ng) were loaded

with a constant flow of solvent A at 5 ml/min onto the trapping column. Trapping time was 6 minutes. Peptides were eluted via the

analytical column with a constant flow of 0.3 ml/ min. During the elution step, the percentage of solvent B increased in a linear fashion

from 3% to 25% in the first 30 minutes, then increased to 32% in the following 5 minutes and finally to 50% in the last 0.1 minutes.

Total runtime was 60 minutes. The peptides were introduced into the mass spectrometer via a Pico-Tip Emitter 360 mmOD x 20 mm

ID; 10 mm tip (NewObjective) and a spray voltage of 2.2 kV was applied. The capillary temperature was set at 300�C. The RF lens was

set to 30%. Full scan MS spectra with mass range 375-1500 m/z were acquired in profile mode in the Orbitrap with a resolution of
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120000 FWHM. The filling time was set to a maximum of 50 ms with a limitation of 23 105 ions. The ‘‘Top Speed’’ method was em-

ployed to take the maximum number of precursor ions (with an intensity threshold of 53 103) from the full scan MS for fragmentation

(using HCD collision energy, 30%) and quadrupole isolation (1.4 Dawindow) andmeasurement in the ion trap, with a cycle time of 3 s.

TheMIPS (monoisotopic precursor selection) peptide algorithm was employed but with relaxed restrictions when too few precursors

meeting the criteria were found. The fragmentation was performed after accumulation of 23 103 ions or after a filling time of 300 ms

for each precursor ion (whichever occurred first). MS/MS data were acquired in centroid mode, with the Rapid scan rate and a fixed

first mass of 120m/z. Onlymultiply charged (2+ - 7+) precursor ions were selected for MS/MS. Dynamic exclusion was employed with

a maximum retention period of 60 s and a relative mass window of 10 ppm. Isotopes were excluded. Additionally, only 1 data depen-

dent scanwas performed per precursor (only themost intense charge state selected). Ionswere injected for all available parallelizable

time. In order to improve the mass accuracy, a lock mass correction using a background ion (m/z 445.12003) was applied. For data

acquisition and processing of the raw data, the Xcalibur 4.0 (Thermo Scientific) and Tune version 2.1 were employed.

Parallel reaction monitoring for Smoc2
Seven peptides belonging to Smoc2 were selected and their isotopically labeled versions (C-terminal heavy Arginine (U-13C6; U-

15N4) or Lysine (U-13C6; U-15N2)) were synthesized by JPT Peptide Technologies GmbH (Berlin, Germany). Peptides were recon-

stituted in 20% (v/v) acetonitrile (Biosolve #0001204102BS), 0.1% (v/v) formic acid (Roth #4724.3) and further pooled together in a 1:1

ratio. An aliquot of the pooled peptides, corresponding to approximatively 17.14 fmol per peptide, was analyzed by bothDDA andDIA

MS analysis and used for assay generation using Spectrodive v.9 (Biognosys AG, Schlieren, Switzerland).

Peptides were analyzed using a nanoAcquity UPLC system (Waters) fitted with a trapping (nanoAcquity Symmetry C18, 5 mm,

180 mm x 20 mm) and an analytical column (nanoAcquity BEH C18, 2.5 mm, 75 mm x 250 mm), and coupled to an Orbitrap Fusion

Lumos (Thermo Fisher Scientific, Waltham, MA, USA). Solvent A was water with 0.1% (v/v) formic acid and solvent B was acetonitrile

with 0.1% (v/v) formic acid. Peptides were eluted via the analytical column with a constant flow of 0.3 ml/min. During the elution step,

the percentage of solvent B increased in a non-linear fashion from 0% to 40% in 40min. Total runtime was 60min, including clean-up

and column re-equilibration. PRM acquisition was performed in a scheduled fashion for the duration of the entire gradient (after in-

strument calibration in an unscheduled mode) using the ‘‘DIA’’ mode with the following settings: resolution 120,000 FWHM, AGC

target 3 3 106, maximum injection time (IT) 250 ms, isolation window 0.4 m/z. For each cycle, a ‘‘full MS’’ scan was acquired

with the following settings: resolution 120,000 FWHM, AGC target 3 3 106, maximum injection time (IT) 10 ms, scan range 350 to

1650 m/z.

