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Agingis associated with a progressive decline in tissue function and

regenerative capacity, partly due to genomic instability, one of the
hallmarks of aging"*. Genomic instability encompasses DNA damage

and the accumulation of somatic mutations in post-zygotic cells, yet the
specificimpact of these mutations on age-related tissue dysfunction
remains poorly understood. To address this, we developed a mouse model
in which genomic instability was induced specifically in muscle progenitor
cells’ through targeted deletion of the Msh2 (ref. 4) and Blm’ genes. This
allowed us to assess how elevated DNA damage and somatic mutations,
from single-nucleotide variants (SNVs) to structural variants, affect muscle
regeneration following injury. These mice exhibited impaired muscle
regeneration, characterized by smaller muscle fibers, reduced muscle
mass gain and decreased grip strength. Importantly, similar muscle
deficits were observed in a second mouse model where somatic mutations
were elevated with less substantial DNA damage. These findings provide
evidence that the accumulation of somatic mutations can potentially
compromise the function of somatic cells, contributing to the aging
phenotype in skeletal muscle.

Old age is a major risk factor for diseases such as cancer, type 2 diabe-
tes, cardiovascular disease and neurodegeneration. Aging is linked to
reduced tissue function and regeneration’, with genomic instability,
marked by accumulating somatic mutation, being akey hallmark'2 These
mutations, arising fromreplication errors or DNArepair defects, are not
inherited but lead to tissue mosaicism’. Although genome instability
and DNA damage have been characterized in aging®”, the functional
role of somatic mutationaccumulationin age-related tissue decline and
age-related diseases beyond cancer remains less explored'®",

Whole-genome sequencing (WGS) studies have shown that
somatic mutations accumulate with age in human skeletal muscle
progenitor cells”? and other tissues™ ¢, with similar observations in
most tumor types''®. Differentiated cells often carry even higher muta-
tion loads™”, highlighting the underestimated extent of age-related
somatic mutagenesis. Although we previously showed that high
mutation burden impairs satellite cell (SC) function in vitro®, in vivo
evidence for the role of somatic mutations in muscle tissue function
remains limited.
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Aged human cells, including SCs, show structural genetic varia-
tions such as chromosomal aberrations, SNVs and short insertions/
deletions (InDels)'>"**, To model this, we generated muscle somatic
mutator (MSM) mice by deleting the DNA repair genes Msh2 and Blm
specifically in SCs. Msh2 deficiency, linked to Lynch syndrome, leads
toincreased SNVs, InDels, and chromatin breaks**°**, though patients
do not show muscleimpairment®*. Locomotor defects have only been
shown in Msh2-deficient mice in correlation with altered neuron fir-
ing”. Blm mutations, which cause Bloom syndrome, increase chromo-
somal instability and structural genetic variations without affecting
muscle development>***?, To study the effects of increased somatic
mutationsin SCs, we deleted Msh2and Blm and theninduced SC-driven
muscle regeneration followinginjury. Expanded recombined SCsled to
impaired muscle regeneration and reduced strength. Totry to separate
the effect of somatic mutations from those of DNA damage, we cre-
ated a second model with Msh2 deletion alone, which induced SNVs
and InDels with less substantial DNA damage. This model replicated
the MSM phenotype, supporting asomatic mutation driven effect on
muscle regeneration. In summary, our strategy offers aframework to
study the functionalimpact of somatic mutationsin diverse cell types
and their potential role in tissue dysfunction.

Generation of the MSM model

We created the MSM mouse model by combining a Pax7-driven
tamoxifen-inducible Cre recombinase’® with floxed Msh2* and Bim®
alleles. Recombination was induced postnatally (weeks 7-9) specifically
in SCs, which drive muscle regeneration®***, To enhance mutagen-
esisand assess SC functioninresponse toincreased DNA damage and
somatic mutations, we subjected each mice to three consecutive BaCl,
induced injury-regeneration cycles in the right tibialis anterior (TA)
muscle (Fig.1a). The contralateral left TA functioned as uninjured mus-
cle control. Mice carrying only the Pax7-driven Cre recombinase and not
deficient for Msh2and Blm, were also subjected to injury-regeneration
cyclesin the right TA (referred to as control mice). TAs were analyzed
after the third cycle.

Successful Msh2 and Blm recombinationin MSM
skeletal muscle

Toassess regeneration, we quantified the number of fibers with central-
ized nucleiin the right TA, a hallmark of regenerated muscle (Fig. 1b).
Control and MSM mice showed, on average, 80.8% and 76.9% of fibers
with centralized nuclei, respectively, whereas the uninjured left TA
contained virtually none, confirming right TA regeneration after injury
(Fig.1c). To evaluate Msh2and Blm deletion, we measured allele recom-
binationinnon-injured and regenerated muscle. Although the average
percentage of recombined alleles was 1.72% for Msh2 and 1.92% for Blm
innon-injured TA, itincreased t013.33% for Msh2 and 16.43% for Blmin
regenerated MSM muscle (Fig. 1d), indicating successful SC targeting
and expansion. Immunofluorescence confirmed this, with Msh2 and
Blm signals dropping from 79.6% and 81.5% stained centralized nuclei
incontrol miceregenerated muscle, to11.4% and 11.6% stained central-
ized nucleiin MSM mice regenerated muscle (Fig. 1le,f).

Reduced TA regeneration efficiency in MSM mice
afterinjury

We examined muscle regenerationin controland MSM mice. In controls,
connective tissue, typically elevated during regeneration?, returned to
baseline in regenerated TA. By contrast, MSM mice showed persis-
tently elevated collagen in regenerated TA compared to non-injured
TA, indicating impaired repair (Fig.1g,h). To determine if this was due
to sustained fibroadipogenic progenitor (FAP)*** expansion, we per-
formed Pdgfra staining®®>. FAP numbers were similar in non-injured
and regenerated TA across both groups (Fig. 1i,j), suggesting fibrosis
in MSM mice is not due to chronic FAP accumulation. After the final
regeneration cycle, Pax7 staining showed similar SC frequencies in MSM

and control mice (0.8 to 1.3%, on average), consistent with basal qui-
escent levels (-1%)*inboth non-injured and regenerated TA (Fig. 1k,1).
Ki67 staining also revealed no differencein proliferating cells between
groups (Fig. 1m,n), suggesting no changes in basal SCs proliferative
status and that regeneration had ceased.

Increased mutations and genomic instability in
MSM muscle

To confirm increased somatic mutations in the MSM model, we
performed deep WGS of regenerated muscle. MSM mice showed a
1.61-fold increase in the number of SNVs compared to control mice
(Fig. 2a). Structural variant analysis also revealed more large dele-
tions in MSM compared to control mice muscle, consistent with Blm
deletion” (Extended Data Fig. 2a,b and Supplementary Data1). 53BP1
immunofluorescence showed elevated double-strand breaks (DSBs)
in MSM-regenerated muscle (Fig. 2b,c), supporting increased DNA
damage®. Additionally, regenerated MSM muscles had more for phos-
phorylated RPA-positive (S4/S8) cells, a marker of single-stranded DNA,
present during DSB repair®* (Fig. 2e,f). Both markers were enriched in
centralized nuclei of MSM muscle fibers (Fig. 2d,g).

