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Carsten G. Bönnemann,2,* and Jyoti K. Jaiswal1,4,5,*
1Center for Genetic Medicine
Research, Children’s National
Research and Innovation
Campus, Children’s National
Hospital, Washington, DC
20012, USA

2Neuromuscular and
Neurogenetic Disorders of
Childhood Section, National
Institute of Neurological
Disorders and Stroke,
National Institutes of Health,
Bethesda, MD 20892, USA

3Department of Kinesiology,
College of Health
Professions, Towson
University, Towson, MD
21252, USA

4Department of Genomics
and Precision Medicine, The
George Washington
University School of Medicine
and Health Sciences,
Washington, DC 20052, USA

5Lead contact

*Correspondence:
carsten.bonnemann@nih.gov
(C.G.B.),
jkjaiswal@cnmc.org (J.K.J.)

https://doi.org/10.1016/j.isci.
2023.107479
SUMMARY

Fibro/adipogenic progenitors (FAPs) are skeletal muscle stromal cells that support
regeneration of injured myofibers and their maintenance in healthy muscles. FAPs
are related to mesenchymal stem cells (MSCs/MeSCs) found in other adult tissues,
but there is poor understanding of the extent of similarity between these cells. Us-
ing single-cell RNA sequencing (scRNA-seq) datasets frommultiple mouse tissues,
we have performed comparative transcriptomic analysis. This identified remark-
able transcriptional similarity between FAPs and MeSCs, confirmed the suitability
of PDGFRa as a reporter for FAPs, and identified extracellular proteolysis as a new
FAP function. Using PDGFRa as a cell surface marker, we isolated FAPs from he-
althy and dysferlinopathic mouse muscles and performed scRNA-seq analysis.
This revealed decreased FAP-mediated Wnt signaling as a potential driver of
FAP dysfunction in dysferlinopathicmuscles. Analysis of FAPs in dysferlin- and dys-
trophin-deficient muscles identified a relationship between the nature of muscle
pathology and alteration in FAP gene expression.

INTRODUCTION

The skeletal muscle is a highly adaptable tissue that can fully regenerate from injury. The muscle regener-

ates through a complex process that requires muscle stem cells (satellite cells) and its coordinated inter-

action with other muscle-resident cell types.1,2 Chronic muscle injury in conditions such as muscular dystro-

phy causes muscles to undergo repeated cycles of regeneration or progressive degeneration leading to

fibrofatty replacement of skeletal myofibers.3 Fibro/adipogenic progenitors (FAPs) are the cells respon-

sible for fibrofatty replacement of myofibers in progressive muscle diseases. This is due to the ability of

FAPs to undergo differentiation into cells of mesodermal lineage – adipocytes, fibroblasts, chondrocytes,

and osteocytes.4,5 FAPs are essential for healthy muscle physiology and their loss impairs muscle homeo-

stasis causing long-term atrophy and diminished regenerative capability of otherwise healthy muscle.6,7

FAPs are at times also referred to as fibroblasts, however, the term ‘‘Fibroblast’’ is often used as an umbrella

term to describe a heterogeneous population of cell types that encompasses differentiated cells and adult

progenitor cells.8 To avoid semantic confusion, here we use the term ‘myofibroblast’ to denote the differ-

entiated cells generated from an adult progenitor (e.g., FAPs), that produces fibrogenic ECM.9 Differenti-

ated nature of myofibroblasts, and expression of alpha smooth muscle actin (aSMA; Acta2), distinguishes

these cells from the progenitors such as FAPs. FAPs share the mesodermal lineage potential of MeSCs pre-

sent in the adult tissues and express MeSC-enriched markers such as platelet-derived growth factor recep-

tor alpha (PDGFRa) and stem cell antigen 1 (SCA-1/Ly6a).10 However, a direct transcriptomic comparison of

FAPs with tissue resident MeSCs or fibroblasts has not been carried out.

Single-cell RNA sequencing (scRNA-seq) is a massively parallel sequencing method that captures the tran-

scriptome of individual cells in a population without the need for enrichment methods based on defined

cell-type specific markers. scRNA-seq allows ab initio detection of all the cell subpopulations and hetero-

geneous cell states. To determine if FAPs are a heterogeneous population of cells requires a single-cell

transcriptomic comparison, and examining purified FAPs to see how any of the sub-populations in there

differ from each other. Such analyses can offer insights into identity and function of healthy FAPs, and if

cell intrinsic or extrinsic changes in dystrophic muscle alter the function of diseased FAPs.
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Building on the recent single-cell transcriptomic atlases generated through scRNA-seq analyses of multi-

ple tissues, including skeletal muscle, here we carry out a systematic comparison of the single-cell tran-

scriptome of FAPs and compare it to other MeSCs. Further, by scRNA-seq of FAPs isolated from healthy

and diseased mouse muscles, we examine disease-specific differences in FAP gene expression. Through

this analysis we assess the transcriptional similarity of FAPs and MeSCs from other tissues, identify FAP

markers and functions, and how FAP functions may be dysregulated in muscular dystrophy.
RESULTS

FAPs are distinct from all muscle-resident cells but similar to non-muscle MeSCs

To determine relative similarity of muscle-resident FAPs to other muscle-resident cells or to the MeSCs

found in other tissues and organs, we compared two primary scRNA-seq datasets for uninjured healthy

mouse muscles – the Tabula Muris dataset from multiple tissues11 and the skeletal muscle cell dataset.12

We carried out (1) a broad analysis of cells from multiple organ tissues and (2) focused analysis of cells

from limb muscles (Figures 1A–1D). The multi-organ dataset included 10 tissues known to contain

MeSCs/fibroblasts: aorta, bladder, brain, diaphragm, adipose, cardiac, limb muscle, mammary gland, pa-

ncreas, and trachea from the Tabula Muris FACS scRNA-seq data. Each of the 10 tissue datasets were first

processed individually using the scripts provided in the Tabula Muris github repository using Seurat 213.

Then the Seurat 2 objects were exported, individually processed, and integrated in Seurat 3 using the orig-

inal parameters when permitted (Figure 1A). The limb muscle dataset was integrated in Seurat 313 using

two scRNA-seq data published for limb muscle cells (Figures 1B and S1).11,12

Employing markers used by the skeletal muscle dataset,12 we defined cell clusters in both the integrated

datasets (Figures 1C, 1D, S1, and S2). These included markers for MeSC, endothelial, B-cell, T cell, teno-

cyte, satellite, macrophage/neutrophil (mac_neut), smooth muscle mesenchymal cells (SMMCs), and glial

cells. With our focus on MeSCs in the integrated multi-organ dataset, we chose to define only MeSCs, and

while immune and endothelial cell clusters were maintained as independent clusters, all other cell-types

were clustered together as ‘‘Mixed cell-type’’ (Figures 1C and S2). To compare the similarity of MeSCs

across multiple tissues, we used UMAPs and heatmaps to assess the integrated multi-organ dataset before

(Figures S3A and 1E) and after clustering (Figures 1C and S3B). By assessing the data prior to clustering, the

original cluster names defined in the individual tissue datasets (as named in Tabula Muris) can be observed

(Figures 1E and S3A). For the heatmaps, we obtained the top 50 conserved MeSC markers from the inte-

grated limb muscle dataset and used them to compare the expression of these genes across all mononu-

clear cells from other tissues and within limb muscles (Figures 1E and 1F). These data show that MeSCs,

from the 10 tissues analyzed, all cluster tightly and show a highly similar transcriptional profile that is distinct

from all the other mononucleate cells in these datasets (Figures 1C, 1E, and S3). In limb muscles, FAPs

formed a distinct group with some transcriptional similarities to the tenocytes and the SMMCs (Figure 1F).

