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1 | INTRODUCTION

Abstract

Cellular senescence is the irreversible arrest of normally dividing cells and is
driven by the cell cycle inhibitors Cdkn2a, Cdknla, and Trp53. Senescent cells
are implicated in chronic diseases and tissue repair through their increased secre-
tion of pro-inflammatory factors known as the senescence-associated secretory
phenotype (SASP). Here, we use spatial transcriptomics and single-cell RNA se-
quencing (scRNAseq) to demonstrate that cells displaying senescent characteris-
tics are “transiently” present within regenerating skeletal muscle and within the
muscles of D2-mdx mice, a model of Muscular Dystrophy. Following injury, mul-
tiple cell types including macrophages and fibrog-adipogenic progenitors (FAPS)
upregulate senescent features such as senescence pathway genes, SASP factors,
and senescence-associated beta-gal (SA-f-gal) activity. Importantly, when these
cells were removed with ABT-263, a senolytic compound, satellite cells are re-
duced, and muscle fibers were impaired in growth and myonuclear accretion.
These results highlight that an “acute” senescent phenotype facilitates regenera-
tion similar to skin and neonatal myocardium.
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division." Cellular senescence plays a pivotal role in cel-
lular aging, and age-related chronic conditions such as

Senescence is a multifaceted stress response typified by ~ Alzheimer's,” cardiovascular disease,” and cancer.* Cells
irreversible growth arrest of cells normally capable of cell enter senescence through various mechanisms including

Abbreviations: APC, antigen-presenting cell; CSA, cross-sectional area; FAPs, fibro-adipogenic progenitors; GO, gene ontology; H&E, hematoxylin
and eosin; OCT, optimal cutting temperature compound; PBS-T, tween in PBS; PCA, principal component analysis; SA-p-gal, senescence-associated
beta galactosidase; SASP, senescence-associated secretory phenotype; scRNAseq, single-cell RNA sequencing; UMAP, uniform manifold
approximation and projection; UMI, unique molecular identifier.
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oxidative damage, genomic instability, and widespread tis-
sue injury. These stimuli initiate a senescence response by
engaging cell cycle inhibitors such as p16™**, p21“*! and
p53 which induce permanent growth arrest.’ Senescent
cells frequently remodel the local cellular environment by
secreting cytokines, chemokines, proteases, and soluble
factors collectively known as the “senescence-associated
secretory phenotype” (or SASP)® which also serves to re-
cruit immune cells.

Our understanding of cellular senescence extends
beyond aging and chronic disease as recent work has
uncovered novel functions of senescent cells in tissue
regeneration and morphogenesis. Indeed, transitory se-
nescent cell activity is required for skin wound repair’
and neonatal cardiac regeneration.® However, little
is known regarding the role of “acute” senescence in
other tissues with high regenerative capabilities such as
skeletal muscle. Indeed, while satellite cell senescence
contributes to age-related muscle loss,’ a function for
cellular senescence in normal muscle repair has not
been described.

Spatial transcriptomics represents the evolution of
single-cell RNA sequencing (scRNAseq) and provides
the spatial location (on a tissue section) of whole tran-
scriptome sequencing. Spatial transcriptomics (such as
Visium from 10x Genomics) captures the RNA from a
tissue section on a slide using a printed spatial array
of dots which consist of uniquely barcoded beads with
oligonucleotides to capture polyadenylated RNA for
sequencing.’® Due to the barcoding, the RNA is then
mapped back to the dot of origin and aligned with a he-
maotoxylin and eosin (H&E) stain of the same section to
overlay morphology with gene expression. Spatial tran-
scriptomics technologies are now widely implemented
to study tissue and disease biology in diverse fields from
neuroscience to cancer.™

Here, we use a combination of scRNAseq, spatial
transcriptomics, and functional in vivo assays to define
a novel mechanism governing muscle repair which re-
lies on the transient appearance of cells displaying se-
nescent features following myotrauma. We reveal that
multiple cell types display senescence-like features by
upregulating a core signature of senescence-related
genes including Cdknla, Trp53, and the regenerative
SASP factor Cyr61 (CCN1). This response is not limited
to cardiotoxin (CTX)-induced injury as senescent-like
cells are also present within the muscles of D2-mdx
mice, a model of Muscular Dystrophy. Importantly, the
removal of cells with senescent characteristics via the
senolytic compound ABT-263 abrogates muscle repair
and growth following CTX-induced injury while reduc-
ing satellite cell content.

2 | MATERIALS AND METHODS

2.1 | Mice and animal procedures

All animal procedures and ethics were approved by
the University of Prince Edward Island Animal Care
Committee in accordance with CCAC guidelines (AUP
#16-036). Eight-week-old male C57BL/6 mice were pur-
chased from Charles River Laboratories. For muscle re-
generation timecourse experiments (n = 6 per time point),
mice were anesthetized with isoflurane and the right and
left TA muscles were injected with 50pl of PBS (Sham)
or CTX (10 puM, L8102, Latoxan Laboratory). ABT-263
administration was performed as described previously
(Chang et al., 2016; Demaria et al., 2014). Briefly, mice
(n = 8-9 per group) were injected with CTX or PBS (Sham
control) as described above, and 3days later, mice were
gavaged daily with vehicle solution (Phosal, polyethylene
glycol [PEG], and ethanol [EtOH] (60%:30%:10%)) or ABT-
263 (Navitoclax, Toronto Research Chemicals A112500,
50 mg/kg) dissolved in vehicle for 7 or 15 days after which
TA muscles were collected. Flash frozen, gastrocnemius
muscles from male, 8-week-old D2.B10-Dmd"*/J (D2-
mdx; n = 4) (Jackson Laboratories, stock # 013141), and
DBA/2J (Jackson Laboratories stock # 000671) were gen-
erously provided by Dr. Vladimir Ljubicic (McMaster
University).