Sample preparation for phosphoproteomics analysis
Lysates (corresponding to 50 mg of protein extract) from C2C12 treated with Smoc2 were acetone precipitated, digested into pep-

tides and desalted, as described in ‘‘Preparation of MuSCs and FAPs for MS analysis’’. The last desalting step was performed using

50 ml of a 80% ACN and 0.1% TFA buffer solution. Before phosphopeptide enrichment, samples were filled up to 210 ml using 80%

ACN and 0.1% TFA buffer solution. Phosphorylated peptides were enriched using Fe(III)-NTA cartridges (Agilent Technologies

#G5496-60085) using the AssayMAP Bravo Platform (Agilent Technologies), as described in Post et al. (2017). Briefly, Fe(III)-NTA

cartridges were washed with 250 mL of 100% ACN/0.1% TFA and conditioned using 250 ml of loading buffer consisting of 80%

ACN and 0.1% TFA. After loading the samples into the cardridge, the columns were washed with 250 ml of loading buffer, and

then the phosphopeptides were eluted with 25 ml of 1% ammonia directly into 25 ml of 10% FA in water. Samples were dried

down with a speed vacuum centrifuge and stored at �20 �C until MS analysis.

Data independent acquisition for enriched phosphopeptides
Prior to analysis, samples were reconstituted in 5% ACN, 95%Milli-Q water, with 0.1% FA and spiked with iRT peptides (Biognosys,

Switzerland). Peptides were separated in trap/elute mode using the nanoAcquity MClass Ultra-High-Performance Liquid Chroma-

tography system (Waters, Waters Corporation, Milford, MA, USA) equipped with a trapping (nanoAcquity Symmetry C18, 5 mm,

180 mm3 20mm) and an analytical column (nanoAcquity BEHC18, 1.7 mm, 75 mm3 250mm). Solvent A was water and 0.1% formic

acid, and solvent B was acetonitrile and 0.1% formic acid. Between 40 and 80% of the samples were loaded with a constant flow of

solvent A at 5 ml/min onto the trapping column. Trapping time was 6 min. Peptides were eluted via the analytical column with a con-

stant flow of 0.3 ml/min. During the elution step, the percentage of solvent B increased in a nonlinear fashion from 0%–40% in 60min.

For MS analysis, either a Q exactive HF-X (Thermo Fisher Scientific, Bremen, Germany) or an Exploris 480 (Thermo Fisher Scientific,

Bremen, Germany) mass spectrometer were used. The MS were coupled to the LC using the Proxeon nanospray source. The pep-

tides were introduced into the mass spectrometer via a Pico-Tip Emitter 360-mm outer diameter3 20-mm inner diameter, 10-mm tip

(New Objective) heated at 300�C, and a spray voltage of 2.2 kV was applied. The capillary temperature was set at 300�C.
For analysis on the Q Exactive HF-X, the radio frequency ion funnel was set to 40%. For DIA data acquisition, full scan MS spectra

with mass range 350–1650 m/z were acquired in profile mode in the Orbitrap with resolution of 120,000 FWHM. The default charge

state was set to 3+. The filling timewas set atmaximumof 60mswith limitation of 33 106 ions. DIA scanswere acquiredwith 30mass

window segments of differing widths across the MS1mass range. Higher collisional dissociation fragmentation (stepped normalized

collision energy; 25.5, 27, and 30%) was applied and MS/MS spectra were acquired with a resolution of 30,000 FWHM with a fixed

first mass of 200 m/z after accumulation of 33 106 ions or after filling time of 47 ms (whichever occurred first). Data were acquired in
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profile mode. For data acquisition and processing of the raw data, Xcalibur 4.0 (Thermo Fisher) and Tune version 2.9 were used.

For analysis on the Exploris 480, the radio frequency ion funnel was set to 30%. For DIA data acquisition, full scanMS spectra with

mass range 350–1650 m/z were acquired in profile mode in the Orbitrap with resolution of 120,000 FWHM. The default charge state

was set to 3+. The filling time was set at maximum of 60 ms with limitation of 3 3 106 ions. DIA scans were acquired with 30 mass

window segments of differing widths across the MS1mass range. Higher collisional dissociation fragmentation (stepped normalized

collision energy; 25.5, 27, and 30%) was applied and MS/MS spectra were acquired with a resolution of 30,000 FWHM with a fixed

first mass of 200 m/z after accumulation of 33 106 ions or after filling time of 47 ms (whichever occurred first). Data were acquired in

profile mode. For data acquisition and processing of the raw data, Xcalibur 4.4 (Thermo Fisher) and Orbitrap Exploris 480 Tune

version 2.0 were used.