These observations identify FAP gene expression profiles that are shared to a greater extent with MeSCs

from other tissues than with other potentially related mononuclear cells (including the tenocytes and the

SMMCs) present within the skeletal muscle.
Pdgfra and SCA-1/Ly6a mark overlapping population of FAPs

PDGFRa and SCA-1 are cell surface proteins used to enrich for MeSCs in cellular studies.14 These markers

have been used since the initial studies that led to the isolation of FAPs and are still in use interchange-

ably.4,5 As SCA-1/Ly6a is expressed on multiple cell types,15 FAP enrichment by this marker employs a

panel of a negative (TER119/Ly76), CD45/Ptprc, CD31/Pecam1, ITGA7/Itga7) and positive markers (CD34/

Cd34 and SCA-1/Ly6a).14 However, it remains unclear if FAP enrichment using the above approaches cap-

tures the same group of cells from the muscle and, if so, what is the extent of the similarity in gene expres-

sion profiles of these cells. To address this, we devised an in-silico cell sorting strategy using the integrated

limb muscle dataset and applying positive or negative expression cut-offs for the various markers. For the

SCA-1/Ly6a sort, the cut-off used was the average expression of that gene across all cells in the dataset, as

used in Seurat 3 analytical pipeline for the feature plots (Figures 2A and 2B). Of the 2,755 cells in the MeSC

cluster, sorting based on SCA-1/Ly6a expression yielded 1,890 cells, and the Pdgfra sort yielded 1,913 cells,

with half (956) of the cells co-expressing both markers (Figures 2A–2C). The results suggest that while tran-

scripts for both markers capture muscle resident MeSCs, they do not mark the same subpopulation of cells

in the MeSC cluster. Analysis of these markers at protein level would aid further in establishing this FAP

heterogeneity.
2 iScience 26, 107479, August 18, 2023



Figure 1. scRNA-seq analysis to identity similarity of FAPs to non-muscle MeSCs and to muscle-resident cells

(A) UMAP from 10 integrated tissue types from the Tabula Muris dataset (FACS scRNA-seq).

(B) UMAP of limb muscle datasets from Tabula Muris (droplet scRNA-seq) and Giordani et al.

(C and D) (C) UMAP of Tabula Muris multi-tissue dataset and D) integrated limb muscle dataset based on known cell-type markers.

(E) Heatmap of top MeSC expressing genes in the multi-tissue Tabula Muris dataset prior to reclustering. The original cluster names with tissue source

prefixed are displayed. Abbreviations: lm = limb muscle, art = artery, dia = diaphragm, fat = adipose tissue, mg =mammary gland, panc = pancreas, brain =

brain non-myeloid, trach = trachea, and OPC = oligodendrocyte precursor.

(F) Heatmap of top genes expressed in MeSCs/FAPs in the integrated limb muscle dataset.
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Pdgfra is expressed in over 70% of the cells in theMeSC cluster and Pdgfra is expressed in murine as well as

human FAPs. In contrast SCA-1 is not reported in human cells, and is detected in multiple murine stem

cells.15 Thus, use of multiple positive and negative labels is needed to isolate SCA-1 positive murine

FAPs.16 We made use of Pdgfra expression to isolate FAPs and examined the scRNA signature of Pdgfra

positive and Pdgfra negative MeSCs. Using the above top 50 FAP markers, we find that, aside from the dif-

ference in Pdgfra expression, these cells are indistinguishable from each other, but distinct from all the

other muscle cells (Figure 2D).

Functional annotation of FAP-enriched genes identifies a novel function

To assess the potential biological functions of FAPs, we used gene set enrichment analysis17 (GSEA) to

functionally annotate the conserved FAP-enriched genes.18 Of the top 20 upregulated biological
iScience 26, 107479, August 18, 2023 3



Figure 2. Use of Pdgfra expression to identify FAP-specific gene expression

(A–C) UMAP of in silico sorted FAPs using A) SCA-1/Ly6a/SCA-1 FACS strategy, B) Pdgrfa in silico FACS strategy and C) a combination of both.

(D) Heatmap of the top FAP expressing genes comparing Pdgfra(+), Pdgfra(�) and other cell-types.

(E) Bubble plot of top 20 upregulated biological processes in Pdgfra expressing cells compared to all other mononuclear cell types (GSEA).

(F) Networks of related biological processes up- and downregulated in FAPs generated using Cytoscape/EnrichmentMap.
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Figure 3. Validation of FAP-specific markers in WT mouse muscle

(A) Dot plot of FAP-specific markers expressed across all mononuclear cells in limb muscle. The heatmap scale shows

increasing expression from gray to blue and increasing percentage of cells expressing the said gene.

(B–D) Confocal images showing immunofluorescence staining of quadricep muscle cross section from 12-month-old WT

mouse. Tissue sections were stained for B) IL-33, C) ADAMTS5 and D) C3 all labeled in green and each co-stained with

PDGFRa (pink), DAPI (blue), and myofiber boundary was marked with wheat germ agglutinin (WGA) or Laminin (gray).

Scale bar = 15 mm.

ll
OPEN ACCESS

iScience
Article
processes enriched in FAPs, many including ECM organization, chondrocyte differentiation, bonemorpho-

genesis, regulation of fat cell differentiation, are all linked to MeSC fates (Figure 2E), which confirms the

robustness of our gene set analysis approach. Additionally, we detected four biological processes impli-

cated in protein and peptide hydrolysis (proteolysis and peptidase activities), that have not yet been attrib-

uted to FAPs (Figure 2E). Using Cytoscape19 and EnrichmentMap,20 we generated networks for a global

view of all the FAP biological processes and their relationships (Figure 2F). This map confirmed processes

related to fibrogenesis, osteogenesis, adipogenesis, and to mesenchymal tissue development are en-

riched in FAPs and identified proteolysis regulation as the second most enriched network (Figure 2F). Of

the top 20 biological processes downregulated in FAPs, most were linked to immune related processes

(Figure S4). This indicates a seeming division of labor between FAPs, and immune cells that co-exist during

muscle repair.

Proteolysis is widely used to regulate intracellular and extracellular signaling by modulating or limiting

functions of target proteins. To further investigate its role in FAPs we examined the genes specifically en-

riched in the proteolysis pathway linked to FAP function. We extracted the leading-edge genes from all the

processes in the proteolysis network and filtered them for FAP-specific expression (Figure 3A). We deter-

mined genes with the highest and widest expression (>50% of cells) in the MeSCs, but not in other clusters

(<30% of cells). This procedure specifically identified Dipeptidase 1 (Dpep1), A disintegrin and metallopro-

teinase with thrombospondin motifs 5 (Adamts5) and Complement C3 (C3) amongst the FAP-enriched

genes. Immunofluorescence analysis of these and a proteolysis unrelated, but FAP-specific gene (Il33),21

in C57BL/6 mouse muscle confirmed localization of C3, ADAMTS5, and IL-33 in FAPs (Figures 3B–3D).