2.2 | Mononuclear cell isolation

Muscle mononuclear cells were isolated as described
previously’*!* with slight modifications. Briefly, 5days
following CTX or Sham injection, TA muscles were iso-
lated in a small biopsy dish where blood vessels, fat, and
connective tissue were dissected away from the muscle.
Samples were mulched in dissociation media (10mg/
ml Collagenase D [Roche], 4.8 U/ml Dispase II [Roche],
and 10% horse serum in high-glucose DMEM) with fine
scissors and incubated at 37°C for 45 min with agitation.
Collagenase/dispase was inactivated with FBS, and the
cells were filtered through a 40pm strainer and centri-
fuged for 10 min at 1000g at 4°C, washed in PBS, and un-
derwent red blood cell lysis (Qiagen) and myofiber debris
removal (Miltenyi Biotec, 130-109-398) using commercial
kits following the manufacturer's instructions. Cell viabil-
ity was >90% based on trypan blue staining in all samples.
Cells were fixed in ice-cold methanol for 15 min on ice
and stored at —80°C until scRNAseq analysis (n = 5 mice/
preparations in each group [sham or CTX] and biologi-
cal replicates were pooled immediately prior to methanol
fixation).
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2.3 | Single-cell and spatial
RNA sequencing

Cells were recovered from methanol and processed
as per the manufacturer's instructions (https://suppo
rt.10xgenomics.com/single-cell-gene-expression/sampl
e-prep/doc/demonstrated-protocol-methanol-fixation-
of-cells-for-single-cell-rna-sequencing, 10X Genomics,
Pleasanton, CA). Briefly, cells were removed from meth-
anol through centrifugation and rehydrated in wash/sus-
pension buffer (0.04% BSA, 1mM DTT, 0.2 U/ul RNAse
inhibitor in 3X SSC Buffer [in nuclease free water]) at
a concentration of at least 500 cells/pl. scRNAseq, in-
cluding droplet collection, cDNA amplification, and
library preparation was carried out at the Princess
Margaret Genomics facility (Toronto, ON) using the
10X Genomics Chromium system as per the manufac-
turer's guidelines (using PN-1000092). Resulting librar-
ies were sequenced on an Illumina HiSeq2500 at the
Princess Margaret Genomics facility (Toronto, ON) and
FASTQ sequencing reads were processed, aligned to the
mouse genome (mm10), and converted to digital gene
expression matrices using the Cell Ranger count func-
tion within the Cell Ranger Single-Cell Software using
the manufacturers’ recommendations (https://suppo
rt.10xgenomics.com/single-cell-gene-expression/softw
are/overview/welcome).

For spatial transcriptomic analysis, the gastrocne-
mius of 8-week-old D2-mdx mice was isolated, embed-
ded in OCT and flash-frozen in liquid nitrogen cooled,
2-metylbutane and cutat 10 pm into sections on 10x Visium
gene expression slides, and processed for H&E staining.
cDNA libraries with spatial tagging were built using the
Visium Spatial Gene Expression 3’ Library Construction
v1 Kit (10x Genomics, Pleasanton, CA) and sequenced
using a NovaSeq 6000 (Princess Margaret Genomics facil-
ity, Toronto, ON). Fiducial frames were manually aligned
and spots in contact with the tissue section were selected
using Loop Browser software (v4.0.0). Sequencing was
aligned to the mouse genome (mm10) using spaceranger
v1.0.0 which generated a feature-by-spot barcode expres-
sion matrix.

2.4 | Bioinformatic analysis

All downstream bioinformatic analysis was performed
with R/RStudio (versions 3.6.3/1.3.1093) using Seurat
version 3.1'* which included quality control filtering,
clustering, visualization, integration of data, and dif-
ferential expression testing. Individual scRNAseq data
sets underwent quality control filtering which removed
genes expressed in less than 3 cells and cells that had
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unique molecular identifier (UMI) counts of <200 and
>2500 as well as cells in which 20% of UMIs mapped
to mitochondrial genes.">'® scRNAseq data sets were
log normalized and variable features assessed prior
to integration and batch correction using Seurat's
“IntegrateData” function which is based on canonical
correlation analysis and feature anchors. Data were
scaled, and a principal component analysis (PCA) was
performed on the expression matrix and the first 20
principal components were used for clustering at a
resolution of 0.25 using Seurat's “FindNeighbors” and
“FindClusters” functions. Visualization was carried out
using uniform manifold approximation and projection
(UMAP)."” Unique cluster markers were determined by
performing Seurat's “FindAllMarkers” function which
only considers genes with >log,(0.25) fold-change and
expressed in at least 25% of cells in the cluster. To iden-
tify differentially expressed genes within a given cell
type across conditions, Seurat's “FindMarkers” function
was performed using the “RNA assay.” To gain greater
resolution in identifying immune cell types, uninjured
and CTX data sets were analyzed separately and under-
went clustering using the first 17 PCA dimensions (0.4
resolution) and 15 dimensions (0.3 resolution) respec-
tively. Clusters identified as immune related were then
subsetted and reclustered independently (control 15 di-
mensions, 0.2, CTX 10 dimensions, 0.3 resolution) prior
to cluster identification as described above.

Spatial RNA sequencing analysis was performed using
scanpy'® version 1.8.2. Spots with less than 1000 UMIs
or 500 unique genes were removed prior to preprocess-
ing, embedding, and clustering. After per-spot counts per
million normalization, data were log-transformed and
PCA was performed with the 2000 most variable genes.
Dimensionality reduction using UMAP was done using the
top 50 principal components to build the neighbors graph,
and clustering was done using the Leiden algorithm with
0.20 resolution for CTX-injected muscles and 0.30 for mdx
muscle. For each data set, a list of spatially variable genes
were found using SpatialDE2. Gene ontogeny (GO) terms
were then generated by testing the spatially variable gene
list against common (MSIGDB:H) and known senescence
(MSIGDB:M9143, MSIGDB:M27187) gene sets using a hy-
pergeometric test. Senescence and SASP scores were gen-
erated on a per-spot basis using scanpy’s “score_genes”
function, using senescence (MSIGDB:M9143) and SASP
(MSIGDB:M27187) gene sets. Cluster-level senescence
and SASP scores were then compared using the Wilcoxon
rank-sum test using SciPy version 1.6 and Python version
3.7.0.

A panel of 29 senescence-related genes was used for
analysis in Figure 4G by summing the average expres-
sion of all detected genes in Figure 4F, while significant
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differences (p<.05) were examined between uninjured
and CTX cells using the Wilcoxon rank-sum test using
GraphPad Prism software (Version 6.01, GraphPad
Software Inc., San Diego, CA).