Accumulation of somatic mutationsin
Msh2-deficient muscle

Totrytoseparate persistent DNA damage effects from those of somatic
mutations, we generated a second mouse model with Pax7-specific
deletion of Msh2 (hereafter “Msh2-deficient”), which leads to SNV
and InDel accumulation but not structural variants®*. After three
injury-regeneration cycles, Msh2-deficient mice muscles resembled
MSM histologically, with 60.7% of fibers containing central nuclei
(Extended Data Fig. 1a,b). 21.7% of Msh2 alleles were recombined
(Extended Data Fig. 1c), and only 10% of centralized nuclei were
Msh2-positive, compared to 79.6% in control mice regenerated muscle
(Extended DataFig.1d,e).

Msh2-deficient mice showed a 2.77-fold increase in SNVs
compared to controls (Fig. 2a), with no increase in SVs (Extended
Data Fig. 2a,b and Supplementary Data 1). Consistent with this,
there was no statistically significant difference in the frequency
of 53BP1-positive cells, suggesting that the elevated DSBs in MSM
muscle might be mostly linked to Blm deletion (Fig. 2b-d). Phospho-
rylated RPA levels also remained unchanged (Fig. 2e-g), indicating
minimal activation of mismatch repair (MMR), nucleotide excision
repair or base excision repair®*.

Msh2-deficient mice showed no changes in connective tissue
or FAP frequency after the last regeneration cycle, similar to con-
trols and unlike MSM mice (Extended Data Fig. 1f-i). The number of
Pax7-positive cells returned to baseline, with no active proliferation
detected (Extended Data Fig. 1j—m).

Somatic SNV-associated genes related to muscle
regeneration

WGS analysis detected 828, 692 and 2,127 somatic variants in regener-
ated TA from control, Msh2-deficient,and MSM mice, respectively (Sup-
plementary Data2), with similar genomic distributions across groups
(Fig.3a). We found 35 exonic SNVs affecting the protein sequence (Sup-
plementary Table 1). We used MutPred2* on the 20 missense SNVs,
and 5 were predicted as likely deleterious (Supplementary Table 1).
Thirteen of the 35 exonic mutations occurred ingenes related to muscle
biology, including Rpsa, Gmpr, Npm1, Pnkd and Nhp2l1 (refs. 36-40).
The alternative allele frequencies of these SNVs ranged from 8.5% to
19%, indicating their presence in a substantial fraction of cells (Sup-
plementary Table 1and Fig. 3b). Pcm1 staining* showed that about
25.4% of nuclei (range: 13-32%) belonged to muscle fibers (Extended
Data Fig. 3a,b), suggesting these mutations may be present in newly
formed fibers, although their presence in other cell types proliferating
during regeneration cannot be excluded®**,
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Fig.1| Characterization of regenerationin control and MSM mice. a, Schematic
representation of the experimental setup. Created in BioRender. Eriksson.

M (2025). https://BioRender.com/qb882vw. b, Hematoxylin-eosin TA staining
after three regeneration cycles. Theright TAis regenerated muscle, and the
uninjured left TA is the control (Ctrl). ¢, Quantification of fibers with centralized
nucleiin non-injured and regenerated TA (control n =9, MSM n = 9); Ctrl-non-

inj. vs Ctrl-Regen. P=1x1073; MSM-non-inj. vs MSM-Regen. P=1x107".d, Msh2
and Blm allele recombination quantification in non-injured and regenerated

TA of MSM mice (non-injured n = 3, regenerated n = 3); Msh2 recombination:
non-inj.vsRegen. P=0.0047; Blm recombination: non-inj. vs Regen P = 9.89
x107%. e, Msh2 and BIm immunofluorescence of non-injured and regenerated
TA.f, Quantification of Msh2-positive nucleiin non-injured and regenerated TA
(control n=4,MSM n =3) and BIm-positive nucleiin non-injured and regenerated
TA (Controln=3,MSM n = 3); Msh2 expression: Ctrl us MSM P=8.07x107'%;

Blm expression: Ctrl usMSM P=9.13 x107'°. g, Picro Sirius Red staining

of non-injured and regenerated TA. h, Quantification of Picro Sirius

Red-stained muscle in non-injured and regenerated TA (Controln=9,MSMn=9);

MSM mice
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Ctrl-Non-inj. vs Ctrl-Regen. P= 0.1269; MSM-non-inj. us MSM-Regen. P= 0.0120.

i, Pdgfra.immunofluorescence of non-injured and regenerated TA. j, Quantification
of Pdgfra-positive cells in non-injured and regenerated TA of control mice
(Non-injured TAn =4, regenerated TA n = 4) and MSM mice (Non-injured TA
n=3,regenerated TA n =4) Ctrl-Non-inj. us Ctrl-Regen. P= 0.8625; MSM-non-

inj. us MSM-Regen. P = 0.5965.k, Pax7 immunofluorescence of non-injured and
regenerated TA. I, Quantification of Pax7-positive nucleiin non-injured and
regenerated TA (Control n =9, MSM n = 9); Ctrl-Non-inj. vs Ctrl-Regen. P= 0.8868;
MSM-non-inj. us MSM-Regen. P = 0.7465. m, Ki67 immunofluorescence of non-
injured and regenerated TA. n, Quantification of Ki67 positive nuclei (Control-
non-injn = 6, Control-regen n =9, MSM-non-injn =9, MSM-regen n = 9); Ctrl-Non-
inj. vs Ctrl-Regen. P = 0.3449; MSM-non-inj. vs MSM-Regen. P= 0.3900. Panels b
and g scalebarsindicate 100 um; panelse, i, kand mscale barsindicate 20 pm.
Statistical tests used inc, f, h, j,1and n were one-way analysis of variance (ANOVA)
with Tukey multiple comparison test (d, unpaired ¢-test, two tailed). * P< 0.05;
**P<0.01;**P<0.001.Graphsinc,d, f, h,j,1and n present dataas mean +
standard deviation (s.d.). Arrowheadsin i, kand mindicate positive nuclei/cells.
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multiple comparison test. * P<0.05; ** P< 0.01; *** P< 0.001. Graph a presents a
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Toexplore links between somatic variants and animpaired muscle
phenotype, we analyzed the function of the mutated genes using a
published scRNA-seq dataset of muscle regeneration following injury*~.
Cellclusters frominjured muscle (up to Day 7 post-injury) were identi-
fied (Fig. 3¢,d), and gene expression compared between non-injured
(Day 0) and injured time points (Days 2, 5 and 7). Notably, Npm1 and
Rpsa, both frequently mutated in our data (Supplementary Table 1),
were highly expressedin SCs at Days 2, 5and/or 7 (Fig. 3e,fand Extended
DataFig.3c,d). Previous studies showed NpmI degradationis required
for early myogenesis in murine myoblasts®. Rpsa, whichinteracts with
laminins, was previously identified as the top differentially expressed
gene in SCs and as a key regulator of SC activation during aging™®.
Gmpr, mutated specifically in MSM mice, showed higher expressionin
mature muscle cells®**°, whereas Pnkd, also mutated in MSM mice, was
enrichedin SCs (Fig. 3f). Notably, missense Pnkd mutations are linked
tomovement disorders with prolonged muscle contractions®****, We
tried to match genes carrying somatic mutations with our previous
work onsomatic mutationsin human aged SCs'"?, but no overlaps were
found between the studies. A potential explanation for this was the
limited amounts of cells analyzed in the previous study. In summary,
ourdatareveal several SNVs that could impair muscle regeneration and
function, though further studies are needed to confirm this.