This validated our in-silico analysis confirming FAPs as the cells that produce proteases and protease sub-

strates that can regulate inflammation and ECM during myogenesis.22,23

PDGFRa has been used as a marker to isolate fibroblasts in other tissues and have been analyzed in detail by

recent scRNA-seq analyses.24,25 To compare FAPs and fibroblasts marked by Pdgfra, we examined FAP and

fibroblast scRNA-seq datasets. Pdgfra expressionmarks distinct populations of fibroblasts termed – universal,

specialized, and activated fibroblasts.24 Specialized and activated fibroblasts align with the definition of my-

ofibroblast - a differentiated cell type that is involved in synthesis of the ECM, while ‘‘universal fibroblast’’ rep-

resents themultipotent stromal cells. At themolecular level, universal fibroblasts aremarkedby the genesDpt,

Pi16 andCol15a1. Our muscle scRNA-seq dataset analysis identified thesemarkers to be enriched in the FAPs
iScience 26, 107479, August 18, 2023 5
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(Figure S5A). Next, we reversed the analysis and examined the published fibroblast scRNAseq data,24 for

genes we found to be enriched in the FAPs - Dpep1, Adamts5, Ace, C3 and Il33. These FAP genes were en-

riched in the universal fibroblasts and not in the specialized and activated fibroblasts (Figures S5B and S6A).

There were fewer myofibroblasts (Acta2 expressing cells) in uninjured wild-type muscle compared to injured

and diseased muscle (Figures S6C and S6D). Based on this analysis of scRNA-seq transcriptional profiles, we

find the MeSC nature of FAPs aligns with the multipotent nature of the universal fibroblasts, while the special-

ized nature of tissue specific fibroblasts aligns with the differentiated myofibroblast cells.

scRNA-seq of healthy and diseased FAPs show disease-specific changes

Previously, we described the involvement of FAPs in the dysferlin deficient muscles predisposes them to an

adipogenic fate and result in adipogenic degeneration of LGMD2Bmuscles.26 To explore how FAPs in dys-

ferlinopathic muscles are altered, we used PDGFRa immunolabeling to isolate FAPs from the WT and

matched symptomatic dysferlinopathic (BLA/J) mouse muscle and performed scRNA-seq analysis of these

FAPs (Figure 4A). We obtained 1913 WT and 1620 BLA/J Pdgfra+ FAPs after filtering. Using the integrated

limb muscle dataset discussed in Figure 1, we combined our WT FAP scRNA-seq data with the MeSC data-

set in Figure 2 (Figure S6). This revealed that the transcriptional profile of PDGFRa-expressing WT mouse

FAPs that were experimentally isolated matches the in-silico Pdgfra expressing FAPs (Figure S7A).

Integrating the single-cell transcriptional profile of FAPs isolated from theWT andBLA/Jmuscles showedover-

lapping gene expression profiles (Figure 4B). Using Seurat, these FAPs were resolved into six clusters, of which

the first 4 clusters (FAPs_1–4) contain over 93% of FAPs, while the remaining 7% of cells make up the endothe-

lial-like and an undefined cell cluster (Figure 4C). FAPmarkers identified above (Dpep1,C3,Adamts5, and Il33),

were shared by cells in FAPs_1–4 clusters (Figure S7B), with additional genes that aremore specific to individual

FAP subclusters (Figures 4D and S8A–S8D) and genes that are most enriched in individual subclusters (Fig-

ure S8E). We also performed differential gene expression of all WT vs. BLA/J FAPs to examine overall condi-

tion-wide expression changes, but found only minor differences (Table S1), FAPs_1 is the largest cell cluster

containing ECM structural (e.g., the proteoglycan, Mfap4), and regulatory (e.g., ECM stabilizing enzyme,

Lox) genes (Figures 4D and S7A). FAPs_2 is enriched in cells expressing Wnt10b, and Krt80 (Figures 4D and

S8B) and FAPs_3 cluster is enriched for Klf5, Cdh11, and Hmcn1 (Figures 4D and S8C). FAPs_4 cluster specif-

ically express Shisa3, Dlk1, and 6030408B16Rik (Figures 4D and S8D). Genes such as Wnt10b, Klf5, Cdh11,

Shisa3 and Dlk1 are known to be involved in development and stem cell fate decisions.27–32 Since Wnt10b

and Shisa3 are part of the Wnt signaling pathway, we looked for other Wnt related genes specific to FAPs

and found Wnt2, Wnt5a, Wnt11, Sfrp1, and Sfrp2 in the dataset. Wnt2, Wnt5a and Sfrp1 were enriched in

MeSC/FAP cluster in the integrated limb muscle dataset (Figures S9B and S10).

To determine if dysferlin deficient muscle show transcriptional alterations at the level of FAP subclusters,

we analyzed the differences in average gene expression and the proportion of FAP cells between condi-

tions (Figure S9A). Both factors would contribute to a net difference in protein expression that may

contribute to disease pathogenesis. To this end, we observed little change in the level of expression per

subcluster compared to differences in proportion of cells between conditions. Therefore, to analyze the

proportion of cells in specific FAP subclusters, we determined the percentage of cells that express the iden-

tified FAP cluster-specific genes (raw count >0) (Figures 4E and S9B). There were minimal changes in in the

percentage of WT and dysferlinopathic FAPs expressing global FAP markers (Figure 4E, gene# 1–5), con-

firming the universality of the above genes as markers of FAPs from healthy or diseased muscles. Unlike

these genes, we observed that the proportion of FAPs expressing Dlk1, Mfap4, and Cdh11 was increased

in dysferlin-deficient muscles, while the proportion of dysferlin deficient FAPs that express Wnt10b, Klf5,

and Shisa3 was decreased (Figure 4E, gene# 6–11). As Wnt10b and Shisa3 are part of the Wnt signaling

pathway, we analyzed other Wnt-related genes expressed in FAPs. While a decreased proportion of dys-

ferlin-deficient FAPs expressWnt2 andWnt11, the proportion of dysferlin-deficient FAPs expressingWnt5a

and Wnt antagonists Sfrp1, Sfrp2 was increased (Figure 4E, gene# 12–16). We found that Wnt2, Wnt5a,

Wnt10b, and Shisa3 are selectively expressed in FAPs, when compared against all other mononuclear cells

in WT limb muscle (Figure S10B). This analysis not only confirms previous reports of involvement of Wnt

signaling in FAPs,33 but also suggests altered FAP-mediated Wnt signaling in Dysferlin deficient muscles.