2.5 | Immunohistochemistry

TA muscles were either fixed in 4% PFA for 24 h at 4°C or
immediately flash frozen in liquid nitrogen cooled isopen-
tane and stored at —80°C in optimal cutting temperature
compound (OCT) prior to cryosectioning (7 pM sections).
Since immunohistochemical (IHC) staining of tissue cross
sections is not amenable following SA-f-gal detection, se-
rial sections were generated, and SA-p-gal detection was
performed on one section while the adjacent section un-
derwent ITHC staining after which colocalization was deter-
mined manually through image overlay. For THC, detailed
protocols are found in Table 1. Briefly, frozen sections were
air-dried and fixed in 4% PFA or ice-cold acetone for 5 min
at room temperature followed by 3, 5min washes in 0.02%
tween in PBS (PBS-T). Sections were permeabilized for
10 min with Triton-X 100 in PBS-T and incubated in the ap-
propriate blocking solution for 1 h at room temperature.
Slides were then incubated overnight with the primary
antibody in blocking solution at 4°C. The next day, sec-
tions were washed three times for 5min with PBS-T and
incubated with the appropriate Alexa-conjugated second-
ary antibodies (Thermo Fisher) for 1-2h in 2% BSA in PBS.
Sections were again washed in PBS-T and counterstained
with the nuclear marker DAPI and mounted. For the stain-
ing of SA-B-gal coupled with F480 in experiments utiliz-
ing ABT-263, serial sections were generated and SA-f-gal
detection was performed on one section while the adjacent
section underwent colorimetric IHC staining using the
Vectastain Elite ABC kit (PK-6104) using the Vectastain
DAB substrate kit for visualization (SK-4100) following the
manufacturer’s instructions.

2.6 |
in-situ hybridization

TA muscles from 8-week-old WT mice were injected with
CTX, isolated 5days later and flash-frozen as described
earlier. Similarly, gastrocnemius muscles from 8-week-old
control or D2-mdx mice were isolated and flash-frozen as
described earlier. Seven micrometer sections were gener-
ated and were probed for Cdknla (Catno. 408551) Cdkn2a
(Cat no. 411011-C3), or Trp53 (Cat no. 402331-C2) as per
the manufacturer's instructions (ACD Bio, RNAscope
Fluorescent Multiplex Assay Cat no. 320850) followed by
IHC for PDGFRa or F4/80 as described in Table 1.
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2.7 | SA-p-gal assay

To quantity the number of SA-p-gal-positive cells following
CTX or Sham injection, TA muscles were immersed in 4%
PFA at4°C for 24 h followed by cryoprotection in 30% sucrose
for 24 h and freezing at described above. SA-f-gal detection
was performed as previously described (Cazin et al. 2017; Le
Roux et al. 2015). Sections were air-dried for 20 min, washed
for 5min with PBS, and then underwent 2, 5min washes
with PBS+MgCl2 (2mM, pH 5.5). Sections were incubated
in an X-gal solution containing 4mM K3Fe(CN)6, 4mM
K4Fe(CN)6, 2mM MgCl,, and 400 pg/ml of x-gal powder
in N-N dimethylformamide (16495-5, Cayman Chemical)
in PBS, pH 5.5, at 37°C for a maximum of 24 h. Following
incubation, slides were washed three times for 5min each
with PBS, with a final wash of PBS containing DAPI and
then mounted using fluorescent aqueous mounting media
(Thermo Fisher). For flash-frozen sections, SA-p-gal was de-
tected in the same fashion with the exception of performing
fixation with 1% PFA and 0.2% glutaraldehyde at the begin-
ning and treatment with the X-gal substrate for 48 h (with a
fresh substrate added at 24 h). Some sections were also coun-
terstained with 0.5% eosin for 1 min, followed by a 2-min tap
water rinse and dehydration in 95% and 100% ethanol and
xylenes followed by mounting using nonaqueous mount-
ing media. All sections were visualized using the Zeiss Axio
Observer 7 (Axiocam, Carl Zeiss Microscopy, Jena, Germany)
microscope with Zeiss ZEN software. ImageJ software (FLIT)
was used for quantification of the images acquired.

2.8 | Muscle analysis

The average number of SA-B-gal positive cells were quanti-
fied across the regenerative time course and the experiments
utilizing ABT-263 treatment in an area of 953361pum? Time
course experiments were analyzed with a one-way ANOVA
followed by post-hoc analysis using the Tukey-Kramer
multiple comparison test, while ABT-263 treatment experi-
ments were examined using a two-tailed Student's ¢ test.
Morphometric analysis including quantification of Pax7-
positive cells, Cd31-positive capillaries, and F4/80-positive
macrophages was performed on an area encompassing
a minimum of 150 fibers per mouse. Data analyses were
conducted using GraphPad Prism software (Version 6.01,
GraphPad Software Inc., San Diego, CA) with a p value of
<.05 being deemed statistically significant while data are
presented as the mean +standard deviation of the mean.

2.9 | Cell proliferation assay

For in vitro cell proliferation, C2C12 myoblasts were
seeded at a concentration of 1000 cells/well in a 96
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well-plate and ABT263 (Cat no. A112500, Cedarlane
Laboratories) was applied at increasing concentrations (0,
0.313, 0.625, 1.250, 2.5, and 5 uM) for 72 h. MTT assay (3
-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) was performed according to the manufacturer’s in-
structions (Vybrant® MTT Cell Proliferation Assay Kit, Cat
no. V-13154, Invitrogen). Briefly, media was replaced with
100 pl of fresh phenol red-free culture media (10% FBS Cat
no. 12483-020, Thermo Fisher Scientific and 100 U/ml
penicillin/streptomycin [P/S] Cat no. 15140-122, Thermo
Fisher Scientific) and 10 pl of 12mM of MTT stock solution
was applied to each well. Following 2h of incubation at 37
°C, cell culture media was removed and 50l of DMSO
(Cat no. 85190, Thermo Fisher Scientific) was applied to
each well followed by 10 min of incubation at 37°C. MTT
absorbance was read at 540nm on a POLARstar Omega
plate reader (Cat no. S/N 415-0703, BMG LabTech). N =6
each condition, with one-way ANOVA.