Reduced regeneration and strengthin MSM and
Msh2-defmice

Previous work showed that increased mutation burden impairs SC
proliferation and differentiation in vitro™. To assess functional effects
invivo, we analyzed muscle tissue from the cellular to the organlevel.

Given the role of senescence in tissue dysfunction*, we stained for
pl6 and found increased p16-positive cellsin MSM mice, especially in
centralized nuclei, whereas levels were unchanged in Msh2-deficient
muscles (Fig. 4a-c). This suggests aDSB-linked senescence responsein
MSM mice not present in Msh2-deficient mice. However, Lamin Bl stain-
ing did not indicate a statistically significant increase in senescence
inductionin MSM or Msh2-deficient regenerated muscles (Extended
DataFig. 4ab). Regenerated muscle fibers remained smaller in MSM
mice, whereas control mice achieved a normal size (Fig. 4d,e), sug-
gesting defective muscle regeneration in MSM (Fig. 4d,e). A simi-
lar myofiber size reduction was observed in Msh2-deficient mice
(Fig.4d,e). Importantly, nosize differences were seenin contralateral,
non-injured muscles, indicating that the DNA repair deficienciesin SCs
affected regeneration following injury regeneration and SC propaga-
tion (Extended Data Fig. 5a,b).

Our strategy to study increased somatic mutation accumulation
focused on SCs of the TAmuscle. However, we asked whether the regen-
eration defect extended to whole-muscle function. Hypertrophy is
normally seenafter injury regeneration®and although there was muscle
weightgaininthe MSM mice it was lower thanin the controls (Fig. 4f).
Finally, lower-than-control grip strength in MSM mice throughout the
experiment showed that muscle withincreased somatic mutations had
reduced grip strength (Fig. 4g). Grip strength was mostly reduced after
the last cycle of regeneration compared to the previous two cycles,
when the number of induced somatic mutations is expected to peak
(Extended DataFig. 5c). Msh2-deficient mice showed similarly reduced
muscle mass and strength (Fig. 4f,g and Extended Data Fig. 5c), indicat-
ing functional impairment at the organ level.
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Fig. 3| Somatic variants and corresponding genes related to muscle
regeneration. a, Graphic representation of the genomic distribution of somatic
variants identified from non-downsampled control, Msh2-deficient and MSM
mice. b, Distribution of alternate allele frequency of 13 somatic variants on
exons of protein coding gene. The central line of the boxplot represents the
mean value of the data. The edges of the box correspond to the 25" (Q1) and 75™
percentile (Q3). The whiskers extend to the most extreme data points within
1.5times the interquartile range from the lower and upper quartiles, and points
beyond whiskers are outliers. ¢, Cell types derived by reanalyzing single-cell
transcriptome dataset of regenerating muscle of an injured mice from the study

published by De Micheli et al.**d, Distribution of cells from non-injured (Day

0) and days post-injury (Day 2, Day 5 and Day 7) in individual clusters obtained
from single-cell transcriptome analysis. e, Expression of protein coding genes
associated with somatic variants visualized using UMAP (uniform manifold
approximation and projection). f, Expression of protein coding genes associated
with somatic variants from control, Msh2-deficient and MSM myogenic cells.
The circle size represents percentage of cellsin which corresponding gene

is expressed and the color gradient represents average expression levelin
individual clusters or corresponding cell types. NK, natural killer.

To confirm that the observed phenotype depended on SC propa-
gationto muscle fibers, we analyzed control, MSM and Msh2-deficient
mice that did not undergoinjury. Recombination rates were low (1.92%
and 1.72%, respectively; Fig. 1d), indicating minimal regeneration.

Thus, only SCs and possibly a few regenerated muscle fibers, at most,
will harbor more somatic mutations. The right TA from these mice did
not show statistically significant changes in the number of centralized
nuclei (Extended Data Fig. 5d,e), collagen deposition (Extended Data
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Fig. 4 |Impaired regeneration and reduced muscle functionin MSM mice.

a, pl6 immunohistochemical staining of regenerated TA. Arrowheads indicate
examples of p16-positive nuclei. b, Quantification of p16-positive cellsin
regenerated TA (Control n=9, MSM n = 9, Msh2-def. n = 3); Control vs MSM
P=0.1616, Control vs Msh2-def. P= 0.6654. ¢, Quantification of p16-positive
centralized nucleiin regenerated TA (Control n =9, MSM n = 9, Msh2-def. n = 3);
Control vs MSM P=0.0122, Control vs Msh2-def. P=0.9907.d, Graphs displaying
the size distribution of regenerated fibers across the different groups. Curves
illustrate the Gaussian distribution of fiber sizes. Arrows show the shift towards
smaller fibers in MSM and Msh2-deficient mice (Control n=9, MSM n =9, Msh2-
def.n=3).e,Graph showing the average cross-sectional area of regenerated

fibers (Controln =9, MSM n =9, Msh2-def. n = 3); Control us MSM P = 0.04606,
Control vs Msh2-def. P=0.0277.f, Graph showing the difference in TA weight gain
dueto hypertrophy (Control n =9, MSM n =9, Msh2-def. n = 3); Control vs MSM
P=0.0244, Control vs Msh2-def. P=0.0959. g, Graph showing the fold change of
normalized grip strength (Control n =9, MSM n =9, Msh2-def. n = 3); Control vs
MSM P=0.0024, Control vs Msh2-def. P=0.0250. Panel a scale bar indicates

100 pm; panel d scale bar indicates 20 um. Statistical testsusedinb, c,e,fand g:
one-way ANOVA with Tukey multiple comparison test. * P<0.05; ** P< 0.01;
***P<0.001Graphsinb,c, e, f,and g present dataas mean + s.d. Graph d presents
dataonly as mean for clearer presentation.

Fig. 5f,g) and total number of SCs (Extended Data Fig. 5h,i) suggesting
thatgrowth oractivity alone did notimpair regenerationinthe absence
ofinjury. Grip strengthin uninjured MSM and Msh2-deficient mice was
similar to uninjured controls, indicating that widespread propagation
of mutation-bearing SCs during regeneration is required to impair
muscle regeneration (Extended Data Fig. 5j).

Discussion
This study models excessive somatic mutation accumulation during
postnatal skeletal muscle regeneration. Using two in vivo mouse mod-
els, we show that elevated genomic instability and somatic mutation
burden impair muscle regeneration and reduce muscle strength.
Both MSM and Msh2-deficient mice exhibited similar phenotypes,
including reduced muscle fiber cross-sectional area, lower hypertrophy
and lower grip strength. However, MSM mice showed additional regen-
erationdefects, notablyincreased collagen depositioninregenerated

muscle. Although chronic FAP expansion can contribute to fibrosis®>*,

Pdgfra stainingrevealed no change in FAP numbers between uninjured
andregenerated TA. Further studies are needed to determine the cause
ofthe higher collagen depositionin MSM mice, such as altered FAP dif-
ferentiation or disrupted signaling between myofibers, extracellular
matrix, and FAPs.