FAP-specific genes show aberrant expression in dysferlin-deficient muscles

Expression of complement C3 is known to contribute to muscle pathology in limb girdle muscular dystro-

phy 2B mouse model and loss of C3 improves muscle function.22 In the mouse model of DMD (mdx), Il33
6 iScience 26, 107479, August 18, 2023



Figure 4. scRNA-seq analysis of FAP-specific changes in dysferlinopathic muscle

(A) Experimental design for isolation and scRNA-seq of FAPs from WT and BLA/J (dysferlin deficient) mice. Mononuclear cells isolated from whole limb

muscles from WT and BLA/J mice and enriched for PDGFRa expressing cells by immunostaining and FACS isolation. The cells were barcoded using 10X

Genomics Next GEM Single cell 3’ (v3.1) kit and used for next generation sequencing.

(B) UMAP showing the integration of the scRNA-seq for WT and BLA/J FAPs.

(C) UMAP of the integrated FAP data showing the different subcluster of cells: FAPs, endothelial-like, and unknown (NA) cell subcluster.

(D) UMAPs showing the expression pattern of genes representative of the four FAP clusters (Mfap4, Wnt10b, Klf5 and Shisa3). The heatmap scale shows

increasing expression from gray to blue.

(E) Top table shows the percentage of total FAP cells in BLA/J and WT FAPs that are expressing FAP specific genes (1–5), FAP cell subcluster specific genes

(6–11) and Wnt signaling related genes (12–16). Bottom pairs of UMAP plots show representative increase (Cdh11) and decrease (Wnt2) in percentages of

FAPs from WT to BLA/J conditions.
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Figure 5. Altered expression of FAP-specific genes in LGMD2B mouse model

(A) Quantitative PCR analysis of relative expression of FAP-specific genes in 12-month-old WT and 3-month or 12-month-

old BLA/J mouse quadriceps muscles (* = p value <0.05). Error bars indicate standard deviation.

(B) Confocal microscope images showing in situ distribution of C3, IL-33, ADAMTS5 and PDGFRa proteins inWT and BLA/

J quadricep muscle. Scale bar = 50 mm.

(C) Epifluorescence images showing broader tissue-wide distribution of FAP marker proteins immunostained as in panel

B. Scale bar = 100 mm.

(D) Confocal images showing RNA-FISH to detect C3, Il33, Adamts5, Dpep1 and Pdgfra RNAs in WT and BLA/J muscle

sections. Scale bar = 15 mm.
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and Adamts5 gene expression is increased while their inhibition can ameliorate the disease phenotype in

the mice.34,35 Using a combination of qRT-PCR, immunostaining, and RNA fluorescence in situ hybridiza-

tion (FISH) analysis, we examined if disease severity in the dysferlin-deficient mouse corelates with the

levels of FAP gene expression. In agreement with our previous report of disease stage-specific increase

in FAP abundance in dysferlinopathic muscle,26 qRT-PCR analysis revealed that, compared to WT

(C57BL/6) mice, BLA/Jmice at an early symptomatic stage (3-month-old) show increased FAPmarker genes

namely Pdgfra, Ly6a (SCA-1), C3, Dpep1, and Il33, and this increased further in the advanced disease stage

(12-month-old) (Figure 5A).

To establish a specific FAP origin for the increased abundance of above genes in the dysferlin-deficient

muscles, we determined the in situ spatial distribution of the corresponding proteins in the 12-month-

old BLA/J and age matched WT muscles. With the availability of validated antibodies for C3, IL-33 and

ADAMTS5, we examined their FAP-specific localization using co-labeling with PDGFRa. In WT muscle,

PDGFRa expressing cells in the endomysial spaces were co-stained for these markers with the greatest la-

beling in regions with thick extracellular matrix (ECM) (Figures 5B and 5C). In BLA/J mouse muscle sections,

immunolabeling for these proteins was increased, which corresponded to the increased myofiber intersti-

tial spaces occupied by the ECM in these muscle sections (Figures 5B and 5C). These results confirm co-

localization of the above proteins with PDGFRa and presence of greater endomysial FAP accumulation

in the dystrophic muscles.

While PDGFRa is amembrane-based receptor protein, C3, ADAMTS5, IL-33 andDPEP1 are secreted proteins,

hence their localization extends well beyond the cellular boundaries when examined by immunostaining
8 iScience 26, 107479, August 18, 2023
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(Figure 5B). To confirm that FAPs are the cellular source for increased expression of these specific proteins, we

probed for the cellular localization of their corresponding transcripts using RNA FISH. This identified that all

four transcripts analyzed are co-expressed in theWTandBLA/Jmuscles in Pdgfra expressing FAPs (Figure 5D).

These results show that C3, Il33, Dpep1 and Adamts5 transcripts are co-expressed with Pdgfra transcripts

within the same cell, confirming that these genes are expressed by both healthy and dystrophic FAPs. Further,

BLA/J muscles show increased staining for C3, IL-33 and ADAMTS5 which coupled with our previous report of

increased PDGFRa, is strong evidence for aberrant expansion of the FAP population in dystrophic muscle.

Overall, these results demonstrate that there is aberrant expression in dysferlin-deficient muscles by showing

evidence for: (1) a severity-dependent increase in the expression of C3, IL33, Dpep1 andAdamts5 transcripts in

diseasedmuscle that is attributable to FAPs and, (2) these transcripts co-localize with Pdgfra transcript expres-

sion (i.e., FAPs) in both healthy and diseased muscles and, (3) the increased expression of these transcripts is

also reflected in increased expression of these proteins.
FAP-specific gene expression during regeneration and associated disease

The altered proportion of FAPs expressing various genes discussed above could be related tomuscle dam-

age and ongoing regeneration caused by the dysferlin deficiency. To examine this, wemade use of a recent

compendium of the various single cell and single nuclear RNA-seq studies of the resting and regenerating

muscles.36 First, we recreated plots representing this dataset (Figure 6A). Next, we used this dataset to

examine the expression of the FAP-enriched genes discussed above. Pdgfra,Dpep1,C3, Il33, andAdamts5

were all enriched or detected exclusively in the FAPs (Figure 6B). In the regenerating muscles, the prote-

olysis associated FAP genes including peptidase inhibitor (Pi16), carboxypeptidase (Angiotensin-convert-

ing enzyme; Ace), complement C3 (C3), ADAM metallopeptidase with thrombospondin type 1 motif 5

(Adamts5) were still predominant in FAPs, but some changes were seen in other cell types as well

(Figures 6B and S11). With the large number of cells included in this compendium, the FAPs could be

further divided into 3 subclusters – stem, adipogenic, and pro-remodeling36 (Figure 6A, 6B, S11, and

S12). Examination of theWnt and related genes in this dataset identified thatWnt10b andWnt2 are present

only in stem FAPs, FAP-specific expression of Wnt5a and Wnt11 is limited to pro-remodeling FAPs (Fig-

ures 6B, S12B, and S12C). Adipogenic FAPs express Shisa3 and Sfrp2, while Sfrp1, Mfap4, and Cdh11

are expressed in the pro-remodeling FAPs (Figure S12B–S12E).