3 | RESULTS

3.1 | Spatial transcriptomics reveals
senescence gene activity localized to areas
of muscle repair

To investigate senescence throughout regenerative myo-
genesis, we assessed common senescence features across
a time course of muscle repair, initially by examining the
spatial expression of senescence genes in a published data
set that utilized 10X based spatial transcriptomics follow-
ing notexin injury (snake venom-derived myotoxin-based
injury, similar to cardiotoxin) of mouse gastrocnemius
muscles. As demonstrated by H&E staining, by 2days
post-injury there was focal muscle necrosis with dis-
tal areas of the muscle remaining intact (Figure 1B). By
5days, inflammation in proximity to regions of newly
formed myofibers was evident within areas damaged
by notexin (Figure 1H). This is in agreement with spa-
tial gene expression analysis which demonstrated that
low-level clustering using Scanpy (1.8.2)," clusters cor-
responding to “uninjured” and “injured” regions were
evident (Figure 1C,I, Figure S1A,B). For example, at 2
and 5days, postinjury clusters demonstrated enhanced
expression of inflammatory genes such as Ctsb, Ly6e, and
Apoe and downregulation of muscle-related genes such
as Mb, Myhl, and Myh2 relative to uninjured clusters
(Figure S1C,D). This was also evident by spatial feature
plots that demonstrated localization of the macrophage
marker Cd68 to injured regions and MyodI and Mhy3 to
areas of regeneration (Figure S1E-L).

To examine how this relates to senescence, we first
used an unbiased approach to identify genes that display
spatial variability (i.e., genes that could potentially be
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FIGURE 1 Spatial transcriptomics localizes senescence gene activity following muscle injury. (A) Gene Ontogeny analysis of spatially
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variable genes as identified by SpatialDE2 (p < .05, Benjamini-Hochberg correction (FDR <0.05) in the gastrocnemius muscle 2 and 5days

postnotexin injury based on spatial transcriptomics analysis. Hematoxylin and eosin images of gastrocnemius muscles (B and H) and spatial

dimplots (C and I) localizing clusters at 2 and 5days postnotexin injury, respectively. Senescence and SASP scores were calculated per gene

expression spot and spatially localized to gastrocnemius muscles using spatial feature plots at 2 (D and F) and 5 (J and L) days postmuscle

injury. Violin plots demonstrating the average Senescence and SASP scores per cluster at 2 (E and G) and 5 (K and M) days postmuscle

injury. Spatial feature plots demonstrating the expression of the senescence-related genes, GIb1, Trp53, Cdknla, Cdknlc, Cyr61, and Serpinel

at 2 (N) and 5 (O) days postmuscle injury. *p < .05 compared with injured. Analysis of data published in** (n = 1 per time point).

restricted to damaged/undamaged areas of the muscle)
by using SpatialDE2'? at 2 and 5days postinjury. Next, we
generated GO terms based on significant spatially vari-
able genes (p<.05) identified by SpatialDE2 which re-
vealed expected terms such as “Inflammatory Response”
“Myogenesis,” “Mtorcl signaling,” and “Angiogenesis”
(Figure 1A). Interestingly, there was also an overrepresen-
tation of terms such as “SASP,” “Senescence,” “Oxidative
Stress,” “P53 Pathway,” and “DNA repair.” To better
quantify and localize this, we created “Senescence” and
“SASP” scores for each Visium gene expression spot based
on the expression of genes associated with the GO terms
Senescence and SASP using Scanpy's “score genes” func-
tion. This revealed concentrated expression of senescence
and SASP genes to damaged and regenerating areas at
2 (Figure 1D,F) and 5days postinjury (Figure 1J,L) and
when calculated as a mean for each cluster, demonstrated
a significant upregulation within the injured clusters
(Figure 1E,G,K,M).

Next, we explored the expression of senescence-related
genes identified by SpatialDE2, many of which were local-
ized to damaged or regenerating areas. This included GIb1
(the gene responsible for SA-fgal activity), the senescence
pathway genes Trp53, Cdknla, Cdknlc, and the SASP fac-
tors Cyr61 (CCN1) and Serpinel (PAI-1) at 2 and 5days
postmuscle injury (Figure 1N,O, respectively). We exam-
ined the coexpression of Trp53, Cdknla, and GIbl, ac-
knowledging the fact that Visium spots are large enough
to contain the transcriptomes of more than one cell. This
demonstrated that at 2days postmuscle injury, of the
spots that contained Trp53 expression, 47% co-expressed
Cdknla, 15% co-expressed GIbl, and 13% expressed all
three genes. Similar results were observed 5days postin-
jury. Of the spots that contained Trp53 expression, 63%
co-expressed Cdknla, 25% co-expressed Glbl, and 21%
expressed all three genes. Taken together, these results
demonstrate that a localized senescence response accom-
panies regenerative myogenesis.
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3.2 | Myotrauma elicits dynamic
cellular changes coincident with
senescence activity

Visium spots are 55um in diameter and, therefore, rep-
resent gene expression of multiple cells. To identify
which cells upregulate senescence-related genes, we
performed high throughput, droplet-based scRNAseq to
analyze transcriptomes of individual mononuclear cells
prepared from Sham-injected (uninjured) and 5days
post-CTX-injected TA muscles (Figure 2A) as high se-
nescence gene activity was observed at this time point
(Figure 1). Using the R package Seurat 3.0,"> we assessed

Juis 7 of 16
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2578 cells from uninjured and 1013 cells from injured
skeletal muscle with an average of 47197 reads per cell
with a median of 606 genes detected per cell. First, we
classified the cellular response to muscle injury which
revealed eight putative cell types across uninjured and
injured muscles (Figure 2B,F-N, Figure S2A). This in-
cluded Pax7-positive satellite cells (one cluster), Pdgfra-
positive FAPs (two clusters), Fmod-positive tendon-like
cells (one cluster), Cdh5-positive endothelial cells (one
cluster), mural/smooth muscle mesenchymal cells ex-
pressing Abcc9 (one cluster), muscle myonuclei express-
ing Ckm and Des (one cluster), Plpl-positive Schwann
cells (one cluster), and immune cell populations (three
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FIGURE 2 Skeletal muscle injury elicits dynamic cellular changes following cardiotoxin (CTX) injury. (A) Experimental workflow
where mouse TA muscles were injected with PBS (sham) (n = 5 pooled) or CTX (n = 5 pooled) and collected 5days later for enzymatic

digestion, debris removal, and methanol fixation. Cells were recovered and subjected to scRNAseq and downstream bioinformatics analysis.
(B) Uniform manifold approximation and projections to visualize cells from an integrated analysis of uninjured and CTX-injected muscles
which identifies eight cell types and their proportions (C). Analysis of individual data sets reveals further resolution of immune cell types in
uninjured (D) and injured (E) muscles. (F-M) Feature plots of cell type markers in combined data. (N) Dot plot of differentially expressed
genes that distinguish cell populations in CON- (uninjured) and CTX-injected muscles. (O) Single-cell heatmap of myogenic genes in
uninjured and CTX-injected muscles.
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clusters), some of which expressed the pan-lymphocyte
marker Ptprec.