Immunofluorescence analysis of cryo-sections
TA muscles were isolated, cut in the mid-belly region, frozen in freezing medium (v/v: 1:3 30% Sucrose (Affymetrix #21938) and

Thermo Scientific Richard-Allan Scientific Neg-50 Frozen Section Medium (Thermo Fisher #6502) in liquid nitrogen and stored at

�80�C. Cryosections of the TAmuscles (14 mm thick) were fixed with 2% formaldehyde (Roth #4979.1) in PBS for 5 min at room tem-

perature, washed twice with PBS and then permeabilized (0.1% Triton X-100 (Roth #3051.3), 0.1 M Glycine (VWR #1042011000) in

PBS) for 5 min at room temperature. Washing with PBS was repeated twice and cryo sections were incubated with blocking solution

for 1 h at room temperature. For Pax7 staining, the Mouse on Mouse Blocking Reagent (Vector #MKB-2213, 1:40 in PBS) was used

for 1 h at room temperature. For all other stainings, 5% horse serum (Thermo Fisher #26050-088) in PBS was used as blocking

solution. The sections were incubated at 4�C overnight with primary antibodies against the following proteins: Col14a1

(Abcam #ab101464, 1:100), devMHC (Hybridoma clone F.1652, mouse IgG1, undiluted), Elastin (Abcam #ab217356, 1:100), Laminin

(Sigma #L9393, Rabbit IgG, 1:1000), Pax7 (Pax7, DSHB, Hybridoma mouse IgG1, undiluted), Pdgfra (R&D #AF1062, 1:100), Smoc2

(MyBiosource #MBS2527784, rabbit IgG, 1:100). After washing three times with PBS, the sections were incubated for 1 h at room

temperature with the respective secondary antibody: anti-goat IgG (Alexa Fluor 647, #A-21447), anti-mouse IgG1 (Alexa Fluor

546, #A-21123), anti-rabbit IgG (Alexa Fluor 488, #A-21206), anti-rabbit IgG (Alexa Fluor 546, #A10040), anti-rat IgG (Alexa Fluor

488, #A-21208), all from Thermo Fisher Scientific, 1:1000 in 5% horse serum in PBS. After washing, nuclei were stained with Hoechst

(1:2500 in PBS) at room temperature for 5 min followed by three washing steps using PBS and mounting in Permafluor mounting

medium (Thermo Fisher #TA-006-FM). Microscopy was performed with an Axio Imager.Z2 equipped with a Plan-Apochromat

20x/0.8 M27 Objective (Zeiss, resolution: 0.227 mm x 0.227 mm per pixel) using the ZEN software v3.0 (Zeiss). For displaying images,

adjustments of individual color channels were made in the same way for all the images belonging to the same experiment.

Sirius red staining
Muscle cryosections were fixed for 5 min at room temperature with 2% PFA and washed three times with PBS. Pico-sirius red stain-

ing (Direct Red 80 (Sigma #365548-5G)) in picric acid solution (Sigma #P6744-1GA)) was performed for 1 h at room temperature and

slides were washed subsequently two times with acidified water (0.5% acetic acid (Roth #6755.1) in water). Most of the water was

removed, samples were rinsed in Xylene (Sigma #534056) and mounted in Xylene-containing mounting medium (Leica

#14046430011). Microscopy was performed with an Axio Imager.Z2 equipped with a Plan-Apochromat 20x/0.8 M27 Objective

(Zeiss, resolution: 0.227 mm x 0.227 mm per pixel) using the ZEN software v3.0 (Zeiss).

Floating myofiber culture
Fiber culture isolation was performed as described in H€uttner et al. (2019). Briefly, single myofibers were isolated from EDLmuscles of

C57BL/6J mice by incubating the EDL muscle for 60-120 min in 0.2% collagenase (Sigma #C0130) in DMEM (Sigma #D6429). Single

myofibers were separated using a large bore Pasteur pipette with a fire-rounded opening hole in isolation medium (20% FBS (Thermo

Fisher #10270106) inDMEM). Isolatedmyofibers (ca. 50per condition)were theneither fixed and used for immunofluorescence staining

immediately as described in ‘‘Immunofluorescence of floatingmyofibers’’ or incubated for 32h or 72h in culturemedium (20%FBS, 1%

chicken embryo extract (Seralab, CE-650-J) in DMEM). Smoc2 application was performed with 5 mg/ml Smoc2 recombinant protein

(R&D Systems #6075-SM-050) directly after isolation. Transfection with siRNA targeting Itgb1 (Dharmacon #L-040783-01-0005) or a

non-targeting control (Dharmacon #D-001810-10-05) was performed 4 h after isolation using the RNA-iMAX transfection reagent ac-

cording to the instructions provided by themanufacturer (Thermo Scientific). After respective times of incubation, myofibers were fixed

for immunofluorescenceanalysisasdescribed in ‘‘Immunofluorescenceoffloatingmyofibers.’’ ForqPCRanalysis, livingmyofiberswere

harvested in a 1.5 mL tube, excess medium was removed and 1 mL TriFast (Peqlab) was added for RNA isolation.