Use of themdxmouse model of Duchenne muscular dystrophy (DMD) has identified therapeutic potential of

targeting aberrant FAP expansion and activity to promote muscle regeneration.36,37 We have also reported

aberrant FAP expansion in sites of failed regeneration in a severemousemodel of DMD (D2-mdx).38We there-

fore examined the expression of the above FAP-specific genes in a severe mdx mouse model (D2-mdx). In

contrast to the BLA/J model in which FAPs undergo an adipogenic differentiation and produce fibrofatty tis-

sues by 6–12 months of age,26 theD2-mdxmodel shows fibrotic and calcified replacement by FAPs within the

first month of their life.38 Immunostaining for C3, ADAMTS5 and IL-33 in 5-week-oldWT andD2-mdx show co-

localization of these proteins with PDGFRa (Figures 6C–6E). In the D2-mdx, there is robust expression of

PDGFRa and increased level of all threeproteins in the calcified and interstitial spaces. Together, above results

showmuscle injury alters FAPs with increased levels of proteolysis regulatory proteins. Impact of these effects

are subject to FAP specific changes in the BLA/J andD2-mdxmousemodel, which lead to greater fibro-adipo-

genesis and fibro-osteogenesis respectively (Figure S13).
DISCUSSION

FAPs are increasingly recognized as important cellular components of skeletal muscle, however, their relation-

ship to other mesenchymal pluripotent cells has been incompletely characterized. Our analysis of scRNA-seq

data reveals that FAPs share greater transcriptional similarity to non-muscleMeSCs than to other skeletal mus-

cle-resident cells. It also shows that the PDGFRa and SCA-1 markers used for isolation of murine FAPs label

FAP sub-populations with slight heterogeneity between them at the transcriptional level. But in contrast to

SCA-1, PDGFRa can be used as a single label that is also expressed in human FAPs, these feature makes

PDGFRa a more simple and suitable general marker to isolate FAPs. However, existence and characterization

of similar FAP sub-populations in human muscle remains to be fully explored. Of the various pathways asso-

ciatedwith FAPs, our analysis identified proteolytic regulation as a newly recognized FAP feature. Finally, anal-

ysis of FAPs isolated fromWTanddysferlinopathicmuscle identified changes in the proportion of the FAP sub-

populations. These FAPs cause altered expression of genes including Il33, C3, Adamts5, and Dpep1 that

regulate ECM signaling and proteolysis.
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Figure 6. Analysis of FAP-specific genes in injured muscle and D2-mdx mouse model of DMD

(A) UMAP of single cell gene expression data from injured muscle obtained from McKellar (2021). The heatmap scale shows increasing expression from gray

to blue and increasing percentage of cells expressing the said gene.

(B) Dot-plot of selected FAP specific genes expressed in different cell sub-clusters.

(C–E) Epifluorescence images showing immunostaining for C3, IL-33, ADAMTS5 and PDGFRa in 5-week-oldWT (BL10) and DMD (D2-mdx) quadricepmuscle

cross-section. Tissue sections were each co-stained with PDGFRa (pink), DAPI (blue), and myofiber boundary was marked with wheat germ agglutinin (WGA)

or Laminin (gray). Scale bar = 100 mm.
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Extracellular proteolysis plays important roles in muscle regeneration, cell differentiation, ECM remodel-

ing, immune cell recruitment and inflammation.39 We find expression of several FAP-enriched proteolysis

regulatory proteins, including ADAMTS5, C3, and DPEP1 are increased in two different muscular dystrophy

mouse models - dysferlinopathy (BLA/J) and DMD (D2-mdx). ADAMTS5 is a secreted chondroitin sulfate

proteoglycanase that is known to be elevated in mdx muscle,34 as well as in the serum of human DMD pa-

tient serum and in the serum of exercisedmdxmice.40,41 Secreted ADAMTS5 cleaves proteoglycans such as

versican, which in turn can regulate myogenesis in vitro and in vivo.42–45 Like ADAMTS5, an upregulated

canonical complement pathway has also been linked to DMD and dysferlinopathy while various comple-

ment inhibition strategies show benefits in both preclinical models.22,46 Unlikemdxmice, where the target

is the final complement C5a, the central component of the complement cascade, C3 is implicated in

LGMD2B such that C3 knockout improves function of the dysferlinopathic muscle.22 We suggest that the

membrane-bound glycoprotein dipeptidase 1 (DPEP1), which also facilitates neutrophil recruitment in

lung and liver,47 may play a similar role in injured muscles by facilitating FAP-regulated recruiting of
10 iScience 26, 107479, August 18, 2023
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neutrophils in injured muscles. Il33 the other gene identified to be FAP-specific, recruits regulatory T-cells

to enhance muscle repair.21 The FAP-specificity of Il33 was recently validated by another study that showed

FAPs secrete IL-33 and regulate expansion of muscle ILC2s, which promote expression of fibrotic genes in

muscles, shifting the balance between regenerative versus fibrotic fate of mdx muscles.35 Further, inhibi-

tion of ADAMTS5 activity in the DMD mouse model improves muscle function.34 These demonstrate dis-

ease relevance of the FAP-enriched genes identified by our analysis.

With the interchangeable use in the literature of PDGFRa and SCA-1 as markers to isolate FAPs frommouse

muscle, we directly compared these approaches by in silico FACS strategy. Despite use of multiple markers

for the SCA-1 sort strategy, use of PDGFRa positivity was a much simpler approach to execute, it enriched

for cells with a similar population size, and there was minimal differences between FAPs enriched by these

approaches. Due to the effective PDGFRa-based sort and the benefit of being a marker expressed in hu-

man FAPs, presence of PDGFRa is well-suited for FAP isolation.

Comparison of single-cell transcriptome of FAPs with MeSCs from 10 other tissues showed FAPs are

distinct from all other muscle resident cell types but are highly similar to the MeSC populations across

the body. The transcriptional differences that are found between FAPs and MeSCs likely reflect their tissue

specific specialization. Indeed, within muscles, FAPs isolated even from healthy and dysferlinopathic mus-

cle did not show substantial gene expression differences. Instead, we found shifts in the proportion of FAP

subpopulations expressing the Notch and Wnt related genes between diseased and WT muscle. These

pathways are cell-extrinsic regulators of adipogenesis and myogenesis and downregulation of Wnt

signaling is known to favor adipogenic fate.28,29,33 Specifically, we find Wnt10b is expressed by fewer dys-

ferlin deficient FAPs and in accord with FAP-mediated adipogenic degeneration of dysferlinopathic mus-

cle, reducedWnt10b expression is also correlated with increased adipogenesis during rotator cuff injury.48

Along the same lines, soluble frizzled-related protein (SFRP) acts by inhibiting the Wnt signaling pathway

and thereby promoting adipogenesis, and we find proportion of Sfrp1 and Sfrp2 expressing FAPs is

increased in dysferlinopathic mice, suggesting their contribution to increased adipogenesis in dysferlin

deficient mice.

Preadipocyte factor 1 (PREF-1/Dlk1) also negatively regulates adipogenesis.31,49,50 Concomitantly, we find

fewer dysferlinopathic FAPs express Dlk1 (Figures S8 and 4E). Kruppel like factor 5 (Klf5) is another gene

that is unrelated to Wnt pathway, is enriched in FAPs and regulates lipid metabolism in skeletal muscle.51

Fewer dysferlinopathic FAPs express Klf5, implicating this in dysferlinopathic FAP adipogenesis. These results

suggest that altered expression of multiple FAP genes that typically suppress adipogenic differentiation are

downregulated in dysferlinopathy muscle to then promote adipogenic replacement of these muscles.