In comparison with uninjured muscle, CTX injec-
tion elicited substantial and dynamic changes in many
of these populations (Figure 2C) including endothelial
cells, which were initially the most abundant (43% of
cells) but were substantially decreased (8%) follow-
ing injury, consistent with previous observations."?
Conversely, immune cells accounted for the majority
of cells following CTX injection (62%) but were sparse
in uninjured muscle (~9% of total cells). Initially, im-
mune cells grouped into three clusters (Figure S2B)
which corresponded with resident macrophages (which
clustered with platelets), lymphocytes, and a group of
monocytes (Figure 2D). Following injury, four clusters
of immune cells were present (Figure S2C), including
M2 macrophages, pro-inflammatory M1 macrophages,
resident macrophages, antigen-presenting cells (APCs),
and a cluster of lymphocytes (Figure 2E). FAPs repre-
sented the next most abundant cell population in unin-
jured and injured muscle accounting for 34% and 27% of
cells, respectively (Figure 2C). Satellite cells underwent
dynamic transcriptional changes, as in uninjured mus-
cle, most cells were quiescent and expressed Pax7 and
Myf5, while at 5days post-CTX, they were proliferating
and transitioning to differentiation with upregulations
in Myod1 and Myog (Figure 20). This demonstrates that
muscle injury elicits dynamic cellular changes in the
muscle environment that coincides with heightened se-
nescence gene activity.

3.3 | Multiple cell populations acquire
senescent features following muscle injury

To investigate senescence, we analyzed the proportion
of cells expressing canonical senescence pathway genes
(Figure 3A).5%° In agreement with our spatial transcrip-
tomics analysis, muscle injury increased the number of
cells expressing Cdknla (2.8 fold), Cdknlb (1.7-fold),
Cdknlc (1.2-fold), Trp53 (2.2-fold), Nfkb1 (2.2-fold), and
GIlb1 (7.6 fold), while the number of cells expressing
Cdkn2a (p16™***) was low in both tissues. Gene expres-
sion overlayed on UMAPs (Figure 3B-E), using feature
plots, demonstrated that each putative cell type demon-
strated an increased proportion of cells expressing at least
one senescence pathway gene, with most increasing the
expression of multiple genes. In particular, immune cells,
the vast majority of which were macrophages expressing
Adgrel (F4/80) and Ly86 and FAPs upregulated numer-
ous senescence pathway genes such as Cdknla (immune),
Cdkn1b, Cdknlc(FAPs), Trp53,Nfkb1l,and GlbI (FAPsand
immune, respectively). While satellite cells upregulated

Cdknla,Cdknlc,and Trp53, these genes are known induc-
ers of myoblast cell cycle withdrawal®'~** and likely reflect
cell differentiation/fusion. Indeed, smFISH of CdknIa re-
vealed enriched expression in newly formed muscle fibers
displaying central nucleation (Figure S3A). Additionally,
GIb1 was increased in each cell type following muscle in-
jury. We also quantified the number of cells co-expressing
the senescence marker genes Cdknla, Trp53, and/or GIb1.
This demonstrated that 1.9% of cells expressed Cdknla
and Trp53, 3.4% of cells expressed Cdknla and Glb1, 2.6%
expressed Trp53 and Glb1, and 0.5% of cells expressed all
three genes.

Since the genetic response of senescence is often het-
erogeneous, recent investigations have sought to elucidate
a common gene signature to many cell types following se-
nescence induction.” Therefore, we examined a panel of
29 of these proposed genes and calculated a cumulative
score based on their expression (Figure 3G) which demon-
strated a significant increase (p <.05) in a muscle injury in
FAPs, tendon cells, mural cells, and satellite cells with a
trend for an increase (p <.08) in immune cells.

Last, we looked at the SASP, acknowledging the over-
lap between SASP factors and the inflammatory response
to muscle injury. Here, we observed increased SASP factor
gene expression in many cell types following injury, in-
cluding tendon, mural, and endothelial cells in addition to
FAPs and immune cells (Figure 3H). Interestingly, many
SASP genes were commonly upregulated across multiple
cell types including Mif, a pro-inflammatory cytokine that
promotes macrophage mobilization (all cell types), the an-
giogenic Hifla (FAPs, tendon, mural, SCs), and the senes-
cence inducing Igfbp4 (FAPs, endothelial tendon, mural,
SCs) (Figure 3I-L). There were significant increases in the
ECM remodeling factors Mmp14 (all cell types, Figure 3L)
and Timpl (FAPs, tendon, mural, Figure 3M), as well
as Cyr61 (FAPs, mural, satellite cells, Figure 3N) which
has recently been linked with senescence-induced neo-
natal heart regeneration.® It is challenging to compare
“senescent-like” cells to their nonsenescent-like counter-
parts for a given cell type, both statistically and because
there is no universal marker that identifies all senescent
cells. Nonetheless, we compared macrophages expressing/
not expressing the senescence gene Cdknla. This revealed
that Cdknla-expressing macrophages had enhanced ex-
pression of senescence-related genes such as the stress
response genes Gadd45b and Ier3, the chemokine Ccl9,
and the transcription Klf4 which have been implicated
in senescence® a pro-inflammatory macrophage pheno-
type®® and p21-regulated senescence,”” respectively. Taken
together, these findings demonstrate that senescence-like
characteristics are elicited in several cell types by muscle
injury as evidenced by enhanced expression of core senes-
cence genes and SASP factors.
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FIGURE 3 Muscle-derived senescent-like cells express characteristic senescence pathway genes and SASP factors. (A) Dot plot

demonstrating the percentage of cells within each cluster expressing senescence genes across groups. Feature plots of GIbI (B), Trp53 (C),