Immunofluorescence of floating myofibers
Single myofibers were fixed in 2% formaldehyde (Roth #CP10.1) in PBS for 5 min at room temperature, washed twice with PBS and

permeabilized with permeabilization solution (0.1% Triton X-100 (Roth #3051.3), 0.1 M Glycine (VWR #1042011000) at room temper-

ature for 10 min. Washing with PBS was repeated twice and the myofibers were incubated in blocking solution (for Bcam: 5% horse

serum (Thermo Fisher #26050-088) and 0.3% Triton X-100 in PBS, for all other antibodies: 5% horse serum in PBS) for 1 h at room

temperature. Incubation with primary antibodies was carried out in 5% horse serum in PBS overnight at 4�C using antibodies against

the following proteins: Calcr (Biorad #AHP635, rabbit IgG, 1:100), Itgb4 (abcam #ab236251, rabbit IgG, 1:200), MyoD (Merck
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#MABE132, rat IgG2a, 1:100), Pax7 (Pax7, DSHB, Hybridoma mouse IgG1, undiluted), Sun2 (Atlas antibodies #HPA001209, rabbit

IgG, 1:500). For immunostainings against Bcam and Pax7, one part of antiboby against Bcam (R&D #AF8299, goat IgG, 1:25) was

mixed with one part of Pax7 hybridoma antibody and one part of antibody dilution buffer (1% BSA (Thermo Fisher #23209) and

0.3% Triton X-100 in PBS)). After washing three times with PBS the respective secondary antibodies were added for 1 h at room tem-

perature: anti-goat IgG (Alexa Fluor 647, #A-21447), anti-mouse IgG1 (Alexa Fluor 546, #A-21123), anti-rabbit IgG (Alexa Fluor 488,

#A-21206), anti-rabbit IgG (Alexa Fluor 546, #A10040), anti-rat IgG (Alexa Fluor 488, #A-21208), all from Thermo Fisher Scientific,

1:1000 in 5% horse serum in PBS. After washing, nuclei were stained with Hoechst (1:2500 in PBS) at room temperature for

5 min, followed by an additional washing step and mounting in Permafluor mounting medium (Thermo Fisher #TA-006-FM). Micro-

scopy was performed with an Axio Imager.Z2 equipped with a Plan-Apochromat 40x/1.3 Oil DIC (UV) VIS IR M27 Objective using

Apotome mode. For quantification cells were outlined using ZEN software v3.0 (Zeiss) and the sum intensity was used.

Proximity labeling assay of MuSCs on floating fiber culture
Freshly isolated myofibers were fixed with 2% PFA for 10 min at room temperature, washed twice with PBS followed by permeabi-

lization with 0.1 M glycine, 0.1% Triton X-100 in PBS (pH 7.4) for 10min at room temperature. After incubation with Duolink blocking

solution (Sigma-Aldrich, #DUO92101) for 1h at room temperature, myofibers were incubated with mouse anti-PAX7 (DSHB) at 4�C
overnight. Samples werewashedwith PBS and stainedwith secondary antibodies (Alexa FluormIgG1 488, # A-21121; ThermoScien-

tific) for 1h at room temperature. The proximity ligation assay (PLA) was performed using the Duolink In Situ Detection Reagents Red

(Sigma-Aldrich, #DUO92101) according to the manufacturer’s protocol. Primary antibodies were directly coupled by using the Du-

olink In Situ Probemaker MINUS and POSITIVE (Sigma-Aldrich; #DUO92010 and #DUO92009). Primary antibodies used were:

mouse anti-ITGB1 (Sigma-Aldrich, MA5-17103) and mouse anti-Smoc2 (Santa Cruz, sc-376104). Images were taken with an Axio

Observer.D1 microscope equipped with a 63x objective and analyzed with the ZEN software v3.0 (Zeiss).

qRT-PCR
RNA isolation was performed with TriFast (Peqlab) according to manufacturer’s protocol. Myofibers were homogenized in TriFast by

pipetting them up and down for 3min and vortexing. Cells were either directly harvested into TriFast or cell pellets were resuspended

and lysed by pipetting up and down for 3min and vortexing. Reverse transcription was performed on 600 ng total RNA. RT-qPCRwas

performed on a CFX384 Touch RealTime PCR System (Biorad) using SyBrGreen (Biorad). Technical triplicates were performed for

each sample. For triplicates having a Cq-SEM (calculated by Bio-Rad CFXManager 3.1) higher than 0.4, the replicate with the largest

difference was excluded. The list of primers used can be found in Table S8.

