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Muscle atrophy and functional decline (sarcopenia) are common manifestations of
frailty and are critical contributors to morbidity and mortality in older people.
Deciphering the molecular mechanisms underlying sarcopenia has major
implications for understanding human ageing?. Yet, progress has been slow, partly
dueto the difficulties of characterizing skeletal muscle niche heterogeneity (whereby
myofibres are the most abundant) and obtaining well-characterized human
samples®*. Here we generate a single-cell/single-nucleus transcriptomic and
chromatin accessibility map of human limb skeletal muscles encompassing over
387,000 cells/nuclei fromindividuals aged 15 to 99 years with distinct fitness and
frailty levels. We describe how cell populations change during ageing, including the
emergence of new populationsin older people, and the cell-specificand multicellular
network features (at the transcriptomic and epigenetic levels) associated with these
changes. On the basis of cross-comparison with genetic data, we also identify key
elements of chromatin architecture that mark susceptibility to sarcopenia. Our study
provides abasis for identifying targets in the skeletal muscle that are amenable to
medical, pharmacological and lifestyle interventions in late life.

Increased longevity demands new approaches to promote healthy
ageing. Owing to its connections with other body tissues, the skeletal
muscle is a major determinant of systemic health'. Accordingly, pro-
nounced loss of skeletal muscle mass and function associated with age-
ing—termed sarcopenia—is not only a disabling event butalso a critical
catalysing step in the accelerated degenerating cascade of older people’.
Sarcopenia often affects individuals aged over 80 years and is more pro-
nounced inlocomotor muscles due to their constant exposure tostress'.

Skeletal muscle comprises large multinucleated myofibres with
distinct contractile and metabolic activities (slow twitch/oxidative,
alsoknown astype I myofibres; and fast twitch/glycolytic, also known
as type Il myofibres) controlled by the activity of motoneurons that
contact the myofibres at the neuromuscular junction (NM))*¢. Muscles
also containavariety of lessabundant mononucleated cells, including
muscle stem cells (MuSCs, satellite cells), fibro-adipogenic progenitors
(FAPs), adipocytes, fibroblast-like cells,immune cells, vascular cells and
Schwann cells**. On average, lean muscle mass declines from 50% of
the total body weight in young adults to 25% in individuals aged over

80 years'. Preservation of muscle mass and function during life requires
appropriate interactions of myofibres with the nearby resident cell
types’®. Moreover, skeletal muscle has the ability to regenerate due to
MuSCs, which are quiescent unless damage occurs’. Ageing negatively
affects the overall multicellular cross-talk in the skeletal muscle niche
aswellastherelative cellnumbers, and reduces the regenerative abil-
ity of MuSCs®. However, the underlying mechanisms remain poorly
characterized at the molecular level, especially in humans, complicat-
ing the development of therapeutic approaches.

Here we aimed to generate a comprehensive transcriptomic and
epigenomic cell atlas of the human locomotor skeletal muscle across
different age groups and sexes, including individuals aged >84 years
with signs of sarcopenia.

Multimodal atlas of human skeletal muscle

Toinvestigate the molecular changes that occur in the human skeletal
muscle with ageing, we obtained hindlimb muscle biopsies from 31
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Fig.1|Multimodal humanlocomotor skeletal muscle ageing atlas.

a, Schematic of the hindlimb skeletal muscle samples analysed in this study.
Thesamples were obtained from12 adultand 19 older adult (old) individuals
(left). The samples were processed for single-nucleus or single-cell isolation
forsc/snRNA-seq and/or snATAC-seq library construction (using the DNBelab
C4 kit) and sequencing (top middle), or subjected to morphological analysis
(bottom middle). Right, the sex, age and profiled nuclei/cells per individual.

b, UMAP analysis 0f292,423 sc/snRNA-seq profiles delineating 15 main skeletal
muscle cell populations (top). Bottom, the number of nuclei/cells sequenced
foreach cell type. Dots and bars are coloured by cell type. MF, myofibre.c, UMAP
analysis 0f 95,021snATAC-seq profiles delineating 11 main skeletal muscle cell
populations (top) at the chromatin level based on gene-activity scores of
established marker genes. Bottom, the number of nucleisequenced for each

participants (17 male and 14 female) from Spain and China, who were
dividedintotwoage groups: adults (aged15to 46 years,n=12) and older
adults (aged 74 to 99 years, n =19) of both sexes, with median ages of
36 and 84 years, respectively (Fig. 1aand Supplementary Table 1). We
assessed muscle functionality using (1) the Barthel index, which meas-
ures the ability of an individual to carry out daily living activities and
their degree of autonomy'; and (2) the Charlsonindex, which predicts
life expectancy on the basis of a person’s comorbidities™. Ageing was
inversely and directly correlated with Barthelindex and Charlsonindex
scores, respectively, in both sexes (Extended Data Fig. 1a and Supple-
mentary Table1). Each biopsy was divided into various samples, which
were (1) fixed with paraformaldehyde for histology; (2) snap-frozen
in liquid nitrogen for single-nucleus RNA-sequencing (snRNA-seq)
and single-nucleus assay for transposase-accessible chromatin using
sequencing (snATAC-seq); and/or (3) freshly dissociated in single-cell
suspensions for single-cell RNA sequencing (scRNA-seq). Morpho-
logical analysis confirmed the integrity of the tissue architecture in
all cases, and of overt myofibre atrophy in older individuals (Extended
DataFig.1b).Senescent cells, as determined by senescence-associated
B-galactosidase (SA-B-gal) staining, were not detected in the myofibre

celltype.Dots and bars are coloured by celltype. d, The relative proportional
changes of each cell type with ageing (column1) and each single-cell modality
(columns 2-4) considering co-variable factors as sex, ethnicity, omics
technology and sequencing batch. The colour scale represents the fold change,
and the dot size shows the probability of change (local true sign rate (LTSR))
calculated using ageneralized linear mixed model with a Poisson outcome®.

e, Quantification of the transcriptional (top) and epigenetic (bottom)
heterogeneity by age group and cell type.n=300 cells obtained by downsampling
fromthetotal captured cellsin each celltype.For cell types with fewer than
300 cells, all cells were included for analysis. For the box plots, the centre line
shows the median, the box limits show the upper and lower quartiles, and the
whiskersshow1.5x theinterquartile range. For e, Pvalues were calculated using
two-tailed Mann-Whitney U-tests.

area in either adult or older adult muscle samples (Extended Data
Fig.1c). Previous evidence has demonstrated the scarcity of senescent
cellsin both mouse and human unperturbed muscles'. We performed
snRNA-seq and snATAC-seq analysis of whole samples, and scRNA-seq
analysis of isolated mononucleated cells (Fig. 1a). After quality control,
the overall dataset contained 387,444 nuclei/cells corresponding to 22
individuals: 212,774 for snRNA-seq, 79,649 for scRNA-seq and 95,021
for snATAC-seq (Supplementary Table 2).

Uniform manifold approximationand projection (UMAP) visualiza-
tion of the scRNA-seqand snRNA-seq (sc/snRNA-seq) datasets showed
clustersrepresentative of typeland Iland specialized myonucleiin the
multinucleated myofibre compartment®. Within the mononucleated
cells, the major muscle-resident cell types were MuSCs, stromal cells
(FAPs, fibroblast-like cells and adipocytes), vascular cells (pericytes,
smooth muscle cells (SMCs) and endothelial cells (ECs)), immune cells
(myeloid, lymphoid and mast cells) and glial cells (Schwann cells)**
(Fig.1band Extended Data Fig. 1d). Analysis of snATAC-seq datashowed
robustidentification of the main cell types (Fig.1c and Extended Data
Fig. 1ef). Integration of the sc/snRNA-seq and snATAC-seq results
showed a high correlation, indicating no obvious biases due to method,
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age, sex, ethnicity or muscle group (Extended Data Fig. 2a-c). A gen-
eralized linear mixed model™ that considered potentially clinically
relevant factors (sex and ethnicity) and technical factors (omics dataset
and sequencing batch) revealed age-related decreases in myonuclei,
especially in type Il myofibres, MuSCs and pericytes, and age-related
increasesin adipocytes, fibroblast-like cellsand immune cells (Fig. 1d).
Cell proportion analyses for each individual in all omics datasets
depicted similar results irrespective of sex (Extended Data Fig. 2d).
These analyses also highlighted that the snRNA-seq and snATAC-seq
dataareenriched for myonuclei, whereas scRNA-seq mostly captured
mononucleated cells. Immunofluorescence validated the progressive
changes of MuSCs, FAPs/fibroblast-like cells, adipocytes and immune
cells with ageing (Extended Data Fig. 3). Notably, we noticed that most
ofthe celltypes showed increased transcriptional heterogeneity among
individual cells/nuclei, whichis an emerging feature of ageing" (Fig. 1e).
Thiswas associated with variations in the levels of chromatin accessibil-
ity attheselociinthe snATAC-seqdata, together pointing toincreased
epigenetic instability that could facilitate cell identity drifts.

Changes in myonucleus composition

Our collection of human skeletal muscle samples constitutes a pow-
erful resource tool to elucidate the molecular drivers and processes
underlying muscle wastingin older people. We first dissected the het-
erogeneity of myonuclei in different ages by scoring the snRNA-seq
databased onknown myofibre-type-specific markers® (Supplementary
Table 3). In addition to MYH7" myonuclei (type I, TNNTI"), we identi-
fied the two known type Il myonuclei (TNNT3") subtypes expressing
either MYH2 (type lIA) or MYHI (type 11X), as well as hybrid myonuclei
simultaneously expressing two MYH genes, across individuals (Fig.2a
and Extended Data Fig. 4a—e). Consistent with previous knowledge®,
ageing induced a general decrease in type Il myonuclei accompanied
by arelativeincreaseintype I myonucleiinboth sexes, which translated
into structural changes in the myofibres, as confirmed by immunofluo-
rescence analysis (Fig. 2b and Extended Data Fig. 4f). The decrease in
type Il myonuclei was more marked for the lIX subtype, followed by
hybrid IIA/IIX myonuclei, and the extent of the changes was highly cor-
related with the age of theindividual (Fig. 2b and Extended DataFig. 4g).
We drew similar conclusions after analysing the snATAC-seq dataset.

Further snRNA-seq subclustering identified the presence of myonu-
cleispecialized at the myotendinous junction and the NMJ inboth main
myofibre types (Fig. 2c and Extended Data Fig. 5a,b). Myotendinous
junction myonuclei exhibited enrichment in genes associated with
cell-matrixinteractions (COL22A1, ADGBR4), whereas NMJ myonuclei
showed enrichmentin genes linked to synaptic transmission responses
(PHLDB2, CHRNE). Importantly, subclustering identified other popu-
lations enriched in either adult or older adult muscle. For example,
ENOXI* myonuclei specific for type Il myofibres were enriched in the
adult group (median: adult, 9.13%; older adult, 4.21%). By contrast,
TNNT2',IDI", DCLKT and SAA2" myonuclei were enriched in the older
group: (1) TNNT2" and DCLKI" myonuclei were primarily present in
type I myofibres (TNNT2": adult, 0.08%; older adult, 2.45%; DCLKI":
adult, 0.27%; older adult, 2.27%); (2) IDI', in both types of myofibre
(typel:adult, 0.17%; older adult, 1.47%; type Il: adult, 0.47%; older adult,
0.76%); and (3) SAA2" populations, mainly in type Il (adult, 0.10%; older
adult, 0.98%) (Fig. 2c,d). Most of these myonuclear subpopulations were
also detected by snATAC-seq subclustering and showed the same trend
afterageing (Extended DataFig. 5c). All subpopulations were confirmed
by Hotspotanalysis™, which clusters gene expression profiles into mod-
ules (Fig. 2e-g, Extended Data Fig. 5d-f and Supplementary Table 4).