In summary, our study has generated a resource that characterizes the transcriptomic identity of FAPs and

MeSCs. It establishes the similarity of the FAPs obtained by Pdgfra and SCA-1 sorted strategies, impli-

cating FAPs in regulating muscle physiology by way of extracellular proteolytic signaling. It shows dis-

ease-specific regulation of FAP gene expression that predisposes these cells to cause fibro-adipogenic

muscle degeneration. Future studies involving use of scATAC-seq and other such analysis of these progen-

itor population is needed to gain insights into the mutual interaction of the FAPs and the muscle tissue

environment in FAP-mediated control of muscle health.
Limitations of the study

The skeletal muscle connective tissue cells are interchangeably referred to by multiple names, including fibro-

blasts, mesenchymal stem cells, and fibro-adipogenic progenitors. The use of these diverse terminologies is a

source of confusion in the field as specific functional roles are attributed to each of these cell types. Comparing

the single-cell transcriptional identity of themuscle connective tissue cells that our study offers will help reduce

this confusion. However, no unique genes or proteins that distinguish these cell types were identified, sug-

gesting that the confusion in the fieldmay be a semantic and cannot be resolved bymolecular analysis. Further

efforts by the scientific community are needed to address this semantic issue in our collective pursuit to resolve

this matter. Another limitation is that while this study found that fibro-adipogenic progenitors from different

chronic muscular dystrophy models are distinct from one another, a lack of comparative single-cell transcrip-

tomic analysis of cells from both models prevented a systematic transcriptomic comparison. Performing such

analyses would be informative in understanding how these cells sense and function differently in various path-

ogenic muscle environments, ultimately leading to distinct muscle pathology.
iScience 26, 107479, August 18, 2023 11
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

BLA/J The Jackson Labs RRID:IMSR_JAX:012767

C57BL/6J The Jackson Labs RRID:IMSR_JAX:000664

D2-mdx The Jackson Labs RRID:IMSR_JAX:013141

C57BL/10J The Jackson Labs RRID:IMSR_JAX:000665

Antibodies

PDGFRa - Rabbit anti-mouse (1:250) Cell Signaling RRID:AB_2162345; 3174S (D1E1E)

PDGFRa - Goat anti-mouse (1:50) RND Systems RRID:AB_2236897; AF1062

PDGFRa-APC BioLegend RRID:AB_2043970; 135908

ADAMTS5 - Rabbit anti-mouse (1:100) Abcam RRID:AB_2222327; AB41037

DPEP1 - Rabbit anti-human/mouse (1:100) Abcam RRID:AB_11133237; AB121308

C3 - Rat anti-mouse (1:250) Novus Biologicals NB200-540

IL-33 – Rat anti-mouse (1:250) RND Systems MAB3626

Alexa Fluor 488 - Chicken anti-rabbit (1:500) Thermo Fisher RRID:AB_2535859; A-21441

Alexa Fluor 594 - Goat anti-rabbit (1:500) Thermo Fisher AB_2534079: A-11012

Alexa Fluor 594 - Chicken anti-goat (1:500) Thermo Fisher AB_2535871; A-21468

Alexa Fluor 647 - Chicken anti-rabbit (1:500) Thermo Fisher AB_2535861; A-21443

Critical commercial assays

RNAscope Multiplex Fluorescent Reagent Kit

V2

Acdbio 323100

TaqMan Fast Advanced Master Mix ThermoFisher 4444557

Chromium Next GEM Single Cell 3’ GEM,

Library & Gel Bead Kit v3.1, 4 rxns

10X Genomics 1000128

Chromium Next GEM Chip G Single cell kit, 16

rxns

10X Genomics 1000127

Single Index Kit T Set A, 96 rxns 10X Genomics 1000213

Chemicals, peptides, and recombinant proteins

Pdgfra Acdbio 480661-C2

Dpep1 Acdbio 480831-C3

C3 Acdbio 417841-C3

Il33 Acdbio 400591-C3

Adamts5 Acdbio 427621

Opal 690 (1:750) Akoya Biosciences FP1497001KT

Opal 570 (1:750) Akoya Biosciences FP1488001KT

Opal 520 (1:750) Akoya Biosciences FP1487001KT

SuperScript IV VILO Master Mix Thermo Fisher 11756050

C3 - Mm01232779_m1 (FAM-MGB) Thermo Fisher 4331182

Cd248 - Mm00547485_s1 (FAM-MGB) Thermo Fisher 4331182

Dpep1 - Mm00514592_m1 (FAM-MGB) Thermo Fisher 4331182

Hprt1 (control) - Mm00446968_m1 (VIC-MGB) Thermo Fisher 4448490

Il33 - Mm00505403_m1 (FAM-MGB) Thermo Fisher 4331182

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Ly6a (SCA-1) - Mm04337234_m1 (FAM-MGB) Thermo Fisher 4331182

Pdgfra - Mm00440701_m1 (FAM-MGB) Thermo Fisher 4331182

Collagenase II (2.5U/mL) Thermo Fisher 17101015

Collagenase D (1.5U/mL) Sigma Aldrich COLLD-RO

Dispase II (2.4U/mL) Sigma Aldrich D4693

High Sensitivity DNA Kit (D5000) Agilent 5067-4626

Qubit dsDNA HS Assay Kit Thermo Fisher Q328541

TURBO DNAse Thermo Fisher AM2238

ProLong� Gold Antifade Mountant with DNA

Stains DAPI

Thermo Fisher P36935

Wheatgerm Agglutinin (1:1000) Thermo Fisher W6748

7AAD (1:200) BioLegend 420404

Deposited data

scRNA-seq data of WT and BLA/J FAPs

generated for this manuscript (FASTQ & MTX

files)

This manuscript GEO:

Scripts and Seurat objects

(‘‘faps_mesc_analysis.zip’’)

This manuscript https://doi.org/10.5281/zenodo.8102775

Tabula Muris single cell RNA-seq data set (20

tissues including limb muscle)

Tabula Muris consortium tabula-muris.ds.czbiohub.org/

Giordani et al mouse limb muscle scRNA-seq

data set

Giordani et al.12 GEO:GSE110878

‘‘scMuscle_mm10_slim_v1-1.RData’’

integrated mouse skeletal muscle sc/snRNA-

seq data set

McKellar et al.36 github.com/mckellardw/scMuscle

‘‘Mouse_SS_Fibro.RDS’’, steady state mouse

fibroblast dataset

Buechler et al.24 Fibroxplorer.com

Software and algorithms

CellSens Software (v3.1.1) Olympus olympus-lifescience.com/en/software/

cellsens/

FIJI/ImageJ (v2.1.0/1.53c) FIJI Team fiji.sc

Prism 9.3.1 Graphpad graphpad.com/scientific-software/prism

Cell Ranger 3.0.0 10X Genomics support.10xgenomics.com/single-cell-gene-

expression/software/overview/welcome

GSEA Subramanian et al.17 gsea-msigdb.org

Cytoscape Shannon et al.19 cytoscape.org

EnrichmentMap pipeline collection

(EnrichmentMap, AutoAnnotate, WordCloud,

clusterMaker2)