Immunoblot analysis
Skeletal muscles were homogenized and lysed as described in ‘‘Tissue lysis for immunoblot and MS analysis.’’ C2C12 cells were

lysed in RIPA buffer for 20 min on ice and sonicated using a Bioruptor for 10x 1 min on, 30 s off at 20�C and highest intensity settings.

Then, 10 mg protein was separated on 4%–20% Mini-PROTEAN� TGX Precast Protein Gels (Biorad #4561094) and blotted onto a

Roti�-NC Transfermembrane (Roth #HP40.1). Proteins were visualized with Ponceau S staining before incubation with 3% BSA

(Thermo Fisher # 23209) in TBST for 1 h at room temperature. Membranes were then incubated with the respective primary anti-

bodies in 3% BSA, 0.05% NaAc in TBST overnight at 4�C using antibodies against the following proteins: Smoc2 (Santa Cruz

#sc-376104, mouse, 1:250), Gapdh (Santa Cruz #sc-365062, mouse, 1:200), Erk1 (Santa Cruz #sc-271269, mouse, 1:1500), Erk2

(Santa Cruz #sc-1647, mouse, 1:1500), pErk1/2 (Cell signaling #4370, rabbit, 1:2000). On the next day, the membranes were washed

three times for 10 min in TBST and incubated for 1 h at room temperature with the respective HRP coupled secondary antibodies:

goat anti-rabbit immunoglobulins-HRP (Dako #P0448, 1:1000), goat anti-mouse immunoglobulins-HRP (Dako #P0447, 1:1000)). Af-

ter washing with TBST the membranes were incubated with Pierce ECL Western Blotting Substrate (Thermo Fisher #32209) and

detection was carried out using a ChemiDocTM XRS+ Imaging system (Biorad). Quantification was performed in ImageJ v1.59n.

Cardiotoxin muscle injury and Smoc2 treatment
Mice were anesthetized by constant inhalation of Isoflurane. The TAmuscles were injured either once or three times every 14 days by

injecting 50 ml of 20 mMCardiotoxin (Latoxan #L8102) in sterile 0.9%NaCl per TAmuscle. Smoc2 recombinant protein (R&D Systems

#6075-SM-050) was injected twice after each injury (10 mg Smoc2 in 50 ml sterile 0.9% NaCl) three and five days after the respective

Cardiotoxin injection. Metacam (1mg/kg) was used for pain relief, administered s.c. on the day of injury as well as two following days.

Decellularization of TA tissue
Isolated TAmuscles were cut in the transverse plane in 4 equally sized pieces. The two middle pieces were used for analysis. On one

of the pieces the protocol of Silva et al. (2016) was used for decellularization. Successful decellularization was tested by comparing

DNA levels in native (not decellularized) and decellularized tissues. Briefly, decellularized and native tissues were digested in papain

enzyme digestion solution (3.88 units/ml Papain, 100 mM L-cysteine (Sigma #A91565), 100 mM Sodium phosphate (Sigma #S0876),

5 mM EDTA (Roth #8043.3), pH 6.5) for 18 h at 60�C under constant shaking (650 rpm). After vortexing, the samples were spun down

at 650x g for 1 min and DNA amounts were quantified using the DNA Quantitation Kit (Sigma #DNAQF) according to manufacturer’s

instructions. Decellularized muscles were further processed for mass spectrometry analysis as described for whole tissue.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data processing for DIA samples
For MuSCs, the DIA spectral library was generated using DDA data searched with MaxQuant (version 1.5.3.30) (Cox and Mann, 2008).

The datawere searched against a species specific Uniprot database (Musmusculus, reviewed entry only, release 2016_01) with a list of

common contaminants appended using the Andromeda search engine (Cox et al., 2011). The data were searched with the following

modifications: Carbamidomethyl (C) (fixed) and Oxidation (M) and Acetyl (Protein N-term) (variable). The mass error tolerance for the

full scanMSspectrawas set at 20ppmand for theMS/MSspectra at 0.5Da.Amaximumof2missedcleavageswereallowed.The library

search was set to a 1% false discovery rate (FDR) at both, the protein and the peptide level. The spectral library was generated using

Spectronaut v10 (Biognosys) using the MaxQuant output. The library contained 127,689 precursors, corresponding to 5,645 protein

groupsusingSpectronautprotein inference.DIAdatawereanalyzedandsearchedagainst thespecificspectral libraryusingSpectronaut

v10.Relativequantificationwasperformed inSpectronaut for eachpairwisecomparisonusing the replicate samples fromeachcondition

anddefault settings. Thedata (candidate table) andprotein quantity data reportswere thenexported, and further dataanalysesand visu-

alization were performed using R. Proteins with q < 0.05 and absolute log2 fold change > 0.58were considered as significantly affected.