Both models accumulated excessive SNVs, but only MSM mice
accumulated large SVs. Interestingly, Msh2-deficient mice had a higher
SNVload (2.77x versus 1.61x in MSM). One possible explanation for this
could be that SVs in MSM mice lead to the loss of cells with excessive
mutations. The lower SNV count also correlates with lower Msh2recom-
bination efficiency in MSM mice (13.33%) compared to Msh2-deficient
mice (21.65%).

MSM mice showed higher levels of DSB and single-stranded DNA,
consistent with the B/m deletion inducing the occurrence of large
SVs. Msh2-deficient mice showed impaired muscle regeneration and
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reduced muscle strength comparable to the MSM model, but with less
pronounced DNA damage. Low levels of DNA damage were expected
in the Msh2-deficient mice, as the function of the Msh2 protein is to
recognize mismatched base-pairs during DNA replication*®. Without
Msh2, mismatches remain undetected and eventually become muta-
tions. Although Msh2 also participates in additional repair pathways
(that is, nucleotide excision repair and base excision repair)*, which
could have beenasource of additional DNA damage, staining of phos-
phorylated RPA (S4/S8) suggested there was no substantial DNA dam-
age in Msh2-deficient mice. Msh2-deficient mice showed noincreasein
pléorLaminBl-related senescenceinregenerated muscle, indicating
senescence wasn’tamainfactorinreduced regeneration and strength.
Overall, these findings support that somatic SNVs accumulation can
impact tissue dysfunction.

By integrating somatic mutation data from our mice and reana-
lyzing publicly available single-cell dataon muscle regeneration*’, we
mapped 13 exonic SNVs to genes related to muscle biology. Although
their allele frequencies were consistent with the myonuclei proportion
inmuscle tissue (13-32%), these somatic mutations could have poten-
tially occurred in other cell types in the muscle. Particularly during
muscle regeneration, FAPs and immune cells expand substantially***?,
and extensive DNA replication could generate more mutations inde-
pendently of the Blm and Msh2 knock-out. Mutations in muscle fibers
likely arose from clonal SC expansion during regeneration. Mutations
neutral to SC proliferation may impair subsequent SC differentiation
or reduce muscle strength, whereas others could give SCs a growth
advantage, disrupting the balance needed for effective regeneration.
The 13 exonic SNVs affect muscle-related genes expressed during
regeneration, suggesting a role in impaired repair. However, detect-
ing the full spectrum of somatic mutations in a tissue is still challeng-
ing, particularly with bulk analysis, which detects clonally expanded
mutations****, Hence, additional undetected deleterious mutations
likely contributed to the phenotype.

Our study provides experimental evidence that somatic mutation
accumulationin post-zygotic cells can contribute to muscle aging phe-
notypes. It highlights the role of somatic mutations in age-related dis-
easesand a consequentimpact of donor age on progenitor cell fitness
for transplantation. This model could be applied to other cell types, to
explore somatic mutation effects on tissue function and maintenance.

Methods

Ethical approval

Animal studies were approved by Linkdping’s regional animal research
ethicalreview board (Dnr. D 215, Dnr. 1D 04483-2023). All procedures
were performed in accordance with the institutional guidelines and
regulations.

Experimental mice
Allexperimental mice from this study belonged to the C57BL/6 ] strain.
Mice were housed in a pathogen-free animal facility at the Karolinska
Institutet (Campus Flemingsberg, Sweden) and maintainedina12h
light/dark cycle, at 20-22 °C temperature and 50-65% air humidity.
Pax7“* mice were purchased from The Jackson Laboratory and were
published before’. Msh2'" mice were a kind gift from W. Edelmann®.
BIm'™"*s mice were a kind gift from A.]J. R. Bishop®. All three trans-
genic lines were crossed to obtain the MSM mice that genotyped het-
erozygous for Pax7°"*®"2, homozygous for Msh2>* and homozygous
for BIm™s (n = 9; 5 females, 4 males). The Msh2-deficient group of
animals was heterozygous for Pax7<*®"? and homozygous for Msh2-®
(n=3; 2 females, 1 male). The control mice group was heterozygous
for Pax7°°""2 and didn’t carry any Msh2'® or BIm™ alleles (n=9;
5females, 4 males).

Muscle injury and Cre activation were performed as described
by Murphy et al.’. Briefly, muscle injury was induced by injecting
25 ulof 1.2 % BaCl, (Sigma-Aldrich) in saline into the right TA muscle.

The left TA served as the non-injured control. Three consecutive
28-day muscle injury and regeneration cycles were performed by
inducing muscle injury on days 0,28 and 56 (Fig. 1a). During each of
the cycleeachmousereceived anintraperitoneal injection of 0.1 mg
of tamoxifen (Sigma-Aldrich) per gram of body weight dissolved in
corn oil (Sigma-Aldrich) on the 4th and 3rd day before the injury, on
the same day as the injury, and on the two following days. The goal
of the repeated tamoxifen injections was to maximize the number
of SCs that were recombined. A weekly tamoxifen injection was also
given for the following three weeks before the start of the next muscle
injury and regeneration cycle. These number of tamoxifen injections
were previously shown to induce recombinationin over 95% of SCs?, a
number that would maximize the number of recombined myofibers
uponregeneration. The grip strength test was performed before the
first and for 6 weeks after the end of the last regeneration cycle. We
used anin-house developed grip strength meter based on a conven-
tional 25 N force meter (Sauter) to measure the grip strength of hind
two legs. Agroup of non-injured control (n =3;3 males), MSM (n= 6,
3 females, 3 males) and Msh2-deficient (n = 3; 3 males) mice under-
went the same experimental procedure and were used as additional
controls to assess skeletal muscle strength when somatic mutations
were limited to SCsina context of aging. Allmice were aged 7-9 weeks
atthestart of the experiment. The average of the last 4 grip strength
measurements was compared to the first measurement before the
firstinjury. Body weight was used for normalization. The experiment
lasted for 15 weeks, and mice were euthanized on day 100 by admin-
istering an overdose of isoflurane (Baxter). Right and left TA were
carefully removed, weighed with an analytical balance, and halved;
one part was flash-frozen in liquid nitrogen and the other fixed with
4 % paraformaldehyde (Merck).
Genotyping was performed using the following primers:

+  Pax7“*™"2 mice: forward primer

5-GCTGCTGTTGATTACCTGGC-3’, reverse primer
15’-CTGAGACAGGACCG-3’ and reverse primer 2
5’-CAAAAGACGGCAATATGGTG-3'.

+  Msh2"*® mice: Msh2 forward 5-TACTGATGCGGGTTGAAGG-3’,
Msh2 reverse: 5-AACCAGAGCCTCAACTAGC-3'.

«  BIm™" mice: Blm forward
5’-AACCTGCTTCAGCTAGGAGCTTCC-3’, Blm reverse
5-TGGGACCGAATTGCTTCAACAACG-3'.