Reimand et al.18 apps.cytoscape.org/apps/

enrichmentmappipelinecollection

R Programming Language The R Foundation r-project.org

Seurat (version 2-4, see scripts) Satija Lab52,53,54 satijalab.org/seurat

data.table Dowle and Srinivasan55 github.com/Rdatatable/data.table

ggplot2 Wickham H56 ggplot2.tidyverse.org/

reshape2 Wickham H56 github.com/hadley/reshape

Dplyr Wickham et al.57 dplyr.tidyverse.org

Tibble Muller and Wickham58 tibble.tidyverse.org

Plyr Wickham H56 plyr.had.co.nz/

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

harmony Korsunsky et al.59

RColorBrewer Brewer, CA ColorBrewer.org

patchwork Pedersen, TL github.com/thomasp85/patchwork/

DropletUtils Marioni Lab github.com/MarioniLab/DropletUtils/

sctransform Hafemeister et al.60 github.com/satijalab/sctransform

cluster Maechler et al.61 CRAN.R-project.org/package=cluster

Pheatmap Kolde et al.62 github.com/raivokolde/pheatmap

cowplot Wilke Lab wilkelab.org/cowplot/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to the lead contact, Jyoti Jaiswal

(jkjaiswal@cnmc.org).
Materials availability

This study did not produce any new unique reagents or mouse lines. All materials used can be obtained

using the information in the key resources table. Further information and requests for resources and re-

agents should be directed to and will be fulfilled by the lead contact.

Data and code availability

Data: Raw FASTQ and processed matrix files for the FAP scRNA-seq data of BLA/J vs. WT mouse muscle

generated in by this study have been deposited to NCBI databases. All accession numbers including pub-

licly available data used in this study (Giordani et al.12; Tabula Muris,11 Buechler et al.,24 McKellar et al.36)

can be found in the key resources table. All fully processed seurat (.rds) objects can be accessed at Zenodo

(DOI is listed in the key resources table).

Code: All original code has been deposited to the same Zenodo repository and is publicly available as of the

date of publication. The DOI is listed in the key resources table. R scripts were written using different versions

of Seurat to keep up with new features and bug fixes. The versions of each individual R library associated with

the Seurat version / environment can be found in the ‘sessionInfo()‘ output at the bottom of each script.

Any additional information related to the data in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

BLA/J and C57BL/6J female mice aged 3, 8 and 12 months old were used in the study. Female mice were

preferred for their earlier onset of disease and more severe lipid phenotype (BLA/J). Ages were used for

pre-symptomatic (3 mo), mild (8 mo) and severe (12 mo) phenotype. C57BL/6J were used for WT age

and gender matched controls of the same background. D2-mdx and C57BL/10J males aged, 38 days

old were used primarily for IHC validation studies. The D2-mdx were to represent severe calcification of

muscle during disease and C57BL/10J as WT controls. All animals were housed under a 12-hour light/

dark cycle with food and water ad libitum. All procedures were approved by the Institutional Animal

Care and Use Committee (IACUC) and the National Institutes of Health (NIH) Guide for the Care and

Use of Laboratory Animals.
METHOD DETAILS

Processing public scRNA-seq datasets

Tabula muris FACs and droplet datasets

Followed instructions provided at the Tabula muris github repository to process the data. We reproduced

their analysis using their original scripts in Seurat v2.3.413. Their scripts and supplementary data contain the
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gene markers and parameters used to define each cluster for each tissue. FACs data from aorta, bladder,

brain, diaphragm, fat, heart, limbmuscle, mammary gland, pancreas and trachea were processed for MeSC

comparisons. Next, the Seurat 2 objects from the FACs and droplet data sets were exported and converted

into Seurat v3.1.053 objects using ‘UpdateSeuratObject()‘ method for further analysis.

Limb muscle droplet dataset

The two filtered matrix files from Giordani et al was downloaded from GEO and processed using Seurat

v3.1.0. We used the author’s gene markers and parameters from their supplementary data to reproduce

their data in v3.1.0. Next, the limb muscle droplet data for the Tabula Muris dataset was processed and

converted to Seurat 3 objects as described above and integrated with the Giordani et al dataset for

limb muscle analyses.

Large-scale muscle injury dataset

The harmonized mouse single cell dataset (‘‘scMuscle_mm10_slim_v1-1.RData’’) from McKellar et al36 was

downloaded and analyzed in Seurat 4.3.054. A FAP subset of the full dataset was produced based on the

author’s cell type annotations. Only the most densely populated injury timepoints were subsetted (day

0, 2, 5, and 7) extracted for analysis.

Steady state fibroblast dataset. The fully processed mouse steady state fibroblast Seurat object

(‘‘Mouse_SS_Fibro.RDS’’) from Buechler et al.24 was also downloaded an analyzed using Seurat 4.3.054.

Please refer to the R scripts uploaded to the Zenodo repository for more analysis details.
Bioinformatic ‘‘FACS’’ enrichment strategy

For the Sca-1 sort, the cut-offs used were the average expression of each gene across all cells in the data set,

which is similar to Seurat 3 calculates their feature plots (Figure 2A): RNA_Ptprc <= 0.3839, RNA_Pecam1 <=

0.6566, Itga7 <= 0.054875, Cd34 >= 0.55517 and Ly6a >= 1.2019. Ly76 was omitted because it was not uni-

formly detected in the dataset. For the PDGFRa sort strategy, we used the cut off for Pdgfra >= 0.11299.

The combined strategy uses the SCA-1 sort in addition to Pdgfra. Please refer to the R script for more details.
Functional annotation of FAP enriched genes from limb muscle dataset

Functional annotation of FAP enriched genes

FAPs were compared to all other limb muscle mononuclear cells in the dataset to determine differentially ex-

pressed genes using the ‘FindConservedMarkers()‘ method and exported. Functional annotation was per-

formed following Reimand et al.18 with some modifications due to software updates. Briefly, FAP conserved

markers (gene symbol, log2 Fold change) were imported into GSEA as a ‘.rnk‘ file for functional annotation.

Parameters used in the processing are described in the publication, except the gene set database (‘h.all.v7.4.-

symbols.gmt‘) and the chip platform used ( ‘Mouse_Gene_Symbol_Remapping_to_Human_Orthologs_M-

SigDB.v7.1.chip‘. Enriched biological processes were visualized using Cytoscape and EnrichmentMap. Please

see supplemental data for the cytoscape file and detailed workflow (‘‘faps_vs_other_gsea_analysis.cys’’ and

‘‘FAP_pathway_analysis_workflow.pdf’’). Leading edge gene lists from each biological process (node) in the

proteolysis regulation network were exported from Cytoscape and imported into R.