Cdknla (D), and Cdknlb (E) from uninjured (Sham-injected) and cardiotoxin (CTX)-injected muscle. (G) Cumulative gene expression

based on 29 senescence-related genes (represented as a heatmap in F) in uninjured and CTX-injected samples. (H) Dot plot of SASP factor
expression across cell types in uninjured and CTX-injected groups. Split-violin plots of the SASP factors Mif (I), Hifla (J), Igfbp4 (K), Mmp14
(L), TimpI (M), and Cyr61 (N) across cell types in uninjured and CTX-injected groups. Violin plots of Gadd45b (O), Ier3 (P), Ccl9 (Q), and
Klf4 (R) in Cdknla-positive and -negative macrophages 5days post-CTX injection. Data in G are represented as the mean +SD with *p <.05

compared with uninjured using the Wilcoxon rank-sum test (n = 5 mice per group). In I-N, *p <.05 of average gene expression compared to

uninjured using the Wilcoxon rank-sum test with Bonferroni correction. In O-R, *p <.05 of average gene expression compared to Cdknla-

negative cells using the Wilcoxon rank-sum test with Bonferroni correction.
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FIGURE 4 Cells with senescent features appear transiently in wild-type muscle following injury. Histological staining of SA-p-gal
and eosin in Sham-injected (uninjured) (A) and cardiotoxin (CTX)-injected TA muscles isolated at days 5 (B) and 10 (C), postinjury.
White arrowheads indicate SA-B-gal-positive cells. (D) Quantification of SA-B-gal-positive cells within TA muscles during regeneration

(n = 6-8 mice per time point). SA-p-gal staining and IHC for Ki67 (E) in serial cross sections from 5 days post-CTX-injected muscle. White
arrowheads indicate SA-p-gal-positive cells, whereas white arrows indicate Ki67-positive cells. Note, no colocalized cells were observed

(n = 3 mice). Representative images of SA-p-gal staining of serial cross sections and IHC for F4/80 (F), PDGFRa (G), and CD31 (H). White
arrowheads indicate SA-f-gal-positive cells, whereas white arrows indicate colocalization. Representative images of sSmFISH of Cdknla and
THC for F4/80 (I) and smFISH for Trp53 and IHC for PDGFRa (J) demonstrate co-expression of senescence pathway genes in subsets of
macrophages and FAPs 5days post-CTX injection (n = 4 mice). Arrows indicate positive cells; hatched lines indicate areas of interest. A, B,

C =50pum; E-J = 10 pm. Data in D and I are represented as the mean +SD. *p <.05 compared with uninjured muscle.

3.4 | Cells with senescent features are
transient following muscle injury

To better understand the kinetics of senescence-like cells
following muscle injury we performed staining for the ca-
nonical senescence marker SA-p-gal"*** which was ab-
sent in noninjured muscle, as expected (Figure 4A). One
day following CTX injury of mouse TA muscles, a time-
frame typified by myofiber necrosis, almost no SA-p-gal-
positive cells were present. However, at 3days, there was
an influx of Sa-B-gal-positive cells that peaked in abun-
dance (667211 per mm?), was maintained elevated at
5days (430 cells per mm?), and progressed back to near

uninjured levels by 21days (31 cells per mm?) as muscle
repair was completed (Figure 4B-D). Since senescent cells
display halted cell cycle kinetics, we performed Ki67 im-
munostaining at 5days postmuscle injury which demon-
strated numerous positive cells (178.7 +11 cells per mm?),
however, none colocalized with SA-B-gal-positive cells
(Figure 4E).

To help validate our scRNAseq results in vivo, we uti-
lized two complementary approaches. First, since GIbl
was increased in all cell types, we generated serial mus-
cle cross sections from TA muscles injected with CTX
5days prior and performed histology for SA-B-gal and
IHC staining for cell type-specific markers. This revealed
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colocalization of SA-p-gal-positive cells with the same
major cell types identified by our scRNAseq analysis of
GIb1-positive cells including F4/80-positive macrophages
(9.4+7.6% of F4/80-positive cells, Figure 4F), PDGFRa-
positive FAPs (6.2+2.4% of PDGFRa-positive cells,
Figure 4G), CD31-positive endothelial cells (2.5+0.64%
of CD31-positive cells, Figure 4H) and no Pax7-positive
satellite cells (Figure S3B). To find out whether the com-
position of the SA-p-gal-positive population changed
throughout muscle regeneration, we performed a similar
analysis 10days post-CTX injection which revealed that
endothelial cells (4.4+1.4%), macrophages (16.5+2.9%),
and FAPs (3.1+1.3%) were still the major populations
while satellite cells or sublaminar myonuclei were not
observed to colocalize with SA-B-gal. Since FAPs and im-
mune cells encompassed the largest populations of cells
with senescent-like features and had enhanced expres-
sion of Trp53 and Cdknla, respectively, we performed
IHC for PDGFRa and F4/80 in conjunction with smFISH
(Figure 41,J). This demonstrated that 23.6 +1.4% of mac-
rophages expressed Cdknla and 30.2+3.9% of FAPs ex-
pressed Trp53 mRNA. Collectively, these data identify that
injury to skeletal muscle induces the transient appearance
of cells displaying senescent characteristics such as SA-
B-gal activity, enhanced senescence gene activity, and
blunted proliferation.

3.5 | Cells with senescent
characteristics are heightened in
dystrophic skeletal muscle

Next, we investigated if senescent-like responses across
various cell types were exclusive to muscle regeneration fol-
lowing CTX-induced injury. To do this, we examined myo-
pathic muscles from 8-week-old DBA (control) and D2-mdx
mice, a rodent model of Duchenne Muscular Dystrophy
which undergoes cyclic rounds of focal degeneration and re-
pair.*® First, we assessed SA-p-gal staining in D2-mdx mice
which was absent in the control muscle (data not shown).
In D2-mdx muscle, cells expressing SA-p-gal were abundant
in areas of muscle fiber damage/repair (Figure 5A). Next,
we performed spatial transcriptomics using 10x Visium to
identify if regions undergoing muscle repair localize with
senescence gene activity as they do in WT regenerating
muscle. H&E staining (Figure 5B) and spatial feature plots
clearly identify areas of focal damage/repair evidenced by
enhanced gene activity localizing macrophage infiltration
(Cde68, Figure 5C), myoblast activity and differentiation
(Myod1, Myog Figure 5D,E respectively), and myofiber for-
mation (Myh3) (Figure 5F). Further, following clustering
based on spatial transcriptomics data (Figure S3C), spatial
dim plots (Figure 5G) revealed two clusters aligning with
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inflammatory/regenerative regions which expressed Apoe,
Ctsb, and Cd68, a cluster of uninjured muscle that was en-
riched for muscle genes such as Ckm and Myh4 and a cluster
where the majority of muscle fibers displayed central nucle-
ation and expressed muscle related and myofiber matura-
tion genes such as Tnni2 and Tnnc2 (Figure S3D).