For FAPs, a DpD (DDA plus DIA) library was created by searching DIA and DDA runs from the same samples using Spectronaut

Pulsar v14 (Biognosys). The data were searched against a species specific Uniprot database (Mus musculus, reviewed entry only,

release 2016_01) with a list of common contaminants appended. The data were searched with the following modifications: carba-

midomethyl (C) as fixed modification, and oxidation (M), acetyl (protein N-term) as variable modifications. A maximum of 2 missed

cleavages was allowed. The library search was set to 1% false discovery rate (FDR) at both protein and peptide levels. This library

contained 87,314 precursors, corresponding to 5,165 protein groups using Spectronaut protein inference. DIA data were then up-

loaded and searched against this spectral library using Spectronaut Professional (v.14) and default settings. Protein quantities

were exported from Spectronaut and used to assess the abundance of Smoc2 following Monensin treatment.

Data processing for TMT labeled samples
TMT-10plexdatawereprocessedusingProteomeDiscovererv2.0 (ThermoFisher).Dataweresearchedagainst the relevantspecies-specific

fasta database (Uniprot database, Swissprot entry only, release 2016_01 forMus musculus) using Mascot v2.5.1 (Matrix Science) with the

following settings: enzymewas set to trypsin,with up to 1missed cleavage.MS1mass tolerancewas set to 10ppmandMS2 to 0.5Da. Car-

bamidomethyl cysteinewasset asafixedmodificationandoxidationofMethionineasvariable.Othermodifications included theTMT-10plex

modification fromthequantificationmethodused.Thequantificationmethodwasset for reporter ionsquantificationwithHCDandMS3(mass

tolerance, 10 ppm). The false discovery rate for peptide-spectrummatches (PSMs) was set to 0.01 using Percolator (Brosch et al., 2009).

Reporter ion intensity values for the PSMs were exported and processed with procedures written in R (v. 3.4.1), as described in

Heinze et al. (2018). Briefly, PSMs mapping to reverse or contaminant hits, or having a Mascot score below 15, or having reporter

ion intensities below 1 3 103 in all the relevant TMT channels were discarded. TMT channels intensities from the retained PSMs

were then log2 transformed, normalized and summarized into protein group quantities by taking themedian value. At least two unique

peptides per protein were required for the identification and only those peptides with one missing value across all 10 channels were

considered for quantification. Protein differential expression was evaluated using the limma package (Ritchie et al., 2015). Differ-

ences in protein abundances were statistically determined using an unpaired Student’s t test moderated by the empirical Bayes

method. P values were adjusted for multiple testing using the Benjamini-Hochberg method (FDR, denoted as ‘‘adj p’’) (Benjamini

and Hochberg, 1995). Proteins with adj p < 0.05 were considered as significantly affected.

Data processing for GFP-trap analysis
TheMaxQuant software (version 1.5.3.28) was used to search the data. The data were searched against a species-specific database

(Uniprot database, Swissprot entry only, release 2016_01 forHomo sapiens) with a list of common contaminants appended. The data

were searched with the followingmodifications: Carbamidomethyl (C) (fixed) and Oxidation (M) and Acetyl (Protein N-term) (variable).

Themass error tolerance for the full scanMS spectra was set at 20 ppm and for theMS/MS spectra at 0.5 Da. Amaximumof 2missed

cleavages was allowed. Peptide and protein level 1% FDRwere applied using a target-decoy strategy (Elias andGygi, 2007). Peptide

counts were exported from the protein groups output table of MaxQuant.

PRM analysis for quantification of Smoc2
Peak group identification and quantification was performed using SpectroDive v9. Quantification was performed using a spike-in

approach. Thereby, the summed height of all the identified transitions was used to estimate the quantity of each peptide.
Protein Access GeneID Peptide sequence Charge state

Q8CD91 Smoc2 LSEPDPSHTLEER +2, +3

Q8CD91 Smoc2 FSALTFLR +2

Q8CD91 Smoc2 DPQLEIAHR +2, +3
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Peptide quantities were normalized across samples by dividing for the integrated intensity of the Base Peak Chromatogram ex-

tracted for each sample from ‘‘full MS’’ scans using Xcalibur v4.1 (Thermo Fisher Scientific, Waltham, MA, USA). Further, the ratio

between the heavy peptide (known concentration spiked-in) and light peptide was used to estimate the absolute amount of

Smoc2 per mg of lysate. For calculating the total amount of Smoc2 per TA muscle the molecular weight of Smoc2 was assumed

to be 47.647 kDa. One TA muscle homogenized and lysed as described in ‘‘Tissue lysis for immunoblot and MS analysis’’ and

assumed to have a total volume of 700 ml after homogenization.