Consistent with the protective role of NADPH oxidases in skeletal
muscle”, ENOXI* myonuclei may represent a healthy type Il myofi-
bre population, as supported by the high expression levels of genes
related to carbohydrate metabolism necessary for fast-twitch con-
traction (Fig. 2f and Extended Data Fig. 5a,b). Cardiac troponin T
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(TNNT2) expression has been associated with denervation and age-
ing's. TNNT2" myonuclei were enriched in genes associated with cardiac
muscle contraction (MYH6, TNNT2), suggesting aloss of skeletal muscle
sarcomere specification. TNNT2 expression in older myofibres was
confirmed by immunofluorescence analysis (Fig. 2h). DCLK1 encodes
doublecortin-like kinase 1, whichis involved in microtubule assembly
anddynamics and is highly expressed indystrophic regenerative (Reg-
Myon) myonuclei®. ID1is a transcription factor (TF) involved in BMP
signalling thatis associated with muscle atrophy in mice?. Serum amy-
loid A2 (encoded by SAA2) isamajor acute-phase protein thatis highly
expressed inresponse toinflammation and chronic tissue injury?. IDI",
DCLKT" and SAA2" older myonuclei expressed high levels of NMJ-related
genes (CHRNA1, CHRNG, MUSK, COLQ) and cell adhesion genes, such
as members of the PCDHG gene family? (Fig. 2f and Extended Data
Fig. 5a,b), which may indicate a compensatory response for the loss
of innervation. These subpopulations were also enriched for stress
and pro-inflammatory genes (FOS,JUN, EGRI)* and proteolysis genes
(FBX032, CTSD)*. The increased presence of myofibres with signs of
denervation in older muscle was validated by immunofluorescence
analysis of NCAM1® (Extended Data Fig. 5g).

General and myofibre-type-specific deterioration

Toassess the stepwise transcriptional changes that skeletal myofibres
undergo with ageing, we first determined the common differentially
expressed genes (DEGs) between adult (aged <46 years), ‘old’ (aged
74-82 years) and ‘very old’ (aged >84 years) type I and type Il myonu-
cleus populations and performed functional enrichment analysis.
The shared effects of ageing in older myonuclei comprised a down-
regulation of genes related to metabolism, including glucose meta-
bolic processes (SLC2A4, PFKFBI) and TFs regulating lipid metabolism
(PPARGCIA, PPARA), and sarcomeric genes, such as myosin and tro-
poningenes (Extended Data Fig. 6a,b). There was astrong correlation
between anindividual’s age and the downregulation of expression and
chromatin accessibility of sarcomeric genes (Extended Data Fig. 6cand
Supplementary Table 5a,b). We also observed ageneral dysregulation
ofthe circadian machinery inaged myonuclei: core clock genes such as
PER1, PER2and RORA were downregulated, whereas CLOCK and BMALI
(also known as ARNTL) were upregulated, consistent with circadian
misalignment with ageing® (Extended Data Fig. 6b). Although tran-
scriptional changes generally had agood matchinthe snATAC-seq data,
circadian genes did not, indicating regulation at other levels. Other
shared effects included upregulation of myofibre-atrophy-related
processes, such as protein catabolism (lysosome, autophagy and the
ubiquitin-proteasome system) and FOXO signalling? (Extended Data
Fig. 6a). Moreover, older myonuclei displayed anincreased enrichment
in TGFB signalling and homophilic cell adhesion, suggesting an altered
interaction with the myofibre environment. Importantly, comparative
analysis by age groups revealed that the activation of pro-inflammatory
signalling (TNF)* was persistently high in the myonuclei of individu-
alsaged =84 years. Moreover, we observed a positive correlation with
ageing of genes associated with muscle weakness such as increased
PCDHGAI and AMPD3*? transcription and chromatin accessibility,
albeit with higher variability at the level of chromatin accessibility
(Extended Data Fig. 6c¢).

To study the directionality of transcriptional variation in the myofi-
bres, we analysed the pseudotime cell trajectories, observing a defined
pathwithageinginboth typelandtypellmyonuclei (Fig. 3a). The trajec-
tory end points of these myonuclei corresponded to the transcriptional
profiles of the new populations that emerged mostly in aged muscle.
Thistrend was also evident when plotting specific skeletal muscle func-
tions (grouped as scores) progressively affected by ageing, such as the
sarcomeric apparatus or atrophy-related genes (Fig. 3b, Extended Data
Fig. 6d and Supplementary Table 3). Notably, the trajectory of type |
myonuclei with ageing was progressive, while that of type [l myonuclei
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Fig.2|Emergent myonucleus populations with human muscle ageing.

a, UMAP analysis of myonucleiin both snRNA-seq (top) and snATAC-seq
(bottom) coloured according to their myofibre-type-specific classification.
Eachannotated populationis correspondingly coloured inboth datasets.

b, Quantification of the myonucleus proportionsinadult (green) and older
adult (purple) individuals according to the classified myofibre type insnRNA-seq
(top) and snATAC-seq (bottom). NS, not significant. For snRNA-seq, n = 7 adult
individualsand n=15older adultindividuals; for snATAC-seq, n = 5Sadult
individualsand n=11older adultindividuals. c, UMAP analysis of myonucleus
subpopulations of snRNA-seq (top) and snATAC-seq (bottom) data. Each
annotated populationis correspondingly coloured inboth datasets. MTJ,
myotendinousjunction.d, Asinb, quantification of the detected myonucleus
subpopulation proportionsinadult and older adultindividuals. e, The scaled

was abrupt (Fig. 3a). This difference agrees with the greater sensitivity
of type Il myofibres to ageing, which results in their preferential loss.
By contrast, type I myofibres persist in aged muscle and accumulate
progressive damage that further boosts muscle dysfunction over time.

Further analysis of the pseudotime showed ten major clusters of
transcriptional variation, most of which reflected the progressive or
abrupt course of degenerationintypelor type llmyofibres, respectively
(Fig. 3c and Supplementary Table 6). For example, the trajectories of
theinflammasome (NFKB1, TXNIP), autophagy (NBR1,ATG7) and oxida-
tive stress response (SOD2, NFE2L2) genes increased steadily intype |
myonuclei but more sharply in type Il myonuclei (cluster 1) (Fig. 3d).
Pro-atrophic Notchsignalling®® (HES1, NOTCH2) increased with a similar
trendinboth typelandtypell myofibres (clusters1,2 and 10) with age-
ing. IL-6 signalling (/L6ST, SOCS3) was more clearly upregulated along
the ageing trajectory in type I myonuclei (cluster 3). Moreover, both
myofibre types showed anincreased denervation signature (cholinergic
synapse; ITPR1, GNGI12) (cluster 10). Consistent with the expression
of DCLKI in end-stage myonuclei, we also detected myonuclei with
the RegMyon repair signature® (that is, MYF6, DCLK1, MYOG, RUNXI,

aggregated expression levels (zscore) in each myonucleus population for the
co-expressinggenesineachmodule.f, The scaled gene expression level (zscore)
across co-expression modules. Selected enriched genes and their associated
pathways (coloured according to module) are highlighted on the right. GO, Gene
Ontology. g, UMAP analysis of the aggregated expression (exp.) level for
module 8 (left),and TNNT2gene expression (middle) andits gene score (right).
h, Representative images (left) and corresponding quantification (right) of
immunofluorescence analysis of TNNT2" myofibres (TNNT2, green; nuclei,
DAPI, blue) in adult (sample P9) and older adult (sample P29) individuals. Scale
bar,10 pm. n=2adultindividuals and n = 4 older adultindividuals. For the box
plots, the centre line shows the median, the box limits show the upper and
lower quartiles, and the whiskers show 1.5x the interquartile range. Forbandd,
Pvalues were calculated using two-tailed Mann-Whitney U-tests.

Supplementary Table 3) at the end of the trajectory associated with
ageing, which emerged progressively in type I myofibres and more
abruptlyintypell (Extended DataFig. 6e). This repair program probably
arises in response to daily wear-and-tear microdamage in myofibres,
which can be fixed by (1) MuSCs® or (2) intrinsic myonuclear self-repair
mechanisms?. However, the chronic presence of this repair signature
in aged myonuclei may indicate the persistence of myofibre damage
and unsuccessful repair. Consistently, we detected a higher presence of
FLNC" scarsin aged muscle, which are indicative of ongoing myofibre
self-repair®’ (Extended DataFig. 6f). These findings indicate that aged
muscle is not able to cope with daily mild myofibre lesions.
Asthelargest humantissue, skeletal muscle is the main contributor
towhole-body energy expenditure. Mitochondria are crucial for main-
taining skeletal myofibre homeostasis and matching energy production
through oxidative phosphorylation and fatty acid degradation®’. The
muscle ability to produce energy to sustain contraction substantially
reduces with ageing, and defective mitochondria contribute to this
phenomenon®’, which we confirmed by succinate dehydrogenase
(SDH) activity analysis of myofibres (Extended Data Fig. 6g). Oxidative
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Fig.3|Myonucleus ageing trajectories and GRN. a, UMAP analysis of the
ageingtrajectory (pseudotime) (top) for typeland type Il myonucleus
populationsinthe snRNA-seq dataset. Dots are coloured by the projected
pseudotime. The proportion (prop.) of adult (green) and older adult (purple)
myonucleiinsnRNA-seqdataaligned along the typel (middle) and typell
(bottom) myonucleus ageing trajectory (divided into 100 bins). b, UMAP
analysis of the sarcomeric score for the myonuclei (top) and aline chart showing
theaverage sarcomericscore for typel(red) and typell (blue) myonucleialong
theageingtrajectory (bottom). The genelist for sarcomeric score is provided
inSupplementary Table 3. ¢, The module score for the gene clusters along the
ageingtrajectory fortypel(red) and type Il (blue) myonuclei (left). Right, the
corresponding gene expression level (zscore). The gene list for each gene cluster

phosphorylation (IDH2, MDHI) and fatty acid degradation (ACADM,
ACATI) were downregulated in the type l myonuclei ageing trajectory
(cluster 8) (Fig.3d and Extended Data Fig. 6h). Unexpectedly, glycolysis
(PKM, HK1) was upregulated (cluster 6) in type  myonuclei at the late
stage of the ageing trajectory (Extended DataFig. 6i). This may reflect
acompensatory rearrangement in slow myofibres to prevent the loss
of muscle capacity and produce energy during sustained contractions,
which is substantially impaired in older individuals®.

GRNs in ageing myonuclei

To examinethe cis-regulatory landscape of myonucleus degeneration,
we defined the underlying gene regulatory networks (GRNs) using
functional inference of gene regulation (FigR)*. We first integrated
the snRNA-seq and snATAC-seq datasets using canonical correlation
analysis (CCA), identifying the most likely paired nuclei using a con-
strained optimal cell mapping approach within the common CCA
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Type |

Type ll

isprovided in Supplementary Table 6. d, Functional enrichment analysis of
each genecluster obtained from c. Pathway significance (-log,,[Q]) is depicted
by thecolourscale. Alist of genes associated with each pathway is providedin
Supplementary Table 6. e, UMAP analysis of the ageing trajectory for type I and
typellmyonucleiinthe snATAC-seq dataset, transferred from snRNA-seq data.
Theageing trajectory was divided into ten bins (left). The proportion of adult
(green) and older adult (purple) myonucleiin snATAC-seqaligned along the
typel (topright) and typell (bottomright) pseudotime trajectory.f, The mean
regulationscore (log,,-transformed) across all DORCs using the FigR* approach
per TF for typeland type llmyonucleialong the ageing trajectory. The regulation
score (yaxis) discerns between TF activators (positive score) and repressors
(negative score) for the mapped TF motifs.

space (Extended Data Fig. 7a). This yielded a consistent progressive
or abrupt cell trajectory towards the ageing state for type l or type Il
myonuclei, respectively, in snATAC-seq (Fig. 3e). Using these paired
nuclei, we linked the snATAC-seq peaks to their target genes based on
the peak-to-gene accessibility correlation. Thisidentified asignificant
association of 28,193 unique chromatin accessibility peaks with 10,707
genes (permutation P < 0.05) in type I myofibres, and 27,901 peaks with
10,669 genes in type Il myofibres. We defined the high density of the
peak-gene interaction subset as domains of regulatory chromatin
(DORCs) (n > 6 significant peak-gene associations; typel, 8,370 peaks,
908 genes; typell, 7,879 peaks, 912 genes) (Extended Data Fig. 7b). The
list of DORC-associated genes included several stress TFs (JUND, JUN,
FOS,JUNB, EGRI) in both type 1 and type Il myofibres. Notably, these
gene loci opened their chromatin before the increase of gene expres-
sion, indicating a priming process and a stepwise transition to overt
myonucleus degeneration (Extended Data Fig. 7c). We next computed
TF motif enrichments, considering both the expression patterns and



the chromatin accessibility for all DORCs, to generate the regula-
tion score representing the intersection of motif-enriched and RNA-
correlated TFs. We distinguished dozens of putative transcriptional
activators and repressors in type I or type Il myonuclei along the
ageing trajectory (Fig. 3f). Among these, we observed that stress-
related TFs (FOSL2, JUN, FOS, JUNB, STAT3) become upregulated
and drive a coordinated gene expression program along the degen-
eration trajectory; this was confirmed by TF footprinting analysis
(Extended Data Fig. 7d). We also noticed that some of the enriched
transcriptional repressors were myofibre-type-specific; for example,
type I myofibres were enriched for TBX15, and type Il myofibres were
enriched for JDP2. These two TFs have been implicated in glycolytic
myofibre metabolism® and cardiomyocyte protection by inhibiting
AP-1 complex activity®®, and their enrichment could account for
myofibre-type-specific dysfunctionin old age.