As we did for WT regenerating muscle, we calculated se-
nescence and SASP scores for each Visium spot which were
used to calculate cluster averages. Visualizing these scores
using feature plots demonstrated concentrated expression in
regions undergoing active repair (Figure 5H,J) which is sup-
ported by the elevated scores in the clusters corresponding
to the injured areas (Figure 51, K). Using spatial feature plots,
we visualized the expression of the key senescence genes
such as Cdknla, Trp53, GIbl, and Cdkn2d and the SASP
factors CCN1 and Serpinel which were largely restricted
to regions of inflaimmation and myofiber regeneration
(Figure 5L-Q) while SpatialDE2 validated Cdknla, GIbl,
Cdkn2d, CCN1 and Serpinel as spatially variable genes.
We also examined the co-expression of Trp53, Cdknla,
and Glbl, which demonstrated that of the spots that con-
tained Trp53 expression, 50% co-expressed Cdknla, 15% co-
expressed Glb1, and 10% expressed all three genes.

To learn the identity of cells expressing senescence-
related genes, we performed smFISH for Trp53and Cdknla
and focused on FAPs and macrophages based on our WT
regeneration analysis. This revealed that within areas of
active repair 21.4+2.8% of F4/80-positive macrophages
expressed Cdknla mRNA (Figure 5R), whereas a subset
(18.9+2.2%) of PDGFRa-positive FAPs expressed Trp53
mRNA (Figure 5S). Altogether, these results demonstrate
that SA-f-gal and senescence gene activity are present in
dystrophic muscle with specific compartmentalization to
regions of active muscle repair and inflammation.

3.6 | Senolytic treatment reduces
SA-B-gal-positive cells and impairs muscle
growth following injury

Based on previous reports, senescent-like cells could pro-
mote or inhibit tissue repair. To assess their functional
role within the muscle, we treated mice with ABT-263
(Navitoclax), a senolytic compound that selectively elimi-
nates senescent cells within numerous tissues, including
skeletal muscle.*"** To test if ABT-263 ablates senescent-
like cells during repair, we injected mouse TA muscles with
CTX or PBS (sham control) and 3 days later administered
vehicle or ABT-263 via gavage for 7 or 15days as described
previously®"** (Figure 6A). First, we tested if ABT-263
impacts uninjured skeletal muscle by examining muscle
fiber CSA and Pax7-positive satellite cell content in the
vehicle- and ABT-263-treated muscles. This demonstrated
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no differences across groups, suggesting that ABT-263
is not toxic at our treatment dose (Figure S4A,B). Next,
we assessed injured skeletal muscles which showed that
ABT-263 reduced the number of SA-p-gal-positive cells
by 38% compared to vehicle-treated mice (Figure 6B-D,
ABT-263 = 172.9 + 63.4/mm?; vehicle = 280.3 + 66.4/mm”,
p<.05), suggesting it is partially effective at eliminating
senescent-like cells.

We examined indices of muscle repair and growth in
cross sections from vehicle- and ABT-263 treated mice
at 10days postinjury. We assessed muscle fiber CSA,
which demonstrated a significant 25% reduction (p <.05,
Figure 6E) in ABT-263-treated animals compared with
vehicle-treated (vehicle = 887.12+93.90um?, ABT-
263 = 667.96+167.71pm?). In addition, the ABT-263-
treated mice demonstrated a fiber CSA distribution that
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FIGURE 5 Muscles of D2-mdx mice express senescence characteristics. (A) Representative image of histological staining of SA--

gal and eosin in D2-mdx gastrocnemius muscles. Arrowheads demonstrate positive cells, whereas the hatched line highlights areas of
repair/inflammation (n = 4 mice). (B) Hematoxylin and eosin image of 8-week-old D2-mdx gastrocnemius muscles utilized in spatial
transcriptomics analysis. Circles indicate areas of active repair, newly repaired muscle fibers, or absence of muscle damage. (C-F) Spatial
feature plots demonstrating gene expression of Cd68, Myod1, Myog, and Myh3 in 8-week-old D2-mdx gastrocnemius muscles. (G) H&E
image overlaid with a spatial dim plot localizing four clusters in 8-week-old D2-mdx gastrocnemius muscles. Senescence (H) and SASP (J)
scores were calculated per gene expression spot and spatially localized to 8-week-old D2-mdx gastrocnemius muscles using spatial feature
plots. Violin plots demonstrating the average Senescence (I) and SASP (K) scores per cluster in 8-week-old D2-mdx gastrocnemius muscles.
Spatial feature plots demonstrating the expression of the senescence-related genes, Cdknla, Glbl, Trp53, Cdknld, Cyr61, and Serpinel in
8-week-old D2-mdx gastrocnemius muscles (L-Q, respectively). smFISH of Cdknla and IHC for F4/80 (R) and smFISH for Trp53 and IHC
for PDGFRa (S) demonstrating co-expression of senescence pathway genes in subsets of macrophages and FAPs in 8-week-old D2-mdx
gastrocnemius muscles (n = 3 mice). Arrows indicate positive cells. Scale bars: A = 50pm; R, S = 10 pm. *p <.05 compared with uninjured.

13 0f 16
FASEB{OURNALJ—O

was skewed toward smaller fibers (Figure 6F). To better
understand the relationship between senescent-like cell
content and muscle fiber CSA, we performed Pearson's
correlations with the vehicle- and ABT-263-treated an-
imals which revealed a significant positive correlation
between the number of SA-p-gal-positive cells and the
average muscle fiber CSA (Figure 6G). ABT-263-treated
mice also showed impaired myonuclear accretion as the
average number of myonuclei per fiber was significantly
reduced by 12% (p<.05) in comparison with vehicle-
treated mice (Figure 6H) suggesting that satellite cell dy-
namics were impacted.