Tissue processing and histology

Fixed TA samples were embedded in paraffinand cutinto4 pmsections.
Hematoxylin and eosin staining was performed according to estab-
lished procedures and used for fiber cross-sectional area analysis. At
least 100 fibers per sample were quantified, using “Polygon selection”
followed by “Analyze” and “Measure” commands inImage]. For regener-
ated samples, only areas with fibers presenting centralized nuclei were
included in the measurements. Detection of collagen was performed
by Picro Sirius Red staining. Briefly, sections were deparaffinized and
incubated with 0.1% Picro Sirius Red stain for 20 min and then coun-
terstained with Mayer’s hematoxylin. The percentage of collagen in
the tissue was calculated by selecting the red-stained portion of each
image using Adobe Photoshop, deleting all non-red pixels, converting
the resulting image to Bitmap format and quantifying the selected
pixels with ImageJ “Analyze particles” function.

Immunostaining

Muscle sections (4 um) were deparaffinized and subjected to
heat-induced epitope retrieval. Blocking was performed with nor-
mal goat/donkey serum and/or mouse-to-mouse blocking reagent
(Scytek). Primary antibodies were applied to specimens, followed by
overnightincubation. Primary antibodies used were: rabbit anti-Msh2
(1:500,ab70270, Abcam), to validate the Msh2 deletion, rabbit anti-BIm
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(1:100, ab2179, Abcam), to validate the B/m deletion, mouse anti-Pax 7
(1:100, DSHB) to identify SCs, mouse anti-Pcm1 (1:100, sc-398365, Santa
Cruz Biotechnology) to detect nuclei specifically from myofibers, rat
anti-PDGFRa (1:150, 14-1401-82, Thermo Fisher Scientific) to detect
fibroadipogenic progenitors, rabbit anti-53BP1 (1:1,500, ab36823,
Abcam) to detect DNA damage, rabbit anti RPA32/RPA2 (phospho
S4 +S8,1:100,ab87277, Abcam) to detect single-stranded DNA, rabbit
anti-Ki67 (1:150, ab15580, Abcam), to detect proliferative cells, and
rabbit anti-p16 (1:400, M-156, sc1207, Santa Cruz Biotechnology) and
rabbitanti-LaminB1(1:500, ab16048, Abcam), both to mark senescent
cells. Sections were then incubated with the appropriate secondary
antibodies: Alexa Fluor 568, donkey anti-rabbit (1:500, #A10042);
Alexa Fluor 647, goat anti-mouse (1:500, #A21236); Alexa Fluor 647,
goat anti-rabbit (1:500, #A21245); Alexa Fluor 488, goat anti-rat (1:500,
#A11006). Forimmunohistochemistry, vectastain ABC kit (ABC Elite,
Vector Laboratories) and DAB solution (Dako) were used for enzymatic
detection. The secondary antibody was Biotin-goat anti rabbit (1:2,000,
656140, Invitrogen) Tissue sections were counterstained with either
Mayer’s hematoxylin (Histolab) or DAPI (Thermo Fisher Scientific).
For each staining, the percentage of positive nuclei per sample was
obtained by manually scoring200-600 DAPI-positive nuclei from three
differentimages. Centralized and non-centralized nuclei were manu-
ally evaluated. Quantifications were done in a double-blind fashion.

Image acquisition

Histological and immunohistochemistry imaging was achieved using
the Nikon Eclipse EI000 microscope (Nikon Corporation) coupled to
the Nikon digital sight DS-Fi2 camera. Immunofluorescence imaging
was performed on aNikon AIR and Al+single point scanning confocal,
using the NIS Elements software (Nikon Corporation), and imaging
with a x20 air objective. For each sample, we acquired large images
of 2x2 tiles, which were stitched in one final image. We also captured
Z-stacks over 8 planes, with 1.5 um separation between adjacent sec-
tions. Maximum intensity projection (MaxilP) images were generated
from the Z-stacks and analyzed. To detect centralized nuclei we used
Transmitted Detection pictures to identify the fiber structure. Analysis
of confocal images were performed using NIS elements Viewer, NIS
Elements ARv5.42.02 and QuPath 0.5.1(ref. 50). Immunofluorescence
images were blinded.

DNA isolation for recombination analysis and sequencing

We used low tissue input for the DNA extraction. Twelve 50 pumsections
of formalin-fixed and paraffin-embedded regenerated TA samples
were cut and DNA was extracted using Gentra Puregene Tissue Kit
(Qiagen) according to manufacturer’sinstructions for DNA purification
from formalin-fixed and paraffin-embedded tissue. For use as refer-
ence for identification of somatic mutations, DNA was also extracted
from frozen spleen samples of the respective mice using the same
kit according to manufacturer’s instructions for DNA purification
from tissue.

Recombination analysis

Analysis of recombined alleles was performed using the QX200 drop-
let digital PCR system (Bio-Rad). PCR reactions were set up using 2x
QX200 EvaGreen Mix (Bio-Rad), forward and reverse primers and
template DNA and ran according to manufacturer’sinstructions.10 ng
of sample DNA was used per well and runin two replicate wells. Prim-
ers were designed to be specific for the Msh2 and Blm recombined
alleles (Msh2 forward: 5-TACTGATGCGGGTTGAAGG-3’, reverse:
5-GGCAAACTCCTCAAATCACG-3’, previously published"; Bim
forward: 5-TCAATGGCAAAAATAGGGAGGGTTG-3’, reverse: 5-TGGG
ACCGAATTGCTTCAACAACG-3’). Recombined allele counts were
normalized against Egfr allele (Egfr forward: 5-CCACAGCTGAA
AATGCAGAG-3, reverse: 5-CCTCACCATGAGGCAAACTT-3’). The data
from ddPCR were analyzed using QuantaSoft v.1.6.

Sequencing

WGS was performed on DNA extracted from skeletal muscle and spleen
frominjured control, MSM and Msh2-deficient mice (n = 3). Because
somatic mutations remain challenging to detect®*®, we used bulk-tissue
WGS toidentify clonally expanded mutations, rather than measuring
the somatic mutation burden of individual cells. Sequencing was per-
formed by the National Genomics Infrastructure in Stockholm, Sweden,
and the SNP&SEQ Technology Platformin Uppsala, Sweden. Fromthe
spleen, sequencing libraries were prepared from 1 ug DNA using the
TruSeq PCR-free DNA sample preparation kit (IluminaInc.) targeting
aninsertsize of 350 bp. Thelibrary preparation was performed accord-
ingtothe manufacturers’instructions. From the skeletal muscle, librar-
ies were prepared from 50 ng of DNA using the SMARTer ThruPLEX
DNA-seq Prep Kit (Takara Clontech) according to the manufacturers’
protocol. Thelibraries were sequenced on HiSegX, paired-end 150 bp
read length, v2.5 sequencing chemistry.