MuSC exhaustion with ageing by premature priming

The ability of MuSCs to transition oninjury from their quiescent state to
anactivated state for tissue repair is substantially reduced with age’ but
the underlying mechanisms are poorly understood. A major confound-
ing factor for assessing MuSCs using single-cell isolation protocols is
that tissue dissociation induces stress*. To overcome this, we focused
onsnRNA-seqdata (Extended Data Fig. 8aand Supplementary Table 3).

We identified three MuSC subpopulations expressing the TF PAX7
and one expressing MYOG. PAX7* MuSCs were subclassified in different
states according to previously defined markers*’: calcitonin receptor
(CALCR) for MuSCs in deep quiescence (QMuSCs); MYF5 for MuSCs
early primed for activation (epMuSCs); and modest levels of MK/67 for
MuSCs primed for late activation/proliferation (IpMuSCs) (Fig. 4aand
Extended DataFig.8b,c). epMuSCs were enriched for FOS,JUNand EGR,
which have been described to allow arapid MuSC exit from quiescence
after muscle injury**. As MYOG* MuSCs were enriched for myogenic
differentiationgenes (ACTCI), we termed them differentiating MuSCs
(dMuSCs). AllMuSC subtypes except for the scarce [pMuSCs could also
be discerned in snATAC-seq.

Wider DEG and functional enrichment analysis showed that
qMuSCs were enriched for extracellular matrix (ECM)-remodelling
genes (FBNI, VIT, COL5A2 and CALCR) and hormone nuclear receptors
(ESRRG, GHR). This s consistent with the knowledge that the collagen
V/CALCR axis and hormones help to maintain the pool of qMuSCs
in mice’® (Extended Data Fig. 8d). Accordingly, snATAC-seq peaks in
qMuSCs showed substantial enrichment in binding motifs for TFs
related to growth hormone regulation® (PGR, NR3C1) in addition
to myogenic functions (NFIC)*® (Extended Data Fig. 8e). epMuSCs
were enriched for inflammation-related genes (cytokine and TNF
signalling), cell growth (MYC targets) and autophagy. Moreover, they
were enriched for binding motifs of the cofactor SMARCC1, FOS and
JUNB, indicating higher readiness for activation, whichis similar toin
mice*. Inaddition to proliferation-related genes, IpMuSCs expressed
genes involved in chromatin organization (DNMTI, HELLS, EZH2).In
agreement with their gene expression pattern, dMuSCs had a higher
enrichment of binding motifs for MYOG. Enhanced binding for JUNB
and MYOG in epMuSCs and dMusSCs, respectively, was confirmed by
footprinting analysis (Extended Data Fig. 8f).

Although MuSC heterogeneity persisted with ageing, there was
anincrease in the proportion of epMuSCs in older muscle (Fig. 4b
and Extended Data Fig. 8g). In mice, a break of quiescence induced
by changes in the niche accounts for the loss of MuSCs with age’.
Thus, anincrease in epMuSCs may be partly responsible for the loss of
MuSCs in older human muscle. We confirmed the prevalence of FOS*
MuSCs transiting to a primed state in older muscle using immunofluo-
rescence (Extended Data Fig. 8h). Pathways related to MuSC stemness,
such as FOXO signalling for gMuSCs’, and proliferative capacity, such as
translation for epMuSCs and cell cycle for IpMuSCs’®, were diminished

with ageing (Fig. 4c). All aged MuSC subtypes except for epMuSCs
displayed enhanced mitochondrial oxidative phosphorylation.
A detailed analysis of qMuSCs from adult and older adult groups
showed that downregulation of ECM-related processes (/TGBLI) is
progressively associated with ageing, whereas upregulation of myo-
genesis (MEF2D) peaked in qMuSCs from adults aged 74-82 years, and
inflammatory and stress pathways (TNF/NF-kB and NFAT-JUN-FOS)
peakedinqMuSCs from adults aged =84 years (Fig. 4c, Extended Data
Fig. 8i,j and Supplementary Table 5c). snATAC-seq analysis showed
that older qMuSCs are enriched for binding motifs of TFs that reg-
ulate advanced myogenic stages, such as differentiation-related
(NFYA,NFYB, NFYC)* and stress response (ETS2, EGR1)** TFs (Fig. 4d).
Conversely, motif enrichment of growth-hormone-related TFs
(PGR, NR3C1, AR) in gqMuSCs was lost with ageing. These findings
suggest exhaustion and inability to respond to muscleinjury or homeo-
static body signals.

Pro-inflammatory and profibrotic responses

We next performed subclustering of mononucleated cells in the
sc/snRNA-seq datasets. These resident cell types are not only crucial
for overall skeletal muscle homeostasis but also support the regenera-
tive activities of MuSCs after injury.

Within the vascular compartment, we identified four subtypes
of ECs: (1) arterial ECs that express SEMA3G:; (2) capillary ECs that
express CA4; (3) venous ECs (venECs) that express ACKRI; and (4) a
subpopulation of venECs that express /L6 (IL6" venECs) (Fig. 4e and
Extended Data Fig. 9a). We also identified three subtypes of mural
cells: (1) SMCs that express ACTA2 and MYH11; (2) pericytes that express
HIGDI1B and RGSS; and (3) mural cells that express CD44. snATAC-seq
analysis confirmed the same cell types (Extended Data Fig. 9b-d). In
older muscle, the proportion of capillary ECs and pericytes decreased,
while that of arterial ECs and venECs increased (Fig. 4f and Extended
Data Fig. 9e). Vascular cell types downregulated genes related to cell
junction assembly and transmembrane transporter activity with age-
ing, and upregulated inflammatory (IL-6 and AP-1 pathways), fibrotic
(TGFp pathway) and autophagy pathways (Fig. 4g). We concluded
that ageing alters the skeletal muscle vascular integrity by increasing
pro-inflammatory and stress-related signals.

Among theimmune cells, we identified different subpopulations of
myeloid cells and lymphocytes from sc/snRNA-seq and snATAC-seq
data, including CD14* and FCGR3A" (CD16) monocytes that are
endowed with distinct responses to different pathogens and stimuli’s;
macrophages (lipid-associated macrophages (LAMs) and LYVEI"
macrophages) with yet-to-be characterized distinctive functions in
skeletal muscle’; mast cells; dendritic cells; B cells (naive and memory);
natural killer (NK) cells; NK T cells; CD4* T cells (effector CCR7", naive
CCR7" andregulatory IL2RA"); CD8" (effector CCR7 and naive CCR7");
and agroup of CCL20" T cells® (Fig. 4h and Extended Data Fig. 9f-i).
Consistent with the increased inflammatory cell infiltration shown
by histological analysis (Extended Data Fig. 3d-f), mast cells, LAMs
and monocytes increased in older muscle, while some of the T cell
subtypes and dendritic cells decreased (Fig. 4i and Extended Data
Fig. 9j). Activated mast cells in skeletal muscle have been associated
with cancer-induced muscle atrophy (cachexia)®. All of the immune
cellsubpopulations, except for mast cells, downregulated homeostatic
immune functions with ageing, including antigen processing and pres-
entation (MHC pathway, B cell receptor signalling and TCR signalling)
(Fig. 4j). Similarly, anti-inflammatory responses were downregulated
in some immune cell types (signalling by ERBB4 in lymphoid cells),
while pro-inflammatory ones were upregulatedin others (IL-6 pathway
in myeloid cells, complement activation and signalling by NTRK1in
myeloid cells and lymphocytes). Moreover, older immune cells were
enriched for processes associated with phagocytosis (protein process-
ingintheendoplasmicreticulum, clathrin-mediated endocytosis and
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Fig.4|Resident mononucleated populations in the human skeletal muscle
withageing. a, UMAP analysis of the detected MuSC subpopulationsin
snRNA-seq data. Dots are coloured accordingto celltype. b, Therelative
proportional changes of each MuSC subpopulation withageing (column1) and
eachsingle-cell modality (columns 2-4), considering co-variable factors
(ethnicity, omics technology and sequencing batch). The colour scale represents
the fold change, and the dot size shows the probability of change (LTSR)
calculated using ageneralized linear mixed model with a Poisson outcome'.

¢, Functional enrichment analysis of DEGs obtained between adultand older
adultgroups for each MuSC subpopulation. The colour scalerepresents the
significance (-log,,[Q]) of the enriched terms for upregulated (red) and
downregulated (blue) genes with ageing. d, TF motif enrichment for upregulated
(top) and downregulated (bottom) peaks in qMuSCs with ageing (older adult
versus adult). TFswere plotted accordingto their rank (x axis) and their

degradation of the ECM), pointing to apredominantly activated status.
Thus, inaddition to ageneralincrease ininfiltratingimmune cells with
ageing, thereis aswitchtowards a pro-inflammatory state, consistent
with inflammation being a key driver of ageing*°.

Within the stromal cell compartment, we identified various sub-
types of fibro-adipogenic cells (FAPs), including CD55*, CD99", GPC3*,
MME"and RUNX2", and fibroblast-like cells expressing THY1 (Fig. 4k and
Extended DataFig.10a). snATAC-seq analysis confirmed the predomi-
nance of fibroblast-like cells, CD55*, MME* and GPC3' FAPs in the muscle
stroma (Extended Data Fig.10b-d). Fibroblast-like cells substantially
increased with ageing, whereas MME' FAPs were diminished (Fig.4land
Extended Data Fig. 10e). MME" FAPs are a well-known dominant FAP
subtype* and expressed genes related to adipogenic pathway, whereas
CD99" and GPC3' FAPs were pro-inflammatory FAPs expressing CCL2and
CXCL14 (Extended DataFig.10a,f). Fibroblast-like cellsand CD55 FAPs
showed higher fibroblast activation traits (epithelial-mesenchymal
transition, ECM organization) compared with other FAP subtypes*
(Extended Data Fig.10a). RUNX2* FAPs were enriched for SOX5and are
involved in migration and collagen production®. Older FAP subtypes
largely shared an ageing signature characterized by the downregula-
tion of growth factor pathways (VEGF and Wnt) and upregulation of
profibrotic (TGF( signalling) and pro-inflammatory (IL-6 signalling)
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associated -log,,[Q] (y axis). e, UMAP analysis asin a for vascular cell
subpopulations. artEC, arteriole EC; venEC, venule EC; capEC, capillary EC;
MC, mural cell subpopulations. f, Therelative proportional changes asin b for
vascular cell subpopulations. g, Functional enrichment analysis of DEGs (older
adultversusadult) asin c for vascular cell subpopulations. h, UMAP analysis as
inaforimmune cell subpopulations. B,,,..,, memory B cells; DC, dendritic cells;
M2, M2-like macrophages; mono, monocytes; T, regulatory T cells. i, The
relative proportional changes asinb forimmune cell subpopulations.j, Functional
enrichment analysis of DEGs (older adult versus adult) asin ¢ forimmune cell
subpopulations. k, UMAP analysis asin a for stromal cell subpopulations.

1, Therelative proportional changes asin b for stromal cell subpopulations.

m, Functional enrichmentanalysis of DEGs (older adult versus adult) asin ¢ for
stromal cell subpopulations.

pathways and asparagine N-linked glycosylation (Fig. 4m). These
results point to a shift in the stromal populations (especially CD55*
and fibroblast-like cells) towards an activation state characterized by
active ECM remodelling.

Importantly, comparative analysis by age groups (individuals
aged 15-46 years; 74-82 years; and >84 years) revealed that these
muscle-resident cells (vascular, immune and stromal) displayed a
peak enrichment of pro-inflammatory pathways (IL-6/AP-1 pathway)
inthe group aged 74-82 years, and of profibrotic pathways (TGFf sig-
nalling) in the group aged >84 years (Extended Data Fig. 10g). These
non-myogenic populations, particularly the lymphocytes, also pre-
sented a moderate increase in the cell cycle inhibitor genes CDKNIA
(p21) and CDKNI1B (p27) (Extended Data Fig.10h).

Altered intercellular communication

Cells withinatissue communicate witheach other through elaborated
circuits**. How intercellular cross-talk in the human skeletal muscle
nicheis affected by ageing s largely unclear. Tostudy thisin anintegra-
tive manner, we used CellChat®.