Data processing for phosphoproteomics
Raw data were analyzed using the directDIA pipeline in Spectronaut v.13 (Biognosys). The data were searched against a species

specific (Uniprot database, Swissprot entry only, release 2016_01 for Mus musculus) and a common contaminants database. The

data were searched with the following modifications: Carbamidomethyl (C) (Fixed) and Oxidation (M), Acetyl (Protein N-term), Phos-

pho (STY) (Variable). PTM localization probability was set to 0.75. A maximum of 2 missed cleavages for trypsin and 5 variable mod-

ifications were allowed. The identifications were filtered to satisfy a FDR of 1% on peptide and protein level. Peptide report was ex-

ported from Spectronaut and further processed with R (v.3.6.3) and R studio server (v. 1.2.5042) using in-house pipelines and scripts.

Phosphosite level intensities were derived by summing the intensities of all precursors containing a given phosphosite. Phosphosite

intensities were log2 transformed and normalized by quantile normalization using preprocessCore library (Bolstad et al., 2003). Dif-

ferences in phosphosite levels were statistically determined using a paired Student’s t test moderated by the empirical Bayes

method, as implemented in the limma package (Ritchie et al., 2015). False discovery rate was estimated using fdrtool (Strimmer,

2008).

Quantification of IF stainings from TA muscles
Quantification of Col14a1 and Elastin on TAmuscle sections was performed on a defined area for eachmuscle: 0.54mm2 for Col14a1

and 1.349 mm2 for Elastin using the sum intensity measured by Zen 3.0 using the raw images. The number of Pax7+ MuSCs was

measured in the regenerating area. The percentage of myofibers expressing devMHC was measured by counting all devMHC ex-

pressing and non-devMHC expressing fibers in the injured area. The myofiber diameter was measured as the minimal fiber feret.

Significance was tested using an unpaired two-tailed Student’s t test after testing for normal distribution using the Shapiro Wilk

normality test, and indicated as: *p < 0.05, **p < 0.01, ***p < 0.001, n.s. = not significant, unless otherwise stated.

Quantification of IF stainings on floating myofibers
Quantification of Bcam, Calcr, Itgb4 and Sun2 was performed by outlining the entire cell and analysis of the sum intensity measured

by Zen 3.0 using the raw images. Significance was tested using an unpaired two-tailed Student’s t test after testing for normal dis-

tribution using the ShapiroWilk normality test, and indicated as: *p < 0.05, **p < 0.01, ***p < 0.001, n.s. = not significant, unless other-

wise stated.

Quantification of immunoblots
Smoc2 and Asporin quantification in young, old and geriatric muscles was performed using ImageJ using the raw images acquired.

Chemiluminescence intensity acquired with the respective antibodies was normalized to the respective chemiluminescence intensity

reflecting GAPDH amounts for each sample separately. The pERK to ERK ratio was also measured using ImageJ. Smoc2 expression

in regenerating TA muscles was normalized to total protein amount, obtained by Ponceau S staining and measured using Image Lab

v6.0.1. Significance was tested by using a one-way ANOVA and indicates as: *p < 0.05, **p < 0.01, ***p < 0.001, n.s. = not significant,

unless otherwise stated.

Ingenuity pathway analysis for MuSCs proteome data
Candidate tables from Spectronaut were used as input for canonical pathways and upstream regulator analyses using Ingenuity

Pathway Analysis software v.01-14 (QIAGEN Inc.). A significant cut-off of q < 0.05 was applied.

Analysis and integration of micro array transcriptome data
The following steps were conducted in R (version 3.3.3). Datasets with the accessions GSE63860 (Alonso-Martin et al., 2016),

GSE47177 (Liu et al., 2013), GSE47401 (Price et al., 2014) and GSE81096 (Lukjanenko et al., 2016) were downloaded from GEO.