Somatic mutation detection from downsampled data

Fastq files were aligned to the mouse reference genome (mm1i0,
GRCm38) using BWA™ 0.7.17-r1188 with default parameters. Alignments
were sorted and indexed using SAMtools 0.1.19 (ref. 52). The average
coverage was 42X. Analysis of the sequencing datarevealed differences
in coverage between the samples. Downsampling was necessary to
be able to compare the proportion of detectable somatic mutations
betweenthe different samples due to adifference in coverage between
the samples. BAM files were therefore randomly downsampled to the
lowest coverage using SAMtools (46X for muscle, 29X for the spleen).
For everysample, duplicated reads were marked using Picard (https://
broadinstitute.github.io/picard/, v2.10.3-SNAPSHOT). Local realign-
ment around InDels was performed and the two samples from the
sameindividual mouse were aligned together to improve variant call-
ing using the Genome Analyzer Toolkit v3.4.0 (GATK)*. Variants were
called using the somatic mode of three somatic callers: GATK-MuTect2
(v.4.1.1.0)**, Strelka2 (v.2.9.3)> and Varscan2 (v.2.3.7)* with skeletal
muscle as tumor and spleen as normal. Annotations were done using
snpEff 4.2 (ref. 57) and VEP Ensembl*. Somatic variants detected by
allthree somatic variant callers were subjected to post-processfilter-
ing. Variants that had minimum 15X read depthin spleen and skeletal
muscle, minimum five alternative allele depth in the skeletal muscle,
and astatistically significant difference between the spleenread count
and the skeletal muscle read count (P < 0.05, Fisher exact test) were
considered somatic variants. All recurrent variants were excluded
from the analysis. For SV detection, DELLY2 was used with default
parameters’’. We also excluded SNVs from lab strains using dbSNP142
from the mouse genome project.

Somatic mutation detection from non-downsampled data
Toidentify somatic variants, the above analysis and filtering were also
performed on non-downsampled data, so the amount of information
for each individual population (control, Msh2-deficient, and MSM
mice) would be maximized. Using Varscan2, we selected somatic vari-
ants that had at least 10X coverage in spleen samples, 5X coverage in
skeletal muscle samples for the alternative allele and a P < 0.05. Addi-
tionally, variants from Varscan2 were selected only if also detected by
GATK-MuTect2 and Strelka2 variant callers. We also excluded SNVs
from lab strains using dbSNP142 from the mouse genome project. Using
snpEFF, the obtained variants were annotated to find SNV-associated
genes. MutPred2 (ref. 35) was used to predict the pathogenicity of
missense variants. For SV detection, DELLY2 was used with default
parameters®.

Single-cell transcriptome analysis of skeletal muscle
regeneration

The single-cell transcriptome (scRNA-seq) data from Chromium 10X
generated by De Micheli et al.* was reanalyzed by maintaining the same
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parameters specified inthe published study. We used Seurat 3.2.0 (ref.
60) and performed shared nearest neighbor clustering with 0.4 reso-
lution to reproduce the optimal clusters. We used uniform manifold
approximationand projection to visualize the individual clusters and
the gene expression profiles. The markers representing individual
clusters were predicted using the “FindAlIMarkers” function from the
Seurat package. The expression of SNV-associated genes was verified
inthe scRNA-seq dataset.

Statistics and reproducibility

Statistical analyses of the experimental results from the mice were
performed using the following parametric tests: unpaired t-test,
one-way and two-way ANOVA with Tukey or Bonferroni“s multiple
comparisonstest. The datadistribution was assumed to be normal, but
this was not formally tested. No statistical method was used to prede-
termine sample size. We used similar sample sizes to those reported
in previous publications. These sample sizes were sufficient to test
our hypothesis and perform statistical analysis. In addition, obtain-
ing the different genotypes was challenging due to the use of triple
transgenics and the attempt to have equal gender distributions within
the sample groups. In addition, we always aim to follow the 3 Rs for
animal research (refine, replace and reduce). The experiments were
notrandomized. Data collection was not performed blind to the condi-
tions of the experiment. Blinding was used for immunofluorescence
analysis. No animals or data points were excluded from the analysis.
For the single-cell RNA-sequencing data, the non-parametric Wilcoxon
test was used, using the Benjamini Hochberg method for adjusting P
values for multiple testing. Experimental replicates are biological.
Graphs were plotted as mean + standard deviation using GraphPad
Prism software version 8.0.2.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The raw data have been deposited to NCBI and can be accessed using
BioProject ID PRJINA793847 from https://www.ncbi.nlm.nih.gov/bio-
project”. The datacanbe accessed directly via: https:/www.ncbi.nlm.
nih.gov/bioproject/PRJNA793847

Thesingle-cell dataderive from a previous study® and were previ-
ously depositedin GEO with the accession number GSE143437. Mouse
reference genome assembly GRCm38 (mm10) was used, obtained from
the Genome Reference Consortium (GRC) release December 2011.
dbSNP142 from the mouse genome project was used for SNP removal.
All data supporting the findings of this study are available within the
manuscript or are available from the corresponding authors upon
request.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Characterization of regeneration in Msh2-deficient
TA. (a) Hematoxylin-eosin staining of non-injured and regenerated TA after 3
cycles of injury and regeneration. (b) Quantification of fibers with centralized
nucleiin non-injured and regenerated TA (Control n = 9, Msh2-def.n =3);
Ctrl-non-inj. vs Ctrl-Regen. P = 2.3e-14; Msh2-def. non-inj. us Msh2-def. Regen.
P =2.8e-14. (c) Quantification of Msh2/Blm recombination in regenerated TA
after 3regeneration cycles (n=3; P = 0.0005). (d) Msh2 immunofluorescence
of regenerated TA. (e) Quantification of Msh2-positive centralized nucleiin
regenerated TA (Control n =4, Msh2-def. n = 3); Control vs Msh2-def P = 5.8e-
07. (f) Picro Sirius Red staining of non-injured and regenerated TA after 3
regeneration cycles. (g) Quantification of Picro Sirius Red-stained muscle in
non-injured and regenerated TA (Control n = 9, Msh2-def. n = 3); Ctrl-Non-inj.
vs Ctrl-Regen. P = 0.0311; Msh2-def. non-inj. us Msh2-def. Regen. P = 0.4906.
(h) Pdgfra immunofluorescence of non-injured and regenerated TA. (i)
Quantification of Pdgfra-positive cells in non-injured and regenerated TA after
3 cycles of regeneration (Control n = 4, Msh2-def. n = 3); Ctrl-Non-inj. vs Ctrl-

Regen. P = 0.8669; Msh2-def. non-inj. vs Msh2-def. Regen. P = 0.7195. (j) Pax7
immunofluorescence of non-injured and regenerated TA. (k) Quantification of
Pax7-positive cells in non-injured and regenerated TA after 3 regeneration cycles
(Control n =9, Msh2-def. n =3); Ctrl-Non-inj. us Ctrl-Regen. P = 0.7764;