Ligand-receptor interactions involved more dominantly mono-
nucleated cells than myofibres, and the total number of interactions
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Fig.5|Interactome analysis of skeletal muscle cellular components. a, The
number of predicted interactions (L-R pairs) for each cell type in the adult
(green) and older adult (purple) age groups. b, The fold change (log,-transformed,
colourscale) withageing in the number of sent signals (outgoing, horizontal
side) and received signals (incoming, vertical side) for each celltype.c, The
sum of theinteraction probability differences (relative information flow)
amongall pairs for each depicted group of interactionsin the adult (green) and
older adult (purple) age groups. Interactions are grouped according to the
following categories: inflammation (top left), ECM (bottom left) and growth
factors (right).d, The TGFp signalling network in adult (top) and older adult
(bottom); nodesrepresent celltypes and edges represent the interactions
amongthem. The edge widthis proportional to the interaction probability.

e, The expression levels of the genes associated with TGFf3 signalling pathway

nearly doubled with ageing (Fig. 5a). Interactions involving myeloid and
lymphoid cells—and, to a lesser extent, FAPs, fibroblast-like cells and
type Imyofibres—increased more substantially with ageing compared
with those of other cell types (Fig. 5b and Supplementary Table 7). On
the basis of these results, we focused on three interaction categories
as potential effectors of the muscle-wasting process caused by ageing:
inflammation, ECM and growth factors (Fig. 5¢).

Although the transient concurrence of immune cells is required
for efficient muscle repair, their persistence and the subsequent
chronic inflammation is a major driver of dysfunction in aged mus-
cle*®. Among the inflammation-related communication networks, we
observed enhanced secretion of chemokines and cytokines (TNF, CXCL
and CCL family members, MIF, IL-1, IL-6) by immune and stromal cells,
acting on a variety of cell types including the myofibres (Extended
DataFig. 11a-e). For example, FAPs in older muscle expressed high
levels of CXCL12, whichis a strong chemoattractant forimmune cells?,
suggesting the existence of inflammatory-fibrogenic feedback loops.
Likewise, increased IL6R in myonuclei and /L6ST in other cell types
with ageing may stimulate myofibre atrophy®. TNFwas reduced with
ageinginimmune cells, but its receptors (TNFRSFIA/B) increased in
different cell types.

Excessive ECM deposition, especially of collagen, perturbs skeletal
muscle functionand is amajor hallmark of sarcopenia®. Sirius Red stain-
ing confirmed extensive fibrosis in older muscle as compared toin adult
muscle (Extended Data Fig. 11f). This phenomenon, and the subsequent
expansion of the derived interactions with ageing, is consistent with
theincreasein FAPs and fibroblast-like cells, which are the major ECM

Fibroblast-like

inadult (green)and older adult (purple) muscles. The colour scale represents
the average gene expression, and the dot size shows the percentage of cells
expressing a given marker within the subpopulation.f, Signalling network, asin
d, for the activinsignalling pathway. g, The expression levels asin e for the
activinsignalling pathway and muscle-atrophy-related genes. h, Representative
images (left) and corresponding quantification (right) ofimmunofluorescence
analysis of ACVR2A"area (ACVR2A, magenta; cellmembrane, WGA, green;
nuclei, DAPI, blue) in adult (sample P5) and older adult (sample P28) individuals.
Scalebar, 50 pm. n=S5individuals for each age group. Pvalues were calculated
using two-tailed Mann-Whitney U-tests. For the box plots, the centreline
shows the median, the box limits show the upper and lower quartiles, and the
whiskers show1.5x the interquartile range.

producersin the skeletal muscle*. Indeed, we observed anincrease in
most collagens and fibronectin (FNI) in FAPs or fibroblast-like cells, as
wellasin Schwann cells (Extended DataFig.11g). Conversely, there was a
downregulation of laminin componentsin FAPs, fibroblast-like cellsand
SMCs, concomitant with the downregulation of adhesion molecules
(ITGA7) inmyofibres. This suggests areductionin the basallamina caus-
ing impaired vascular integrity. Immunofluorescence confirmed the
exacerbated reduction of ITGA7 with ageing (Extended Data Fig. 11h).
Coinciding with the altered ECM composition, the major profibrotic
factor TGFf increased with ageing, produced mainly by immune cells
(TGFBI), MuSCs (TGFB2) and type I myofibres (TGFB2, TGFB3), and
acting through its receptors (TGFBR1, TGFBR2, TGFBR3) on a variety
of cell types, in particular FAPs, fibroblast-like cells, adipocytes and
ECs (Fig.5d,e).

Among the growth factors implicated in muscle mass control, we
observed a dysregulation of signalling mediated by activins*®*’, IGF*¢,
BMP’, Notch?® and Wnt*#factors (Extended Data Fig.12a). Proatrophic
activin signalling*® was upregulated with ageing, with activin recep-
tors (ACVRI1, ACVRIB, ACVR2A, ACVR2B) upregulated in myonuclei,
and the activin ligand /INHBB in ECs, FAPs, MuSCs and fibroblast-like
cells (Fig. 5f,g). Theincreased expression of ACVR2A was validated by
immunofluorescence analysis (Fig. 5h). Notably, there was anincreasein
follistatin (FST) in FAPs, probably to counteract the proatrophic effects
of activin signalling*®. Higher levels of the Notch ligand DLL4 in ECs
and the NOTCH2receptor in older myofibres (Extended Data Fig. 12b)
may be related to the recently described EC-myofibre cross-talk in
mice?. Moreover, IGFI increased in FAPs, fibroblast-like and myeloid
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Fig. 6 |Interpretation of genetic variantsrelated to sarcopenia. a, Differential
enrichment (-log,,[P]) for complex traits obtained by LDSC analysis of the
snATAC-seq peaks mapped within each cell type between adult (left) and older
adult (right) age groups. Dots are coloured by cell type. b,c, Genome browser
tracks (top) showing the normalized aggregate signals associated to the genetic
variantrs6488724 at the MGPlocus (b) and rs73746499 at the FKBPSlocus (c) for

cells but decreased in MuSCs, whereas /GF2 decreased in ECs and
FAPs, suggesting a differential downstream cascade of IGF signalling
with ageing. Likewise, BMP4 decreased in stromal cells, while BMPS
increased in stromal, pericyte and Schwan cell populations. The shift
of BMP ligands and the downregulation of hypertrophy-promoting
BMP receptor (BMPR1A)* in type 1 and type Il myofibres with ageing
is probably involved in the loss of muscle mass with ageing (Extended
Data Fig.12c,d). We also observed a reduction with ageing in WNT9A
expressed mainly by type Il myonuclei (Extended Data Fig.12e) and act-
ingonavariety of cell types, in particular stromal cells. The Wnt pathway
amplifiers LGR4 and LGRS were differentially expressed in type Il and
type I myofibres, respectively, as reported in monkeys*’, and decreased
withageing. Considering that WNT9A regulates NMJ] development*, it
is conceivable that alterations in this pathway result in abnormalities
of NMJ myonuclei and muscle mass with ageing.

Linking inherited risk variants to cell types

Recent genome-wide association studies (GWASs) have revealed
susceptibility loci associated with muscle weakness®. Correlations
between candidate loci and susceptibility to sarcopeniain those reports
reinforced the direct and indirect functional links of skeletal muscle
with other body systems. Our integrated dataset provides a valuable
opportunity for interpreting the functionalimpact of these risk variants
at the cellular level. By aggregating fragments from all nuclei across
cell types and age groups, we generated a union peak set containing
636,363 peaks, from which we identified 93,565 peaks enriched in
individual cell types from all of the tested individuals (Extended Data
Fig.13a). Adult and older adult individuals showed similarities and
differences in the openness of these peaks, highlighting that epige-
netic alterations are probably an important driver of muscle ageing
and sarcopenia. To determine whether cell-type-specific accessible
regions in the snATAC-seq data were enriched in GWAS variants for
muscle strength and other phenotypes related to muscular diseases or
metabolic function®®, we performed linkage disequilibrium (LD) score
regression (LDSC) analysis (Fig. 6a and Supplementary Table 8a). For
example, whereas leanbody mass was enriched in type Ilmyonuclei as
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ofbinding) and AR (loss of binding) are shown at the bottom.

expected, muscle-strength-related traits were unexpectedly enrichedin
aged fibroblast-like cellsand FAPs but not in myofibres, supporting the
ideathatgenetic variations can promote sarcopeniaby altering intercel-
lular communication networks. Impedance of leg was highly related
toMuSCsinolder people, and fracture resulting from a simple fall was
associated withadult MuSCs and older type Il myonuclei. Moreover, we
noticed that sleep duration, creatinine and fasting glucose were related
to myofibres, pointing to a potential role of these cell populations in
body-level circadian rhythm regulation and metabolic regulation.
Asaproofof principle, we prioritized variants taken from low hand
grip strength traits®® and lean body mass traits® using a multitiered
approach® (Extended Data Fig. 13b). We overlapped lead variants and
variants with highassociation (LD r* > 0.8) with cell-type-specific peaks,
identifying 3,158 candidate variants (Extended Data Fig. 13c and Sup-
plementary Table 8b-f). Among others, we found rs1862574 in the
GDNF locus in myofibres, which may affect muscle innervation. We
alsoobserved rs3008232in TRIM63 (MuRF1), rs1281155in ANGPL2 and
rs571800667 in FOXO1, which are critical drivers of muscle atrophy®**>,
We next used the deltaSVM** framework to predict the impact of regu-
latory variants on the binding of TFs. We noticed that, in one of the
potential causal variants (rs6488724), the overlapping peakislocated
in the promoter of MGP (Fig. 6b), which is involved in myogenesis™.
Thissingle-nucleotide polymorphism (SNP) creates a G-to-A mutation
that increases the binding affinity of HSF2, which participates in the
transcriptional regulation of sarcomeric chaperones to maintain the
contractile apparatus®. We also identified rs73746499, located in the
intronic region of FKBPS loci, in myofibre* (Fig. 6¢). This SNP creates an
A-to-Gmutation that disrupts the binding affinity of androgen receptor,
one of the key TFs for maintaining muscle mass*®. Notably, chromatin
accessibility at the FKBPS locus substantially decreased with ageing,
consistent with the decrease in FkbpS expression in sarcopenic mice”.

Discussion

Our reference atlas for human skeletal muscle ageing provides acom-
pelling series of integrated cellular and molecular explanations for
increased sarcopenia and frailty development in older individuals



(Extended Data Fig. 13d). Further exploration using our open and
interactive online portal, the Human Muscle Ageing Cell Atlas (HMA)
(https://db.cngb.org/cdcp/hlma/), will generate additional insights.
Ageingleadsto considerable alterationsinthe composition of myofi-
bres and the characteristics of myonuclei. These changes include the
loss and gain of specific myonucleus types, the emergence of new
subtypes, and the alteration of gene programs and GRNs in a gen-
eral or myofibre-type-specific manner. For example, we observed an
overall activation of inflammatory and catabolic programs, impaired
expression of contractile protein genes, altered myonuclear identity,
upregulation of repair and innervation gene signatures in type I and
Il myonuclei, and the emergence of myonucleus subtypes associated
with denervation. These phenomena may represent compensatory
mechanisms, could be causal factors contributing to sarcopenia, or
both. Notably, type I myonuclei undergo metabolic reprogramming
towards amore glycolytic phenotype, probably counterbalancing the
loss of oxidative capacity inresilient type I myofibres. By contrast,
type Il myonuclei exhibit increased glycogen depletion and protein
catabolismprocesses, explaining their higher susceptibility to atrophy.
Quiescent MuSCs are substantially reduced in aged muscle, whereas
resident non-myogenic cells areincreased. Importantly, the remaining
MuSCs undergo chronic activation of inflammatory and stress path-
ways, which could explain their failure to proliferate and differentiate®.
These changes translate into MuSCs being more primed for activation,
which may partly account for their exhaustion at an advanced age’.
The alteration in the activity of TFs involved in the stress response
and muscle maintenance probably contributes to the disruption of
MuSC homeostasis. In stromal cells, ageing causes clear alterations
in vascular integrity, with increased pro-inflammatory and chemoat-
tractant signals, whereas immune cells increase in numbers and turn
oninflammatory programs. Furthermore, during ageing, the hetero-
geneous population of FAPs switches from a proregenerative profile
toaprofibroticone,accompanied by a higher presence of mature adi-
pocytes. These changes may predispose the skeletal muscle to cellular
senescence in the presence of overt damage, such as trauma'. In turn,
this pro-inflammatory muscle state may also contribute to systemic
inflammation (inflammageing)*° and accelerate the overall body decline
in older individuals. We conclude that the perturbed relationship of
muscle cells with mononuclear cells in the niche and the imbalance
between pro-fibroticand pro-regenerative signals acts asamajor cause
of muscle dysfunctioninold age. Comparison with GWAS datasets also
enabled ustoidentify the potential relationship between genome archi-
tectureindifferent cell types and heritable susceptibility to sarcopenia.
Future expansions of HMA will include a larger cohort size and
muscle samples from different origins, single-cell multiomics and
high-definition spatially resolved technologies®. This may reveal
differences in ethnic and sex groups unnoticed in the current study.
Together, it may provide a window of opportunity for slowing down
or even blocking sarcopenia, frailty and disability in older people,
promoting healthier body ageing over a longer time and enhancing
longevity. In additionto the ageing field, this atlas willbe animportant
reference for future studies in patients with neuromuscular diseases.
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Methods