Therefore, we assessed the number of Pax7-positive
satellite cells (Figure 61,J) which was significantly
(p<.05) reduced by 27% with ABT-263 treatment (Control
- 12.6+2.8 vs. ABT-263 - 9.9+1.8 per 100 myofibers,
Figure 6K). To assess if ABT-263 directly impacts myo-
blast proliferation, we treated C2C12 myoblasts with in-
creasing doses of ABT-263 in culture based on previous
studies.”® This showed that cell proliferation was not
impacted at physiological concentrations (0.31-1.25uM)
and only became impaired at the highest/toxic doses (2.5
5.0 pM) (Figure S4C). These results suggest that ABT-263
is not toxic to myoblasts. Next, we assessed if ABT-263
targets macrophages which were the most abundant SA-
B-gal-positive population. This demonstrated that while
total macrophage content was similar between vehicle-
and ABT-263-treated mice (Figure S4D,E), the quan-
tity of SA-p-gal-positive macrophages was significantly
reduced (Figure 6L-N). ABT-263 treatment also had a
nonsignificant effect on skeletal muscle capillarization
(Figure S4F,G). We assessed muscle characteristics and
satellite cell content again on day 18 postinjury. There
was a 20% decrease in satellite cells per 100 fibers which
trended to significance (p = .1) while muscle fiber CSA
and nuclei per fiber were not significantly different across
groups. (Figure S4H-J). This suggests that ABT-263 treat-
ment could potentially have a longer-term impact on sat-
ellite cells but its overall effects on muscle fiber size are
transient.

4 | DISCUSSION

Here we identify that following muscle injury, (1) a tran-
sient wave of cells demonstrating senescent character-
istics such as senescence pathway expression, SA-p-gal
activity, and SASP factor expression are present within
skeletal muscle, (2) many cell types within skeletal muscle
exhibit senescent characteristics with the largest popula-
tions being macrophages and FAPs, (3) this response is
necessary for normal muscle repair and myonuclear ac-
cretion, and (4) cells within dystrophic muscle also exhibit
senescence characteristics. Taken together, these results
highlight an unexplored role for an “acute” senescence-
like state in regulating muscle repair and expands the list
of tissues such as skin’ and neonatal heart® in which cellu-
lar senescence facilitates tissue regeneration. Our results
also support a model where the downstream consequence
of acquiring senescence characteristics may be context
dependent and potentially dichotomous. Indeed, cells
with senescence characteristics are present in both WT
and dystrophic muscles. However, in WT muscle, these
cells are largely transient, while they persist within the
dystrophic muscle (at least until 8weeks of age),** likely
in response to constant degeneration and repair. What re-
mains to be learned is if senescent-like cells in dystrophic
muscle facilitate or impede the repair process. If the latter
is true, treatment with senolytics like ABT-263 or dasat-
inib and quercetin®* represents a novel, potentially trans-
latable therapy.

The mechanisms which regulate the acute, injury-
induced senescence-like state are currently unknown
but may involve Cdknla (p21<*"), Trp53 (p53), or poten-
tially Cdkn2a (p16™%*"). In aged skeletal muscle, satellite
cells undergo “geroconversion” through upregulation of
p16™K4A which ultimately limits self-renewal and a return
to quiescence.’ Here we show that many cell types acquire
senescent features following acute muscle injury and up-
regulate Cdknla and/or Trp53, while Cdkn2a expression
was not detected within our scRNAseq data and was rare
in our spatial transcriptomics analysis, although increasing
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FIGURE 6 ABT-263 treatment decreases SA-f-gal-positive cells and impairs muscle growth following injury. Experimental time course

where mouse TA muscles were injured with cardiotoxin (CTX) and 3 days later were treated with vehicle or ABT-263 for 7 or 15days.

Histological staining (B and C) and quantification (D) of SA-B-gal-posi

tive cells in TA muscles at 10days post-CTX-injury in vehicle- and

ABT-263-treated mice. White arrowheads indicate SA-p-gal-positive cells. Quantification of mean muscle fiber cross-sectional area (E) and

distribution (F) in vehicle- and ABT-263-treated mice 10days post-CTX injection. (G) Pearson's correlation analysis demonstrated a positive

correlation between muscle fiber CSA and the quantity of SA-$-gal-positive cells in vehicle- and ABT-263 treated mice 10days post-CTX

injection. Quantification of the mean number of myonuclei per muscle fiber (H). IHC staining (I and J) and quantification (K) of Pax7 to

identify satellite cells in vehicle- and ABT-263-treated mice 10 days post-CTX injection (red = Pax7, green = laminin). IHC staining for F4/80

(L) and histological staining for SA-p-gal-positive cells (M) and quantification (N) in vehicle- and ABT-263-treated mice 10days post-CTX

injection (brown = F4/80, blue = SA-p-gal). Scale bars in I, J, L, M = 10 pm. All data correspond to the mean + SD using n = 8-9 mice per

group. *p <.05 compared with vehicle-treated mice.

following injury. Cdkn2a expression was also detected using
smFISH and through spatial transcriptomics in D2-mdx
muscle and appeared restricted to newly formed myofibers
and some interstitial cells (identity currently unknown).

We hypothesize that senescent-like cells influence
muscle repair through the secretion of SASP factors
that likely serve multiple roles such as regulating the in-
flammatory response, facilitating ECM remodeling, and
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providing trophic support for satellite cells. Indeed, we see
the increased expression of inflammatory factors, cyto-
kines, chemokines, MMPs, and TIMPSs in senescent-like
cells following injury. Of note is the expression of Cyr61
within regenerating WT and D2-mdx muscle which has
been demonstrated as a necessary SASP factor, facilitating
neonatal heart and skin regeneration.g’35 However, further
investigations using gain or loss of function experiments in
specific senescent-like cell populations will be required to
define the individual contributions of each cell type to mus-
cle repair. Of particular interest are macrophages, which
displayed SA-p-gal activity and the expression of SASP fac-
tors and Cdknla. However, recent work has identified that
macrophages can reversibly upregulate the expression of
another senescence gene, 16 ~**, and gain SA-B-gal activ-
ity,”® which not only underscores our need to develop new
markers of senescence but highlights the “cellular flexibil-
ity” of macrophages. Therefore, whether the senescence-
like state observed in macrophages following muscle
damage is true senescence is debatable and may reflect just
one of numerous macrophage activation states.”” Further,
recent work has also highlighted the role of exercise in pro-
moting a senescence state in FAPs that benefits idiopathic
inflammatory myopathy.*® In conclusion, we provide evi-
dence that acquired, acute senescence-like characteristics
in multiple cell types function to regulate skeletal muscle
growth and satellite cell abundance following injury. These
findings, in concert with previous work, support a model
that tissues with high regenerative capacity may rely on an
acute senescence-like response to support tissue repair.
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