Msh2-def. non-inj. vs Msh2-def. Regen. P = 0.9846. (1) Ki67 immunofluorescence
of non-injured and regenerated TA. (m) Quantification of Ki67 positive cells
innon-injured and regenerated TA after 3 cycles of injury and regeneration
(Control-non-injn = 6, Control-regen n =9, Msh2-def-non-injn = 3, Msh2-def-
regen n =3) Ctrl-Non-inj. vs Ctrl-Regen. P = 0.4816; Msh2-def. non-inj. vs Msh2-
def. Regen. P=0.9924. Panels a and fscale bars indicate 100 pm; panelsd, h, jand
Iscale bars indicate 20 pm. Statistical test: ¢ and e: unpaired ¢-test two tailed;

b, g, i, kand m: one-way ANOVA with Tukey multiple comparison test. Graphs
b,c, e, g i,k and mpresent dataas mean + SD. Note: for panelsa, b, d-mthe
control images and control quantifications correspond to those in Fig. 1b, ¢, e-m.
h,j, 1 Arrowsindicate positive nuclei/cells.
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Extended Data Fig. 2| MSM mice accumulate more SVs than control and Msh2-
deficient mice. Quantification of somatic structural variants (SVs) in skeletal
muscle cells by WGS of representative histological samples of regenerated TA
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from control, MSM and Msh2-deficient mice. Analysis was performed both on
downsampled data (a) and non-downsampled data (b). BND = interchromosomal
translocation, DEL =deletion, INV = inversion.
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Extended Data Fig. 3| Somatic variants and corresponding genes related

to muscle regeneration. (a) P)cmlimmunofluorescence of regenerated TA.
(b) Quantification of Pcm1-positive nucleiin regenerated TA (Controln =3,
MSM n =4, Msh2-def. n = 3); Control vs MSM P = 0.5898, Control vs Msh2-def.

P =0.5022. (c) Expression of protein coding genes associated with somatic
variants visualized in uninjured (Day 0) and post-days of injury (Day 2, 5,and 7)
using UMAP (Uniform Manifold Approximation and Projection). (d) Boxplots
with expression levels of protein coding genes associated with exonic somatic
variantsin Day O, Day 5, and Day 7 in muscle associated cell types. The central

line of the boxplots represents the mean value of the data. The edges of the
boxes correspond to the 25" (Q1) and 75" percentile (Q3). The whiskers extend
to the most extreme data points within 1.5 times the interquartile range from
thelower and upper quartiles, and points beyond whiskers are outliers. P-values
were determined using the Wilcoxon test and are denoted by *<0.05, **<0.01,
***<0.001, ***<0.0001, nsis non-significant and the p-values are adjusted for
multiple testing correction by Benjamini Hochberg method Panel a scale bar
indicates 20 pum. Panel b was analyzed with one-way ANOVA with Tukey multiple
comparison test. Graph b presents data as mean + SD.
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Ctrl mice
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Extended Data Fig. 4| Measurement of muscle fiber atrophy. (a) Lamin B1
immunofluorescence of regenerated TA. Arrows indicate Lamin Bl-positive and
negative nuclei that are enlarged in the side pictures. Transmitted detection
was used to visualize myogenic fibers. (b) Quantification of Lamin B1-positive
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barindicates 20 um. Statistical test: b: one-way ANOVA with Tukey multiple
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Extended Data Fig. 5| No abnormal myofiber sizes in non-injured TA from
MSM and Msh2-deficient mice. (a) Graphs displaying the size distribution of
fibers across the different groups after 3 regeneration cycles in the contralateral
non-injured TA. Curvesillustrate the Gaussian distribution of fiber sizes. Double
arrows show no shiftin fiber size in MSM and Msh2-deficient mice compared to
controls (Controln =9, MSM n = 9, Msh2-def. n = 3). (b) Graph showing average
cross-sectional area of fibers after 3 regeneration cycles regeneration in the
contralateral non-injured TA (Control n =9, MSM n = 9, Msh2-def. n = 3); Control
vs MSM P = 0.9844, Control vs Msh2-def. P = 9665. (c) Graph showing the fold
change of normalized grip strength after every cycle of injury/regenerationin
control, MSM and Msh2-deficient mice (Control n =9, MSM n =9, Msh2-def.n = 3);
ControlussMSM P = 0.0048, Control us Msh2-def. P = 0.0030. (d) Hematoxylin
and eosin staining of non-injured right TA obtained from non-injured mice. (e)
Quantification of centralized nuclei from non-injured right TA obtained from
non-injured mice (Control n =3, MSM n = 3, Msh2-def. n = 3); Control vs MSM

T T T
Control MSM Msh2-def. Cti MSM Msh2-def.

P =0.2104, Control us Msh2-def. P = 0.1842. (f) Picro Sirius Red staining of non-
injured right TA. (g) Quantification Picro Sirius Red-stained muscle connective
tissue from non-injured right TA obtained from non-injured mice (Controln=3,
MSM n =3, Msh2-def.n =3); Control vs MSM P = 0.3673, Control vs Msh2-def.

P =0.9907. (h) Pax7 immunofluorescence of right non-injured TA obtained from
non-injured mice. (i) Quantification of Pax7-positive cells in right non-injured

TA obtained from non-injured mice (Control n =3, MSM n =3, Msh2-def.n=3),
Control vs MSM P = 0.1105; Control us Msh2-def. P = 0.4106. (j) Graph showing

the fold change of normalized grip strength in uninjured mice after 3 cycles of
injury and regeneration in non-injured (Control n =3, MSM n = 9, Msh2-def. n = 3);
Control vs MSM P = 0.3580, Control vs Msh2-def. P = 0.7917. Statistical test: b, e, g,
i,j: one-way ANOVA with Tukey multiple comparison test; C: two-way ANOVA with
Tukey multiple comparison test. Graph a presents data only as mean without SD
for clearer presentation. Graphsb, ¢, e, g, i,j present dataas mean = SD. Panelsd
and fscale bars indicate 100 pm; panel H scale bar indicates 20 pum.
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Immunofluorescence images were collected using NIS Elements software (Nikon corporation, v5.42.02). Data was collected in Excel version
16.98

Data analysis Analysis of confocal images were performed using NIS elements Viewer, NIS Elements AR v5.42.02 and QuPath 0.5.1
ddPCR data was analyzed using QuantaSoft V.1.6

Whole genome sequencing data: BWA 0.7.17 with default parameters (alignment to the mouse reference genome mm10, GRCm38),
SAMtools 0.1.19 (sorting, indexing and downsampling), Picard MarkDuplicates (v2.10.3-SNAPSHOT), GATK v3.4.0 (realignment around InDels),
GATK-MuTect2 v. 4.1.1.0, Strelka2 v.2.9.3, Varscan2 v.2.3.7 (somatic mutation caller); snpEff_4.2 and VEP Ensembl v99.2 (annotation),
dbSNP142 (removal of SNVs from lab strains); MutPred2 (pathogenicity of SNV, DELLY2 with default parameters (detection of structural
variation)

Single-cell RNA-sequencing: Seurat 3.2.0 was used for all analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Data availability

The raw data has been deposited to NCBI and can be accessed using BioProject ID PRINA793847 from https://www.ncbi.nlm.nih.gov/bioproject”. The single-cell
data derives from a previous study39 and was previously deposited in GEO with the accession number GSE143437. Mouse reference genome assembly GRCm38
(mm10) was used, obtained from the Genome Reference Consortium (GRC) release December 2011. dbSNP142 from the mouse genome project was used for SNP
removal. The authors declare that all data supporting the findings of this study are available within the manuscript or are available from the corresponding authors
upon request.