Muscle biopsy and ethical clearance

Samples were taken during orthopaedic surgery withinformed consent
from the 18 patients in the European cohort and the 13 patients in the
Asian cohort; for oneindividual below 18 years, the informed consent
was obtained from the legally acceptable representative. The study
was performed following the Declaration of Helsinki. Ethical approval
was granted for the European cohort by the Research Ethics Commit-
tee of Hospital Arnau de Vilanova (CEIm 28/2019), and for the Asian
cohort by the Institutional Ethics Committee of the First Affiliated
Hospital/School of Clinical Medicine of Guangdong Pharmaceutical
University, Guangzhou (China) (2020-ICE-90). Exclusion criteria were
myopathy, haemiplegia or haemiparesis, rheumatoid arthritis or other
autoimmune connective tissue disorders, inability to consent, prior
hospital admissionin the previous month or major surgery inthe previ-
ous 3 months. For the European cohort, the individuals’ medical and
functional states were assessed according to the Barthel index'® and
CharlsonIndex™. The Barthel index estimates the grade of dependency
oftheindividual ranging from O (totally dependent) to100 (independ-
ent). The Charlson Index indicates the grade of comorbidities associ-
ated with the individual and ranged from 0 (without comorbidity) to 6
(theindividual with a higher number of comorbidities) inour samples.
Alist of detailed information for the individuals is provided in Sup-
plementary Table 1.

Animal experiment

C57BI/6 (wild type) mice were bred and raised until 8-12 weeks of
age at the animal facility of the Barcelona Biomedical Research Park
(PRBB). They were housed in standard cages under a12 h-12 hlight-
dark cycle and given unrestricted access to a standard chow diet.
All experiments adhered to the ‘three Rs’ principle—replacement,
reduction and refinement—outlined in Directive 63/2010 and its
implementation in Member States. Procedures were approved by
the PRBB Animal Research Ethics Committee (PRBB-CEEA) and the
local government (Generalitat de Catalunya), following European
Directive 2010/63/EU and Spanish regulations RD 53/2013. Both male
and female mice were used for experiments and were maintained
according to the Jackson Laboratory guidelines and protocols. Mice
were randomly allocated to experimental or treatment groups. No
blinding was used. No statistical methods were used to predetermine
the sample size. Muscle injury was induced by intramuscular injection
of CTX (Latoxan, L8102, 10 pM) and mice were euthanized at 7 days
after injury as previously described™.

Muscle sample processing

Muscle samples were obtained in all cases by selecting a macroscopi-
cally healthy area of muscle, without signs of contusion or haematoma.
A small portion of muscle was removed by blunt dissection following
the course of the myofibres and avoiding the use of electrocautery.
The samples wereimmediately processed into three groups and stored
next to the operating room as follows: (1) fixed with paraformalde-
hyde before being mountedin OCT compound as described previously
(for immunochemistry and immunofluorescence)®’; (2) immedi-
ately frozen in liquid nitrogen (for snRNA-seq and snATAC-seq); and
(3) tissue-digested (for scRNA-seq).

Single-cell preparation from skeletal muscle

Before the experiment, the post-operative muscle was immediately
transferredin prechilled Dulbecco’s modified Eagle’s medium (DMEM,
Corning, 10-017-CVR). For single-cell isolation, adipose and tendon
tissues were removed using forceps, the remained muscle chunks
were mechanically shredded onice in a10 cm plate. Next, prechilled
DMEM mediumwas added to the plate for collecting muscle tissues and
transferredinto a 50 mltube. After standing for 3 min, the supernatant

containing the remaining adipose tissues was discarded. The remained
muscle tissues were transferred to al5 mltube for digestion in 5 ml tis-
sue digestion buffer (0.2 mg ml™ liberase (Roche, 5401119001), 0.4 uM
CaCl, (Thermo Fisher Scientific,]J63122AE), 5 uMMgCl, (Thermo Fisher
Scientific, R0971), 0.2% BSA (Genview, FA016), 0.025% trypsin-EDTA
(Thermo Fisher Scientific, 25300120). The muscles were digested in
ashaking metal bath at 1000 rpm, 37 °C for 1 h, and mixed by inver-
sion every 10 min. After all tissue pieces were digested, 3 ml of fetal
bovine serum (FBS, Cellcook, CM1002L) was added to the mixture to
terminate the digestion. The cell suspension was filtered through a
100 pum strainer, and centrifuged at 700g for 10 min at 4 °C to pellet
the cells. The cell pellet was then resuspended in 10 ml wash buffer
(DMEM medium supplemented with 10% FBS) and filtered through
a40 pm strainer, then centrifuged at 700g for 10 min at 4 °C to pellet
the cells. The resultant single-cell suspensions were washed twice with
prechilled PBS supplemented with 0.04% BSA and were used as input
for scRNA-seq library construction.

Single-nucleus extraction from skeletal muscle

Single-nucleus isolation was performed as previously described®. In
brief, tissues were thawed, minced and transferred to a2 ml Dounce
homogenizer (Sigma-Aldrich, D8938) with 1 ml of homogeniza-
tion buffer A containing 250 mM sucrose (Sigma-Aldrich, S8501),
10 mg mI™ BSA, 5 mM MgCl,, 0.12 U pul" RNasin (Promega, N2115)
and 1x cOmplete Protease Inhibitor Cocktail (Roche, 11697498001).
Frozen tissues were kept in an ice box and homogenized by 25-50
strokes of the loose pestle (pestle A), after which the mixture was
filtered usingal00 pumcell strainerinto al.5 mltube. The mixture was
then transferred to a clean 1 ml Dounce homogenizer with 750 pl of
buffer A containing 1% Igepal (Sigma-Aldrich, CA630), and the tissue
was further homogenized by 25 strokes of the tight pestle (pestle B).
The mixture was then filtered through a 40 pm strainer into a 1.5 ml
tube and centrifuged at 500g for 5 min at 4 °C to pellet the nuclei.
The pellet was resuspended in 1 ml of buffer B containing 320 mM
sucrose, 10 mg ml™ BSA, 3 mM CaCl,, 2 mM magnesium acetate,
0.1 mM EDTA (Thermo Fisher Scientific, 15575020), 10 mM Tris-HCI
(Invitrogen, AM9856),1 mM DTT (Invitrogen, 707265ML), 1x Complete
Protease Inhibitor Cocktail and 0.12 U pl™ RNasin. This was followed
by centrifugation at 500g for 5 min at 4 °C to pellet the nuclei. The
nuclei were then washed twice with prechilled PBS supplemented
with 0.04% BSA and finally resuspended in PBS at a concentration of
1,000 nuclei per pl for library preparation.

Library preparation and sequencing

sc/snRNA-seq library preparation. scRNA-seq libraries were pre-
pared using the DNBelab C Series Single-Cell Library Prep Set (MGI,
1000021082)*. In brief, the single-cell/nucleus suspensions were con-
verted tobarcoded scRNA-seq libraries through droplet encapsulation,
emulsion breakage, mRNA-captured bead collection, reverse transcrip-
tion, cDNA amplification and purification. Indexed sequencing librar-
ies were constructed according to the manufacturer’s instructions.
Library concentrations were quantified using the Qubit ssDNA Assay
Kit (Thermo Fisher Scientific, Q10212). Libraries were sequenced using
the DIPSEQ T1sequencer.

snATAC-seq library preparation. snATAC-seq libraries were prepared
using the DNBelab C Series Single-Cell ATAC Library Prep Set (MGI,
1000021878)*. In brief, nuclei were extracted from tissue using the
same protocol described above. After Tn5 tagmentation, transposed
single-nucleus suspensions were converted to barcoded snATAC-seq
libraries through droplet encapsulation, pre-amplification, emulsion
breakage, captured bead collection, DNA amplification and purifica-
tion. Indexed libraries were prepared according to the manufacturer’s
instructions. Concentrations were measured witha Qubit ssDNA Assay
Kit. Libraries were sequenced by a BGISEQ-2000 sequencer.
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sc/snRNA-seq raw data processing, clustering and cell type
annotation

Raw data processing. Raw sequencing reads were filtered, demulti-
plexed, and aligned to hg38 reference genome using a custom workflow
(https://github.com/MGI-tech-bioinformatics/DNBelab_C_Series HT_
scRNA-analysis-software)*. For scRNA-seq, reads aligned to gene exons
were counted. For snRNA-seq, reads aligned to gene loci, including
both exons and introns, were counted. Doublets were identified and
filtered by DoubletFinder (v.2.0.3)%". Ambient RNA for snRNA-seq was
reduced using SoupX (v.1.4.8)%* with the default settings.

Integration, clustering and cell type annotation. The resulting
count matrix for cells/nuclei was filtered by the number of unique
molecular identifiers (UMIs) >1,000, gene > 500 and mitochondria
content < 5%. Global clustering was performed using Scanpy (v.1.8.1)®>
in Python (v.3.7). Filtered data were normalized to total counts and
log-transformed. The top 3,000 highly variable genes were selected,
and the number of UMIs and the percentage of mitochondrial genes
were regressed out. Each gene was scaled with the default options,
followed by dimensionality reduction using principal component
analysis. Batch effects between snRNA-seq and scRNA-seq were cor-
rected using Harmony®*. Next, the batch-effect-corrected top 30
principal components were used for generating the neighbourhood
graph with the number of neighbours set at 10. The cell clustering
was further performed with the Louvain algorithm and annotated
by canonical markers, putative sScRNA-seq- and snRNA-seq-derived
myofibre fragments were removed from the analysis. For satellite cell,
immune cell, vascular cell and stromal cell reclustering, cells/nuclei
were subset from the global clustering object and processed according
tothe same procedure as described above. For the reclustering of myo-
nuclei, data were processed in Seurat (v.4.0.2)%, and only snRNA-seq
data were retained for further analysis. In brief, myonuclei data were
subjected to SCTransform-based normalization, anchoridentification
betweensamples, integration, Louvain clustering and projection onto
the UMAP space. Clustering results were further annotated by highly
expressed genes.

Analysis of cell type composition variation in ageing. A general-
ized linear mixed model with a Poisson outcome™ was used to model
the effect of age on cell-type-specific counts as previously reported,
accounting for the possible biological (sex, ethnicity) and technical
(omics, sequencing batch) covariates. The effect of each biological/
technical factor on cell type composition was estimated by the inter-
action term with the cell type. The fold change is relative to the grand
mean and adjusted. The statistical significance of the fold change
estimation was measured by the LTSR, which is the probability that
the estimated direction of the effectis true. Asanalternative method,
the proportion for each population was estimated over the total
number of nuclei/cells for a given dataset (Supplementary Table 9).

Transcriptional and epigenetic heterogeneity analysis. Transcrip-
tional heterogeneity analysis was performed as previously described®.
Inbrief, snRNA-seq data for each cell type ineach age group were down-
sampled to 300 nuclei. For cell types with fewer than 300 nuclei, all
nucleiwereincluded for analysis. The resultant gene x cell matrix was
further downsampled to make an equal number of UMI counts and cells
between adult/older adult groupsineachcell type. Next, allgenes were
ranked into ten blocks on the basis of the average expression value,
and the10% genes with the lowest coefficient of variationin each block
were used to calculate the Euclidean distance between each cell. This
Euclidean distance was used to measure transcriptional heterogene-
ity for each cell. For epigenetic heterogeneity, we adapted the same
analysis method as transcriptional noise but using the rounded gene
score matrix asinput.