Finding FAP enriched gene candidates

All leading-edge gene lists were combined into a unique set, then sorted for specificity and expression in

FAPs. Filter criteria for FAP enriched genes include > 50% expression in MeSC and >=2.5 scaled average

expression, < 30% expression in tenocytes, < 10% expression in endothelial cells, < 10% expression in sat-

ellite cells, and less than 15% expression in macrophages/neutrophils.
Quantitative RT-PCR

Total RNA was isolated from fifty 10um cryosections of snap frozen quadricep muscles of female 3- and

12-month-old BLA/J mice and 12-month-old WT C57BL/6 mice using TRIzol reagent (n=3 per group).

RNA was treated with TURBO DNAse. First strand cDNA was generated using 500 ng of total RNA from

each sample and SuperScript IV VILO Master Mix. The qPCR assay was performed on the QuantStudio 7

(Applied Biosystems) using the TaqMan Fast Advanced Master Mix and gene expression assays for C3,

Ly6a (SCA-1), Il33, Cd248, Dpep1, Pdgfra and Hprt (see key resources table).
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Immunohistochemistry and RNA FISH

Immunohistochemistry

Snap frozen quadricep muscles from 12-month-old BLA/J and WT C57BL/6 mice were cut into 10um sec-

tions and mounted on slides. Tissues were airdried at room temperature (RT) for 10 minutes, fixed with 4%

PFA (in 1xPBS) for 2 minutes, and rinsed with 1x PBS-0.1% Tween (PBS-T) 3 times. Tissues were blocked us-

ing 5% BSA in PBS-T (blocking buffer) for 1 hour at RT. Antibodies were diluted according to concentrations

listed in the key resources table in blocking buffer, added to slides and incubated in a humidified chamber

at 4�C overnight. Next day, washed 3 times with PBS-T. Secondary antibodies were diluted according to the

the key resources table in blocking buffer, added to the slides and incubated for 2 hours at RT. Afterwards,

wheat germ agglutinin was added and incubated for 10 minutes (1:500) and washed off 3 times with PBS-T.

Slides were mounted using Prolong Gold with DAPI for imaging. Multiple sections and >10 images of each

quadricepmuscle were analyzed for each protein or protein combinations studied. A negative control slide

(no primary antibody) for each condition was used for determining thresholds for fluorescence background.

RNA FISH

Snap frozen muscles from 13-month-old BLA/J and WT C57BL/6 mice were cut into 8 um sections and

mounted on slides. RNAscope was performed using the RNAscope Multiplex Fluorescent Reagent Kit

V2 following the manufacturer’s protocol (323100-USM/Rev Date: 02272019) with specific optimizations:

muscle sections were fixed using 4% PFA in 1xPBS; digested using Protease IV for 15 minutes at RT; and

Opal dye concentrations were adjusted to 1:750 in TSA buffer. The probes used were mouse Pdgfra as

the experimental control and C3, Adamts5, Dpep1, and IL-33 as targets (key resources table). Multiple sec-

tions and >10 images of each quadricep muscle were analyzed for each of the marker or marker combina-

tions studied. A negative control slide (no probes, mix of opal dyes only) for each condition was used for

determining thresholds for fluorescence background.

Microscopy and image processing. Microscopy images were taken using a 40X air objective on the on the

Olympus VS-120 and/or the Leica SP8 confocal microscope at 63X oil objective with 8-10 z-stacks at 1 um

steps. Eight images of different regions of each quadricep muscle were captured per antibody or probe

combination used. Images taken on the VS-120 were processed using CellSens software. Images taken

on the Leica confocal were processed in FIJI/ImageJ. Maximum projection and denoising were used to

process the RNAscope images.
FACs enrichment of PDGFRa+ FAPs from limb muscle for scRNA-seq

FAPs were isolated from hindlimb muscles of 8Mo B6A/J and WT female mice in a modified protocol from

our previous publication.26 Mice were euthanized and the tibialis anterior, extensor digitorum longus,

gastrocnemius, soleus, quadriceps, and psoas were immediately dissected. Non-muscle tissue including

tendon, nerve and overlying fascia were carefully removed, and muscles were minced finely in a sterile

dish and incubated in Collagenase II (2.5U/mL) in PBS for 30 minutes at 37�C. The resulting slurry was

washed with sterile PBS before further digest in Collagenase D (1.5U/mL) and Dispase II (2.4U/mL) in

PBS for 60 minutes at 37�C. Resulting slurries were passed through 100 mm and 40 mm strainers and primary

cells were resuspended in 1 mL PBS with 2% FBS and 2nM EDTA.

The suspensions were subsequently stained with anti-PDGFRa-APC (1.0 mg per 106 cells in 100 mL) for flow

cytometry. Immediately prior to FACS, cells were stained with 7AAD viability staining solution (1:200 dilu-

tion). Cell suspensions were then sorted on a BD Influx cell sorter; live cells were enriched by gating based

on forward and side scatter, and doublets were excluded using trigger pulse width gating. We gated out

7AAD+ cells to further increase sample viability, before purified PDGFRa+ FAPs were collected for single

cell sequencing.
Single-cell library preparation and sequencing

Single-cell RNA-seq libraries were generated using the ChromiumNext GEM Single Cell v 3.1 (10XGenomics,

US). Single-cell suspensions were diluted to a density of 1000 cells/mL in 1x PBS with 0.04% BSA and added to

the real-time polymerase chain reaction (RT-PCR) master mix to target �8000 cells. The mix was loaded

together with Single Cell v3.1 gel beads and partitioning oil into a Next GEM Chip G according to the man-

ufacturer’s instructions. The cDNA molecules were amplified, dual indexed and pooled, and followed by li-

brary construction according to the manufacturer’s (10x genomics, US) instructions. Sequencing libraries
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were quantified by Qubit dsDNA High sensitivity kit and the size profiles of the pre-amplified cDNA and li-

braries were determined using the Agilent High Sensitivity D5000 ScreenTape. All single-cell libraries were

sequenced with a customized paired-end format with dual indexing (28/10/90-bp for v3.1libraries) as recom-

mended by 10X Genomics. These libraries were sequenced on a Novaseq 6000 system using the S1 flow cell

(Illumina, US).
Single cell RNA-seq data processing

The Illumina sequenced single cell libraries were processed using 10x Genomics Cell Ranger 3.0.047.

Briefly, the raw base call files generated by the sequencer, were demultiplexed into fastq files by the cell-

ranger mkfastq function. Next, the function cellranger countwas used to align the fastq to the pre-built cell-

ranger mouse reference (refdata-cellranger-mm10-3.0.0), filter the UMI barcodes and estimate the counts.

The output for this step is the feature countmatrix, which is provided as an input to Seurat, for further down-

stream processing.
QUANTIFICATION AND STATISTICAL ANALYSIS

The qRT-PCR analysis (Figure 5A) compared the expression of various genes in the quadriceps of 3- and

12-month-old BLA/J mice to 12-month-old WT C57BL/6 mice (n=3 per group). The expression data was

analyzed using a two-way ANOVA statistical test followed by a posthoc Tukey multiple-test comparison.

All error bars shown are of the calculated standard deviation and the significance was defined by

p-value < 0.05. The statistical tests were performed using GraphPad PRISM v9.3.1.
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