Each dataset was annotated with either the R packages mouse4302.db (for GSE63860) or mogene10sttranscriptcluster.db (for

GSE47177 and GSE47401) or illuminaMousev2.db (for GSE81096) to obtain gene symbols and additional meta data. Differential

expression on the probe level was evaluated using the R package limma (version 3.30.13) (Ritchie et al., 2015). For GSE81096 the

probes with the quality value ‘‘Bad,’’ ‘‘No match’’ or ‘‘NA’’ were removed prior to further analysis steps. Differences in mRNA abun-

dances were statistically determined using unpaired Student’s t test moderated by the empirical Bayes method. P values were

adjusted for multiple testing using the Benjamini-Hochberg method (FDR, denoted as ‘‘adj p’’) (Benjamini and Hochberg, 1995). In

case of multiple probes per gene symbol, the probe with the lowest adj p was chosen. Transcripts with adj p < 0.05 and absolute

log2 fold change > 0.58 were considered as significantly affected.
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Analysis and integration of RNaseq transcriptome data
RNA sequencing reads of quiescent CD34-High and CD34-Low satellite cells isolated from young and geriatric WTmice (16 samples

with the GEO accessions GSM4770480 to GSM4770495 from project GSE157562) as well as reads from satellite cells of young and

aged control mice (6 samples with the Short Read Archive accessions SRR7965941, SRR7965942, SRR7965943, SRR7965949,

SRR7965950 and SRR7965951 from project PRJNA494728) were downloaded and mapped using STAR (Dobin et al., 2013) (version

2.7.6a, parameters:–alignIntronMax 100000,–outSJfilterReads Unique,–outSAMmultNmax 1,–outFilterMismatchNoverLmax 0.04) to

the mouse genome (Mus musculus, GRCm38) using Ensembl genome annotation (Release 100). Read counting for summarization

was done with FeatureCounts (version 1.6.5, multi-mapping or multi-overlapping reads were not counted, stranded mode was set to

‘‘–s 0’’) (Liao et al., 2014). Differentially expressed genes (DEGs) were determined with R (version 4.0.3) using the DESeq2 package

(version 1.30.0) (Love et al., 2014). For each gene in each comparison, the p value was calculated using the Wald significance test.

Resulting p values were adjusted for multiple testing using the Benjamini & Hochberg correction. The log2 fold change values were

shrunk with the function DESeq2::lfcShrink() to control for variance of fold change estimates for genes with low read counts. Tran-

scripts with adj p < 0.05 and absolute log2 fold change > 0.58 were considered differentially expressed.

For comparing themicro array data, the RNaseq datasets and the proteomics results of this study all datawere combined based on

the gene symbols.

Analysis of cellular compartments in aging skeletal muscles
Normalized protein intensities obtained from the proteomic data were analyzed using a Compartment Normalized Value analysis, as

described in Parca et al. (2018). Cellular compartments were defined using the follow Gene Ontology Cellular Component terms and

their children terms:
Compartment GO term

Nucleus GO:0005634

Cytosol GO:0005737

Mitochondrion GO:0005739

Extracellular GO:0005576, GO:0031012, GO:0044421,

GO:0044420

Peroxisome GO:0005777

Lysosome GO:0005764

ER GO:0005783

Golgi GO:0005794

Membrane GO:0005886

Cytoskeleton GO:0005856
Analysis and integration of scRNaseq data
The data from Giordani et al. (2019) was downloaded from NCBI Gene Expression Omnibus (GEO) (Edgar et al., 2002) (accession

GSE110878). Using the cell type labels assigned by the original authors, an scfind object was constructed (Lee et al., 2019). The

selected 67 ECM proteins affected by aging were queried individually against the index and the enrichment as defined by a hyper-

geometric test, as displayed in Figure 3E. For each gene, scfind identifies the cell type c with the highest enrichment using a hyper-

geometric test. For the hypergeometric test, the number of successes is given by the number of cells expressing the gene of interest,

the number of failures by the number of cells not expressing the gene, and the number of draws corresponds to the number of cells in

c. A p value is calculated based on the observed number of cells in c that express the gene of interest.

Network analysis of secreted ligands affected by aging in skeletal muscles and their receptors expressed by MuSCs
The network was constructed using the ligand-receptors interactions obtained from Ramilowski et al. (2015) using Cytoscape v.3.8.0

(Shannon et al., 2003). We selected all the ECM/secreted proteins (as defined for the compartment analysis, see above) as aging-

affected ligands that were affected in at least one muscle type at old age. We selected as receptors expressed by MuSCs all the

genes that were detected in at least one of the following MuSC transcriptomics experiments: GSE63860 (Alonso-Martin et al.,

2016), GSE47177 (Liu et al., 2013), GSE47401 (Price et al., 2014) and GSE81096 (Lukjanenko et al., 2016). In total, the network con-

tained 100 ligands and 243 receptors and it is reported in Table S4. Network visualization shown in Figures 4A and S7A was per-

formed using the app enhancedGraphics (Morris et al., 2014).
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