Myonucleus classification. Myonuclei were classified on the basis of
previous markers associated with the described pure myofibre types
(type |, type lIA and type IIX) and the hybrid myofibres (hybrid I/IIA,
hybrid I1A/11X). Amodule score was calculated for each myofibre type
based on the expression of the following markers®”: type | (TNNTI,
MYH7,MYH7B, TNNCI, TNNI1,and ATP2A2), type Il (TNNT3, MYHI, MYH2,
TNNC2, TNNI2, ATP2A1), type IA (MYH2, ANKRD2, NDUFAS, MYOM3,
CASQ2, HSPB6, RDH11, AIMPI) and type IIX (MYH1, MYLK2, ACTN3,
MYBPC2,PCYOX1,CAPZA1,CD38, PDLIM7, COBL, TMEM159, HNRNPA1,
TFRC). On the basis of these scores, myonuclei were first classified as
typel, typellor hybridI/lla; thereafter, type ll myonuclei were further
classified as type lIA, type lIX or hybrid I1A/1IX. A residual amount of
myonuclei remained unclassified due to the lower expression of these
genes.

Differential gene expression and functional enrichment analy-
sis. Seurat was used to compute the DEGs for each population and
subpopulations between samples in the younger and older cohorts
with the thresholds set at log,[fold change] > 0.25 and Q < 0.05 (Sup-
plementary Table 10). For myofibre subpopulations, the thresholds
were set at: log,[fold change] >1and Q < 0.05. The obtained DEGs for
each comparisonwere used asinputin Metascape online tool*® to per-
form functional enrichment analysis, with a Q value threshold set at
0.05 (Supplementary Table 11). Heatmap results were plotted using
pheatmap (v.1.0.12) inR.

Identification of coexpressing gene modules. Hotspot (v.1.1.1)*
was used to compute coexpressing gene modules among myofibre
populations. The normalized expression matrix for the top 5,000 vari-
able genes, the RegMyon-®, sarcomeric-*” and atrophy-related* genes
(Supplementary Table 3) were used as input. In brief, the k-nearest
neighbour graph was created using the create_knn_graph function
with the parameters: n_neighbors =30, and then genes with significant
correlation (Q < 0.05) wereretained for further analysis. The modules
wereidentified using the create_modules function with the parameters
min_gene_threshold =10 and fdr_threshold = 0.05.

Pseudotime analysis. For the myofibre degeneration trajectory,
DCLKT" (typel), IDI" (typel), IDI* (type II), ENOXI' (type Il) and other
unperturbed myonuclei were selected for pseudotime analysis using
Monocle3®. After trajectory construction, myonuclei were ordered by
pseudotime, and the corresponding gene expression matrixes were
aggregated into 100 bins. The top 4,000 variable genes in type I or
type llmyonucleus trajectory were selected and visualized by k-means
clustering heat map ordered by the pseudotime.

Cell-cell interaction analysis. CellChat (v.1.1.0)* detected ligand-
receptor interactions on integrated sc/snRNA-seq data according
to the standard procedures. The expression matrix and the cell type
information were imported to CellChat. Specialized myonuclei, mast
cells and erythrocyte clusters were removed from the analyses due
to the insufficient number of cells/nuclei or the disproportionate
number of cells/nuclei between the younger and older cohorts. The
overall communication probability among the cell clusters was calcu-
lated using the computeCommunProb function withatrimsetat 0.1.

snATAC-seq data processing

Raw data processing, clustering and cell type annotation. Raw
sequencingreads werefiltered, demultiplexed and aligned to the hg38
reference genome using PISA (https://github.com/shiquan/PISA)™.
Fragment files for eachlibrary were generated for downstream analysis.
Thetranscription start site enrichment score, number of fragments and
doublet score for each nucleus were calculated using ArchR™. Nuclei
with transcription start site enrichment scores < 8 and number of
fragments <1,000 were removed from the analysis. Doublets were
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filtered out using the filterDoublets function with the settings
filterRatio = 2. We next performed latent-semantic-indexing-based
dimensionality reduction on the 500 bp tiles across the genome
using the addlIterativeLSI function of ArchR. Anchors between the
scATAC-seq and scRNA-seq/snRNA-seq datasets were identified and
used to transfer cell type labels identified from the scRNA-seq/snRNA-
seq data. For co-embedding of snRNA-seq/scRNA-seq and snATAC-
seq data, an anchor-based integration approach was applied based
on the sequencing techniques. Then, data were further subjected to
batch correction by Harmony among samples. Pearson’s correlation
betweensnRNA/scRNA-seqand snATAC-seqwas performedbased onthe
integrated assay.

Motif enrichment analysis. Before motif enrichment, areproducible
peak set was created in ArchR™ using the addReproduciblePeakSet
function based on cell types/subtypes. Differentially enriched peaks
wereidentified using the getMarkerFeatures function with the thresh-
olds set at log,[fold change] > 0.5 and Q < 0.1. The motif presence in
the peak set was determined with the addMotifAnnotations function
using CisBP motif database (v.2)”.

TF occupancy. TF occupancy was evaluated by footprinting analysis
implemented in ArchR”. In brief, putative binding sites of selectively
enriched motifs were first inferred using the addMotifAnnotations
function. Next, footprintings for the putative TF-binding sites were
calculated using the getFootprints function,inwhich the TnSinsertion
biaswastakeninto account. Theresults were further plotted using the
plotFootprints function.

GRN analysis

Construction of the GRNs was performed using FigR®. In brief, we
first sampled an equal number of nuclei (20,000) in snRNA-seq and
snATAC-seq analysis of myofibre and performed dataintegration using
scOptMatchimplementedin FigR. For creating the co-embedding map
inthese twoindependent datasets, we firstinput the variable features
taken from the snRNA-seq and snATAC-seq datasets to perform CCA
using the RunCCA functionin Seurat. After integration, pairs of ATAC-
RNA cells wereidentified by geodesic distance-based pairing using the
pairCells function, and unpaired cells were removed from the analysis.
Significant (P < 0.05) peak-to-gene associations were then identified
among the cell pairs in typel or type Il myonuclei. The DORCs were
defined as peak-gene associations > 6. For inference of the GRNSs, the
smoothed DORC score, RNA counts, snATAC-seq peak counts and the
significant peak-to-gene associations were fed into runFigRGRN func-
tion, generating the GRNs. Next, the activators and repressors were
identified by ranking the TFs by average regulation score.

GWAS analysis

Association of GWAS traits with skeletal muscle cell types. Toiden-
tify trait/disease-relevant cell types, we performed LDSR analysis™, a
method for partitioning heritability from GWAS summary statistics.
In brief, differentially accessible peaks for each adult/older adult cell
type were identified (log,[fold change] >1and Q < 0.01). The LDSC
analysis was performed according to the standard workflow (https://
github.com/bulik/Idsc/wiki). The summary statistics file for each trait
was downloaded from the GWAS catalogue database™ or published
studies®**! (Supplementary Table 8a).

Fine mapping of non-coding variants and predicting the effect of
TF binding. Lead SNPs were taken from low-hand-grip strength and
lean-body-mass traits*>*'”>, FUMA, a web-based platform for GWAS
analysis™, was used to identify high-correlation SNPs withan LD # > 0.8
with lead SNPs. High-correlation SNPs within +50 bp of the differentially
accessible peaks wereidentified for further analysis. The peak-to-gene
associations were determined using addPeak2GeneLinks functionin

ArchR packageintheintegrative object. Toidentify SNPs that affect TF
binding, we used two approaches, (1) gkm-SVM** and (2) SNP2TFBS”".
For gkm-SVM, TF models were used from https://github.com/ren-lab/
deltaSVM/tree/master/gkmsvm_models, and effective alleles were
identified using the gkmExplain function’. For SNP2TFBS tools, the
analysis was performed in the SNP2TFBS web interface (https://ccg.
epfl.ch/snp2tfbs/) following the tutorial.

Histology and immunofluorescence

Cryostat sections (10 pm thickness) were collected from muscles and
stained with haematoxylin and eosin (Sigma-Aldrich, HHS80 and 45235)
to assess tissue morphology or SA-B-gal (AppliChem, A1007,0001)
for senescence cells with a modified staining protocol as described
previously'>”. Histochemical SDH staining was assayed by placing
the slides in a solution containing sodium succinate (Sigma-Aldrich,
$2378) as a substrate and nitro-blue tetrazolium (Sigma-Aldrich,
N6876) for visualization of the reaction for 1 h at 37 °C. The intensity
and pattern of staining were evaluated using light microscopy®’. Mus-
cle collagen content was quantified after Sirius Red (Sigma-Aldrich,
365548) staining as previously described®. Forimmunofluorescence,
the sections were air-dried, fixed, washed on PBS, permeabilized with
Triton X-100 0.5% (Sigma-Aldrich, 11332481001) and incubated with
primary antibodies (diluted as indicated below) after blocking with a
high-protein-containing solution (BSA at 5%) (Sigma-Aldrich, A7906-
100G) in PBS overnight at 4 °C. Subsequently, the slides were washed
with PBS and incubated for 1 h at room temperature with the appro-
priate secondary antibodies diluted at 1:500; DAPI (Thermo Fisher
Scientific, 62248) at 1:1,000 for nuclei; and WGA (Thermo Fisher Sci-
entific, W11261) at 1:200 for cell/myofibre membrane. After washing,
thetissue sections were mounted with Mowiol (Sigma-Aldrich, 81381)
or Fluoromount-G (SoutherBiotech, 0100-01). Quantitative results
for histology and immunofluorescence are listed in Supplementary
Table12. Primary antibodies were as follows: PAX7 (DSHB, PAX7,1:50),
PDGFRa (eBioscience, 17-1401-81, 1:100), perilipin-1 (Cell Signalling,
9349,1:100), filamin C (MyBiosource, MBS2026155,1:100), TNNT2
(Bioss, BS-10648R, 1:100), CD11b (eBioscience, 14-0112-85, 1:100),
CD3 (Invitrogen, 14-0038-82, 1:100), CD19 (eBioscience, 14-0199-
82,1:100), NCAM1 (Cell Sciences, MON9006-1, 1:100), MYH7 (MyHC
type I) (DSHB, A4.840, 1:10), MyHC type IIA/11X (DSHB, SC-71,1:70),
laminin-647 (Novus Biologicals, NB300-144AF647,1:200), FOS (Cell
Signalling, 2250S,1:200), ACVR2A (R&D, AF340,1:100), ITGA7 (BioCell
Scientific, 10007, 1:100), dystrophin (Sigma-Aldrich, D8168, 1:100).
Secondary antibodies were as follows: goat anti-mouse IgM (DyLight
550, Invitrogen, SA5-10151), goat anti-mouse IgG1 (Alexa Fluor 488,
Invitrogen, A21121), goat anti-mouse IgG (Alexa Fluor 488, Invitrogen,
A11001), goat anti-mouse IgG (Alexa Fluor 568, Invitrogen, A11004),
goatanti-rabbit IgG (Alexa Fluor Plus 488, Invitrogen, A32731TR), goat
anti-rabbit IgG (Alexa Fluor Plus 647, Invitrogen, A32733TR), donkey
anti-goat IgG (Alexa Fluor Plus 647, Invitrogen, A32849TR), goat anti-rat
IgG (Alexa Fluor 568, Invitrogen, A11077).

Digital image acquisition and processing

Immunohistochemistry images were acquired using an upright micro-
scope (LeicaDMR6000B) equipped with aDFC300FX camera, and, for
immunofluorescence pictures, usinga Hamamatsu ORCA-ER camera.
Images were acquired using HCX PL Fluotar objectives (x10/0.30 NA,
x20/0.50 NA and x40/0.75 NA) and LAS AF software (Leica, v.4.0).
Immunofluorescence pictures were also obtained using the Nikon
Ti2 fluorescence microscope with NIS Elements software (v.4.11.0),
and a confocal microscope (Zeiss 980 Airyscan2) with ZenBlue soft-
ware (v.3.5) and a x20 air objective. The acquired images were com-
posed, edited and analysed using Fiji (ImageJ, v.2.14.0/1,54f). Toreduce
background, brightness and contrast adjustments were applied to the
entire image. Myofibre size was assessed using the MyoSight tool**,
with a manual correction applied after automated outlining, and the
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cross-sectional area (CSA) was determined using Fiji. Signals of SA-B-gal,
PAX7, PDGFRa, perilipin, CD11B, CD3, CD19, TNNT2, NCAM]I, filamin
C, SDH and FOS staining were manually counted in Fiji. The area of
ACVR2A, Sirius Red and ITGA7 staining was calculated by normalizing
the positive-signal area to the total imaged area in Fiji.