The sequencing data has been deposited, but it might take up to 2 weeks from June 16th 2025 for to be released. The data can be consulted using this link: https://
www.ncbi.nlm.nih.gov/bioproject/PRINA793847

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|Z Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size "No statistical methods were used to pre-determine sample sizes but our sample sizes are similar to those reported in previous publications
(Sagelius et al., ) Med Genet. 2008, 45:794-801; Whisenant et al., Nat Commun. 2022 Jun 2;13(1):3068). Hence the sample sizes were
sufficient to test our hypothesis and perform statistical analysis. Furthermore, the acquisition of the different genotypes was challenging given
that we worked with triple transgenics and needed to have equal gender distributions within the different sample groups. In addition, our
research follow the 3R for animal research (Refine, Replace and Reduce).”

Data exclusions | No data was excluded

Replication Our measurements represent biological replicates, since several animals were included in each experimental group (injured mice: Control n =
9, MSM n =9, Msh2-def n = 3, uninjured mice: Control n = 3; MSM n= 3, Msh2-def n = 3).
For histological analysis of the muscle, at least 100 fibers per mouse were quantified. For immunostaining, at least 200 nuclei were counted
from each mouse. Grip strength measurements were performed at least 3 times in each occasion. All replication attempts were successful.

Randomization | Randomization was not required since all animals underwent the same experimental procedure
Blinding No blinding was performed in the animal experiments due to the use of triple transgenic mice. The genotypes of interested were challenging

to achieve, so mice were used upon availability. In addition, the researchers genotyping the mice are the same ones performing the
experiments, making blinding difficult. Immunofluorescence image quantification was done in blind.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
IZl Antibodies IZ |:| ChlP-seq
Eukaryotic cell lines IZ |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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Plants

Antibodies

Antibodies used Primary anibodies: rabbit anti-Msh2 (1:500, ab70270, Abcam), rabbit anti-BIm (1:100, ab2179, Abcam), mouse anti-Pax 7 (1:100,
DSHB) , mouse anti-Pcm1 (1:100, sc-398365, Santa Cruz Biotechnology), rabbit anti-53BP1 (1:1500, ab36823, Abcam), rabbit anti
RPA32/RPA2 (phospho S4 + S8, 1:100 , ab87277, Abcam) , rabbit anti-Ki67 (1:150 ab15880, Abcam), rabbit anti-p16 (1:400, M-156,
sc1207, Santa Cruz Biotechnology) and rabbit anti-LaminB1 (1:500, ab16048, Abcam), and rat anti-PDGFRalpha (1:150, 14-1401-82,
Thermofisher Scientific)

Secondary antibodies: Alexa Fluor 568, donkey anti-rabbit (1:500, #A10042); Alexa Fluor 647, goat anti-mouse (1:500, #A21236);
Alexa Fluor 647, goat anti-rabbit (1:500, #A21245); Alexa Fluor 488, goat anti-rat (1:500, #A11006), Biotin-goat anti rabbit (1:2000,
656140, Invitrogen)

Validation rabbit anti-Msh2 (ab70270, Abcam). Cited by: Ghosh, S. et al. Nonhematopoietic Nrf2 dominantly impedes adult progression of sickle
cell anemia in mice. JCl Insight 1, e81090, 81090 (2016).

rabbit anti-Blm (ab2179, Abcam). Cited by: Petsalaki, E., Dandoulaki, M., Morrice, N. & Zachos, G. Chk1 protects against chromatin
bridges by constitutively phosphorylating BLM serine 502 to inhibit BLM degradation. J. Cell Sci. 127, 3902—-3908 (2014).

mouse anti-Pax 7 (DSHB). Cited by: Le Moal, E. et al. Macrophage-derived superoxide production and antioxidant response following
skeletal muscle injury. Free Radic. Biol. Med. 120, 33-40 (2018).

mouse anti-Pcm1 (sc-398365, Santa Cruz Biotechnology). Cited by: Holdgaard, S. G. et al. Selective autophagy maintains centrosome
integrity and accurate mitosis by turnover of centriolar satellites. Nat. Commun. 10, 4176 (2019).

rabbit anti-53BP1 (ab36823, Abcam). Cited by: Luebben, S. W., Kawabata, T., Johnson, C. S., O’Sullivan, M. G. & Shima, N. A
concomitant loss of dormant origins and FANCC exacerbates genome instability by impairing DNA replication fork progression.
Nucleic Acids Res. 42, 5605-5615 (2014).

rabbit anti RPA32/RPA2 (phospho S4 + S8) (ab87277, Abcam). Cited by: Herrtwich, L. et al. DNA Damage Signaling Instructs Polyploid
Macrophage Fate in Granulomas. Cell 167, 1264-1280.e18 (2016).

rabbit anti-Ki67 (ab15580, Abcam). Cited by: Bhanja, P., Norris, A., Gupta-Saraf, P., Hoover, A. & Saha, S. BCNO57 induces intestinal
stem cell repair and mitigates radiation-induced intestinal injury. Stem Cell Res. Ther. 9, 26 (2018).

rabbit anti-p16 (1:400, M-156, sc1207, Santa Cruz Biotechnology). Cited by: Toribio, R. E. et al. The midregion, nuclear localization
sequence, and C terminus of PTHrP regulate skeletal development, hematopoiesis, and survival in mice. FASEB J. Off. Publ. Fed. Am.
Soc. Exp. Biol. 24, 1947-1957 (2010).

rabbit anti-LaminB1 (ab16048, Abcam). Cited by: Jang, S. W. et al. Casein kinase 2 is a critical determinant of the balance of Th17 and
Treg cell differentiation. Exp. Mol. Med. 49, e375 (2017)

rat anti-PDGFRalpha (14-1401-82, Thermofisher Scientific). Cited by: Narvaez Del Pilar, O., Gacha Garay, M. J. & Chen, J. Three-axis
classification of mouse lung mesenchymal cells reveals two populations of myofibroblasts. Dev. Camb. Engl. 149, dev200081 (2022).




Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Experiments have been conducted on mice (Mus musculus, C57BI6J). Pax7-CreERT2 mice were purchased from the Jackson
Laboratory, Msh2-LoxP mice were obtained from Winfried Edelmann and BIm-tm4Ches mice were obtained from Alexander JR
Bishop. The experiments were started when the mice were 7-9 weeks old.

No wild animals were used

Both males and females were included equally following the principles of the 3Rs (Refine, Replace, Reduce). No mice were excluded
based on gender. No transgenes were included in the Y chromosomes to avoid gender biases within the populations.

The study did not involve field-collected samples

The animal studies are approved by Linkdping's regional animal research ethical review board. All experiments follow the descriptions
of our ethical permits (Dnr. ID 215, DNR. ID 04483-2023). Institutional guidelines and regulations were followed in every experiment.
Our pathogen-free animal facility in located at the Campus Flemingsberg from Karolinska Institutet, Sweden. Mice are kept 20-22°C
with 50-65% humidity, and they are subjected to a 12-hour light/dark cycle. The mice have continuous and free access to food and
water. Daily monitoring is performed to ensure animal wellness

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
wus upplied:

Desceribe-any-atuthentication-procedures foreachseed-stock-tsed-or-novel-genotype-generated—Describe-any-experiments-tsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
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off-target gene editing) were examined.
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