Statistical analysis

The sample size of each experimental group or number of independ-
entexperimentsis described inthe corresponding figure legend. The
calculation method for Pvaluesis explainedin the figure legends. The
number of replicates for each experiment is presented in the figure
legends. For Pearson’s correlation, statistical significance for positive or
negative correlation (represented asthe R value) was set at P< 0.05and
shading represents the 95% confidence interval along the correlation
line (Supplementary Table5). For the box plots, the central line shows
the median, the box limitsindicate the upper and lower quartiles, and
the whiskers indicate 1.5x the interquartile range. Python, R or Prism
(v.10) were used for statistical analyses.

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

Data availability

Allraw datahave been deposited to CNGB Nucleotide Sequence Archive
(CNP0004394, CNP0004395, CNP0004494 and CNP0004495). All
processed data are available at the Human Muscle Ageing Cell Atlas
database (https://db.cngb.org/cdcp/hlma/). The data deposited and
made public is compliant with the regulations of the Ministry of Sci-
ence and Technology of the People’s Republic of China. Source data
are provided with this paper.

Code availability

All data were analysed using standard programs and packages,
as described in the Methods. Custom code supporting the cur-
rent study was created for the processing of the sequencing data*
(https://github.com/MGI-tech-bioinformatics/DNBelab_C_Series_HT_
scRNA-analysis-software) and analysis of the generated data® (https://
github.com/123anjuan/HMA).
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Extended DataFig.1|Functional characterization and major cell type
identificationinskeletal muscle across ageing. a, Correlation plots of the
Barthelindex'° (autonomy vs dependency assessment, top panel) and the
Charlsonindex! (patient’s comorbidities, bottom panel) with the age of the
individualsinboth men (triangles) and women (circles). The shape and colour
represent the sex group. R, Pearson correlation coefficient; P, two-sided
P-value; centre represents the average value; shade indicates 95% confidence
interval.b, Samplesusedin this study were subjected to H&E staining to assess
their tissularintegrity. One representative image from the tissue of each age
groupisdepicted (top panel; adult, sample P13; old, sample P28).Scale bar,

50 um. The myofibre size (Min Feret diameter) distribution was quantified
between muscles from the two age groups (bottom panel). The colour
represents the age group.n=4foreach age group. c. Representative images
of SA-B-gal staining of adult (sample P26), old (sample P28) uninjured human
muscle (top panel) or of injured mouse muscle at 7 days post-cardiotoxin injury
(7 DPI) as a positive control (bottom left panel). In each muscle section

(overview andinsets), muscle tissue is designated with the red dashed line, and
the surrounding tissue is marked with an asterisk. Scale bars, 25 pm. Boxplot
showing the SA-B-gal cells quantification within the myofibre tissue where
boxesrepresent the upper/lower quartiles, the line depicts the median and
whiskersthel.5interquartile range. n = 4 individuals from each age group

for human muscle, n=7forinjured mouse muscle.d, Dot plot showing the
expression level for representative marker genesin theindicated cell types.
Colourscalerepresentsthe average gene expression, and dot size, the percentage
of cells expressing a given marker within the subpopulation. e, Normalized
genome browser track profiles in the proximal promoters of the indicated
marker genes (columns) for the indicated cell types (rows) measured in
snATAC-seq. f, Heatmap of marker genes (gene score, left panel) and marker
peaks (differentially accessible peaks, right panel) for the indicated cell types
measured insnATAC-seq. Colour scalerepresents the relative score (Z-score)
of each marker gene/peak.
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Extended DataFig.2|Integration of multimodalsingle-cell data.a, UMAP
plotsof the cells/nucleifrom the integrated scRNA-seq, snRNA-seq and
snATAC-seq datasets split by technologies. Dots are coloured by the cell types.
b, Correlation heatmap for cell-type assignment between the sc/snRNA-seq
and snATAC-seq datasets. Colour scale represents the computed Pearson
correlation coefficient (R).c, UMAP plots of the cells/nuclei from the integrated
scRNA-seq, snRNA-seq and snATAC-seq datasets grouped by sampling factors
(age, ethnic, sexand muscle group). Dots are coloured by the sampling factors

withineach group comparison.d, Cell proportion analysis for the percentage
of each cell populationin the scRNA-seq (top), snRNA-seq (middle) and
snATAC-seq (bottom) for each individual. The colour represents the age group
andthe shaperepresentthe sexgroup. For scRNA-seq, n =3 adultindividuals
and n=4oldindividuals; for snRNA-seq, n = 7 adultindividualsand n =15 old
individuals; for snATAC-seq, n = 5adultindividuals and n =11 old individuals.
Forboxplots, boxes represent the upper/lower quartiles, the line depicts the
medianand whiskers the 1.5interquartile range.
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Extended DataFig. 3| Cell proportion changes of human skeletal muscle
withageing. Representative images ofimmunofluorescence staining from
adult (left) and old (right) muscle tissue sections for specific cell types (red),
their respective quantifications by age groups, and correlation plots with the
age of theindividuals (right panels). a, MuSCs labelled with anti-PAX7 (adult,
sample P5; old, sample P28); b, FAPs and fibroblast-like cells labelled with anti-
PDGFRa (adult, sample P5; old, sample P28); ¢, Adipocytes labelled with anti-
Perilipin (adult, sample P26; old, sample P28); d, macrophages labelled with
anti-CD11B (adult, sample P9; old, sample P29) e, T cells labelled with anti-CD3

(adult, sample P9; old, sample P16); f, B cells labelled with anti-CD19 (adult,
sample P5; old, sample P23).Scale bars, 50 pmin (a, ¢),and 25 umin (b, d-f).
Nucleiwere counterstained with DAPI (blue). For PDGFRa and perilipin, n=4
individuals for each group; for PAX7, CD11B, CD3 and CD19, n = 5individuals for
eachgroup. Forallboxplots, Pvalues were calculated by atwo-tailed Mann-
Whitney U-test. For boxplots, boxes represent the upper/lower quartiles, the
line depicts the median and whiskers thel.5interquartile range. For correlation
plots, R, Pearson correlation coefficient; P, two-sided P-value; centre represents
the average value; shade indicates 95% confidence interval.
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Extended DataFig. 4 |See next page for caption.



Extended DataFig. 4 |Myofibre type classification and proportion
assessment with ageing. a, Schematic depicting the definition of myofibre
typesaccording to myosin (MYH) genes expression. b, UMAP plots of myonucleus
populations coloured according to TNNTI (type I myonuclei) and TNNT3 (type
Ilmyonuclei) gene expression (colour scale). c, UMAP plots of myonucleus
populations coloured and grouped by sampling factors (ethnic, sexand muscle
group) inthe snRNA-seq dataset.d, UMAP plots of myonucleus populations
belonging to adult (green) and old (purple) musclesinboth snRNA-seq (left
panel) and snATAC-seq (right panel) datasets. e, UMAP plots of myonucleus
type score for each myofibre type from the snRNA-seq dataset (left panels) and
the snATAC-seq dataset (right panels). Myonucleus type scores were calculated
based onthe gene expression (snRNA-seq) or gene score (snATAC-seq) of
distinct MYH genes among other myofibre-type specific genes (Supplementary
Table 3). Dots (myonuclei) are coloured according to their computed score.

f,Representative images ofimmunofluorescence for myofibre typing from
adult (left top, sample P13) and old (left bottom, sample P29) muscle tissue
sectionsof type I (blue) and type Il (red) myofibres delimited by laminin (white).
Scalebars, 100 pm. Quantification graphs of average myofibre size (middle
bottom), myofibre type proportion (middle top) and myofibre size distribution
fortypel(righttop) and type Il myofibres (right bottom). Myofibre size was
measured as cross-sectional area (CSA). n =4 individuals of each age group.
For boxplots, boxes represent the upper/lower quartiles, the line depicts the
medianand whiskers the 1.5interquartile range. Pvalue was calculated by a
two-tailed unpaired Student’s t-test. For barplots, dataare presented as mean
values +/- SEM. g, Correlation plots of the proportion of indicated myofibre
typeswithageing. The shape and colours represent the sex group. R, Pearson
correlation coefficient; P, two-sided Pvalue; centre represents the average
value; shade indicates 95" confidenceinterval.
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Extended DataFig. 5| Markers for defining specialized myonucleus
subtypes. a, Dot plot showing the expression levels for representative marker
genesinallmyonucleus subpopulations. Colour scalerepresents the average
gene expression, and dot size, the percentage of cells expressingagiven
marker within the subpopulation. b, Heatmap depicting enriched pathways
from DEGs obtained ineach myonucleus population. Colour scale represents
thesignificance (-log;, Q) of the enriched terms. ¢, Heatmap showing the gene
score for DEGs (row) in each myonucleus population (columns) identified in
snATAC-seq. Colourscale represents the scaled gene score (Z-score) for each
DEG. d-f, UMAP plots highlighting the aggregated gene module expression
(left panel); gene expression (middle panel) and gene score (right panel) for the
following myonucleus subpopulations: d, module 9 with ADGRB3 gene for MT)

population; and module 12 with PHLDB2 gene for NMJ population; e, module 3
with ENOX1gene for ENOXI' population; f, module 6 and 7 with FOS, ID1 and
DCLKIgenesfor IDI'/DCLKI" population; and module 11with SAA2 genes for
SAA2 population. Dots (myonuclei) are coloured according to their computed
score or gene expression value. g, Representative images (left panel) and the
corresponding quantification (right panel) ofimmunofluorescence for
denervated myofibres (NCAML, red; myofibre membrane, laminin, green;
nuclei, DAPI, blue) in adult (sample P9) and old (sample P28) individuals.n=4
individuals of each age group. Scale bar, 10 um. For boxplots, boxes represent
the upper/lower quartiles, the line depicts the median and whiskers the 1.5
interquartile range. Pvalue was calculated by a two-tailed Student’s t-test.
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Extended DataFig. 6 | Functional processesdrivingtypeland typell
myofibre ageing. a, Heatmap depicting enriched pathways of DEGs for both
myonucleustypesinadult (<46years), old (74-82 years) and very old (=84 years)
age groups. Pathway significance (-log,, Q) isrepresented by the colour scale.
b, Dot plots showing the gene expression (snRNA-seq, left panel) or gene score
(snATAC-seq, right panel) for selected genes (rows) in adult, old and very old
typel(l) and typell (Il) myonuclei. Colour scale represents the average gene
expression, and dot size, the percentage of cells expressing a given marker
withinthe subpopulation.c, Correlation plots of the expression levels for the
givengenes (MYH1, MYH7, AMPD3, PCDHGAI) with the individual’s age, for typel
(red) and typell (blue) myonucleiin snRNA-seq (left panels) and chromatin
accessibility levels for the corresponding genesin snATAC-seq (right panels).
R, Pearson correlation coefficient; P, two-sided P-value; centre represents the
average value; shadeindicates 95% confidence interval. d-e, UMAP plots (left)
orline charts (right) showing the (d) atrophy score (atrophy-related genes?;
left panels) and (e) RegMyon score (regenerating myonucleus signature'; right
panels) for typel (red) and type Il myonuclei (blue) along the ageing trajectory.
Genelists for atrophy score and RegMyon score can be found in Supplementary
Table 3. Dots (myonuclei) are coloured according to their computed score.

f, Representative images (top panel), quantification comparing the age groups
(bottom left panel) and correlation with the age of the individuals (bottom
right panel) ofimmunofluorescence for filamin-C" myofibres (filamin-C, red;
myofibre membrane, dystrophin, green; nuclei, DAPI, blue) (left panel) inadult

(sample P13) and old (sample P28) individuals; boxplot showing the quantification
for filamin-C* myofibres (middle panel); correlation plot of the proportion of
filamin-C"myofibres. n =4 individuals of each age group. Scale bar, 25 pm.
Forboxplots, boxesrepresent the upper/lower quartiles, the line depicts the
medianand whiskers the 1.5interquartile range. Pvalue was calculated by two-
tailed Mann-Whitney U-test. For the correlation plot, R, Pearson correlation
coefficient; P,two-sided Pvalue; centre represents the average value; shade
indicates a95% confidence interval. g, Representative images (top panel),
quantification comparing the age groups (bottom left panel) and correlation
with the age of theindividuals (bottom right panel) for succinate dehydrogenase
(SDH) activity staining (blue) inadult (sample P13) and old (sample P28)
individuals.n=4for the adult group and n=5for old group. Scale bar, 50 pm.
Forboxplots, boxes represent the upper/lower quartiles, the line depicts the
medianand whiskers the 1.5interquartile range. Pvalue was calculated by two-
tailed Mann-Whitney U-test. For the correlation plot, R, Pearson correlation
coefficient; P, two-sided Pvalue; centre represents the average value; shade
indicates 95% confidenceinterval. h-i, UMAP plots (left) or line charts (right)
showing the oxidative phosphorylationscores (h) and the gene expression
level of PKM (i) as arepresentative gene for glycolysis pathway for type I (red)
and type llmyonuclei (blue) along the ageing trajectory. Genelists for oxidative
phosphorylationscores canbe found in Supplementary Table 3. Dots (myonuclei)
arecoloured accordingto their computed score or gene expression value.
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Extended DataFig.7|Generegulatory network for ageing myofiber.

a, Pipeline scheme for constructing gene-regulatory network: (1) nuclei of
snRNA-seq and snATAC-seq datasets were paired using scOptMatch®;

(2) identification of significant peak-to-gene associations for defining the
domains of regulatory chromatin (DORC); (3) TF binding motifenrichment was
evaluatedinDORCregions; and (4) identification of potential TF regulators
(repressors oractivators) based on the correlation of TF expressionand the
motifenrichment. b, Correlation heatmap for the DORC expression (RNA) and
chromatin accessibility (ATAC) for type I (top panel) and type Il (bottom panel)
myonuclei. Colour scale represents the computed Pearson correlation

coefficient (R). ¢, Heatmap showing the smoothed normalized DORC
accessibility (left panel), RNA expression (middle panel), and residual (DORC-
RNA, right panel) levels forJUND,JUN, FOS, JUNB and EGR1 along the ageing
trajectory for typel (top panel) and type Il (bottom panel) myofibre.d, Tn5
bias-adjusted TF footprints for FOSL2 and STAT3 along the type I (left panel)
andtypell (right panel) ageing trajectory. The typeland type Il myonuclei were
classified into five proportions according to the pseudotime in the ageing
trajectory. Ineachgraph, the Tn5 bias-subtracted normalized insertions
(y-axis) from the motif centre to 200 bp at each side (x-axis) were shown.
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Extended DataFig. 8 | Multimodal human muscle stem cell atlas in ageing.
a, UMAP plots showing the level of stress index (top panels) and FOS (bottom
panels) expression as representative genes contributing to thisindex for both
scRNA-seq (left panels) and snRNA-seq (right panels) datasets. The gene list for
thestressindex canbe foundin Supplementary Table 3. Dots (cells/nuclei) are
coloured according to theircomputed score or gene expression value. b, UMAP
plots of the detected MuSC subpopulations (top panels) and age groups
(bottom panels) in sc/snRNA-seq (left panels) and snATAC-seq (right panels).
Dots (cells/nuclei) are coloured by subpopulation (top panels) or age group
(bottom panels). ¢, Dot plots showing the expression level for representative
marker genes (columns) for MuSC subpopulations (rows) by snRNA-seq (top
panel) and scRNA-seq (bottom panel). Colour scalerepresents the average
geneexpression, and dot size, the percentage of cells expressing agiven
marker within the subpopulation. d, Heatmaps showing the expression levels
for DEGs (left panel, colour scale by Z-score) and the corresponding functional
enrichment analysis (right panel, colour scale by -log;, Q) for each MuSC
subpopulationinthe snRNA-seq dataset. e, Heatmaps showing the marker
peaks (left panel, colour scaled by Z-score) and the corresponding enriched TF
motifs (right panel, colour scaled by -log;, Q) for each MuSC subpopulationin
thesnATAC-seq dataset. f, Tn5bias-adjusted TF footprints for JUNB (top panel)
and MYOG (bottom panel) ineach MuSC subpopulation detected by snATAC-seq.

Ineach graph, the Tn5 bias-subtracted normalized insertions (y-axis) from the
motif centreto 200 bp at each side (x-axis) were shown. g, Cell proportion
analysis for the percentage of each MuSC subpopulationinthe snRNA-seq
(top), scRNA-seq (middle) and snATAC-seq (bottom) for eachindividual. The
coloursrepresent the age group and the shapes represent the sex group. For
scRNA-seq, n =3 adultindividuals and n = 4 old individuals; for snRNA-seq,
n=7adultindividuals and n=15old individuals; for snATAC-seq, n=5adult
individualsand n =11old individuals. h, Representative images (left panel) and
corresponding quantification (right panel) ofimmunofluorescence for primed
MuSCs (PAX7, red; FOS, green; nuclei, DAPI, blue) in adult (sample P26, top left)
and old (sample P28, bottom left) individuals. n = 4 individuals of each age
group.Scalebar,25 pm. For boxplots, boxes represent the upper/lower quartiles,
theline depicts the median and whiskers the1.5interquartile range. Pvalue was
calculated by atwo-tailed Student’s t-test. i, Heatmap depicting enriched
pathways of the qMuSCs populationinadult (<46 years), old (74-82 years) and
very old (=84 years) age groups. Colour scale represents the significance (-log,, Q)
ofthe enriched terms. j, Correlation plots of the expression levels for the given
genes (ITGBL1, MEF2D and FOS) withindividuals’ age for qgMuSCs. R, Pearson
correlation coefficient; P, two-sided P-value; centrerepresents the average
value; shadeindicates 95% confidenceinterval.
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Extended DataFig. 9| Vascular and immune compartment atlas of the
ageing humanskeletal muscle. a, Dot plot showing the expression levels for
representative marker genes (columns) for each vascular cell subpopulation
(rows). Colour scalerepresents the average gene expression, and dot size,

the percentage of cells expressing a given marker within the subpopulation.
b, UMAP plot of the detected vascular cell subpopulations by snATAC-seq. Dots
were coloured by the cell types. ¢, Heatmaps of the marker genes (gene score,
left panel) and marker peaks (differentially accessible peaks, right panel) for
each vascular subpopulation measuredin snATAC-seq. Colour scale represents
therelative score (Z-score) of each marker gene/peak. d, Heatmap showing the
cell-type assignment correlation for vascular cell subpopulations between the
sc/snRNA-seqand snATAC-seq datasets. Colour scale represents the computed
Pearson correlation coefficient (R). e, Cell proportionanalysis with the percentage

of each vascular cell subpopulation for the scRNA-seq (top panel), snRNA-seq
(middle panel) and snATAC-seq (bottom panel) for eachindividual. The colours
representthe age group and the shapesrepresent the sexgroup. For scRNA-seq,
n=3adultindividualsand n=4 old individuals; for snRNA-seq, n =7 adult
individualsand n =15 old individuals; for snATAC-seq, n = Sadultindividuals
andn=11oldindividuals. For boxplots, boxes represent the upper/lower
quartiles, theline depicts the median and whiskers thel.5interquartile range.
f,asin (a), forimmune cell subpopulations. g, as in (b), forimmune cell
subpopulations. h, asin (c), forimmune cell subpopulations. i, asin (d), for
immune cell subpopulations.j, asin (e), forimmune cell subpopulations.

For scRNA-seq, n =3 adultindividuals and n = 4 old individuals; for snRNA-seq,
n=>5adultindividuals and n =13 old individuals; for snATAC-seq, n = 4 adult
individualsand n=10 old individuals.
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Extended DataFig.10|Stromal compartment atlas of the ageing human
skeletal muscle. a, Dot plot showing the expression levels for representative
marker genes for each stromal subpopulation (row). Colour scale represents
the average gene expression, and dot size, the percentage of cells expressinga
given marker within the subpopulation. b, UMAP plot of the detected stromal
subpopulationsin snATAC-seq. Dots were coloured by the cell types. c, Heatmaps
of the marker genes (gene score, left panel) and marker peaks (differentially
accessible peaks, right panel) for each identified population (columns). Colour
scalerepresents therelative score (Z-score) for each marker gene/peak.

d, Heatmap showing the cell-type assignment correlation for stromal cell
subpopulations. Colourscale represents the Pearson correlation coefficient (R).
e, Cell proportionanalysis with the percentage of each stromal cell subpopulation
inthe scRNA-seq (top), snRNA-seq (middle) and snATAC-seq (bottom) for each
individual. The coloursrepresent the age group and the shapes represent the

sex group. For scRNA-seq, n =3 adultindividuals and n =4 old individuals; for
snRNA-seq, n =7 adultindividualsand n =14 old individuals; for snATAC-seq,
n=>5adultindividuals and n=11old individuals. For boxplots, boxes represent
theupper/lower quartiles, the line depicts the median and whiskers the 1.5
interquartile range. f, Heatmap depicting significantly enriched pathways for
DEGsineach stromal cell subpopulation. Colour scale represents the significance
(-log,, Q) of the enriched terms. g, Heatmap depicting the enriched pro-
inflammatory (IL6/AP1) and pro-fibrotic (TGF) pathways of the resident
mononucleated cell subpopulationsin adult (<46 years), old (74-82 years) and
veryold (=84 years) age groups. Colour scale represents the significance
(-log,,Q) of theenriched terms. h, Dot plots showing the expression levels for
theindicated cell-cycleinhibitor genes. Colour scale represents the average
gene expression, and dot size, the percentage of cells expressing agiven gene
within the subpopulation.
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Extended DataFig.11|Inflammatory and cell-ECM interaction networks of
skeletal muscle with ageing. a, Heatmaps of the incoming (white-blue scale,
left panel) and outgoing (white-red scale, right panel) signals for adult (left
side) and old (right side) forindicated signalling pathways. Colour scale represents
therelativeinteractionintensity of each cell type for the represented pathways.
b-c, (b) Chemokines (CCL, top panel; and CXCL, bottom panel) and (c)
inflammatory factors (IL6, top panel; and TNF, bottom panel) signalling
networksinadult (left panels) and old (right panels) groups. The nodes
represent cell types and edges the interactions among them. Edge widthis
proportional to the interaction probability. Nodes and edges are coloured
accordingtothe cell type.d-e, Dot plot showing the expression level for the
representative (d) chemokines and (e) inflammatory factors in adult (green)
and old (purple) skeletal muscle cell populations. Colour scale represents the
average gene expression, and dot size, the percentage of cells expressing a
given gene withinthe subpopulation. f, Representative images (left panel)

of adult (sample P26) and old (sample P28) muscles of Sirius red staining,

quantification comparing the age groups (middle panel) and correlation with
the age of the individuals (right panel). n = 4 individuals of each age group.
Scale bar, 50 pm. For boxplots, boxes represent the upper/lower quartiles, the
line depicts the median and whiskers thel.5interquartilerange. Pvalue was
calculated by atwo-tailed Mann-Whitney U-test. For the correlation plot, R,
Pearson correlation coefficient; P, two-sided Pvalue; centre represents the
average value; shadeindicatesa95% confidenceinterval. g, Heatmaps of the
relative gene expression (Z-score) of ECM-ligands (left panel) and ECM-receptors
(right panel) in each major cell populationinboth adult (green) and old (purple)
individuals. h, Representative images (left panel) and corresponding
quantification (right panel) ofimmunofluorescence for ITGA7" area (ITGA7,
yellow; nuclei, DAPI, blue) in adult (sample P5) and old (sample P29) individuals.
Scalebar, 50 um. n =4 individuals of each age group. For boxplots, boxes
represent the upper/lower quartiles, the line depicts the median and whiskers
thel.5interquartilerange. Pvalue was calculated by atwo-tailed Student’s t-test.
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Extended DataFig.12|Perturbed Notch, IGF, BMP and Wnt signalling
networksinaged muscles. a, Heatmaps of the incoming (white-blue scale, left
panel) and outgoing (white-red scale, right panel) signals for adult (left side)
and old (right side) for indicated signalling pathways. Colour scale represents
therelativeinteractionintensity of each cell type for therepresented pathways.
b-e, Notch (b), IGF (c), BMP (d), and Wnt (e) signalling networks (top panels) and
the expressionlevels for the corresponding representative genesineach
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Extended DataFig.13| GWAS analysis of ageing muscle and spatial
distribution of the human skeletal muscle changes with ageing. a, Heatmap
oftheageing-related marker peaksineach celltypeidentified by snATAC-seq.
Colourscalerepresents the relative score (Z-score) of each marker peak.

b, Pipeline scheme for identification of candidate sarcopenia-related genetic
variants. Briefly, genetic variants with the high linkage disequilibrium (LD, > 0.8)
toreported lead variants were overlapped to cell-type defined marker peaks to
identify candidate variants. Next, the potential effects of candidate variants
were assessed by the following steps: 1) identification of the co-accessible
peaks;2) construction of peak to gene linkage 3) predicting the effect of genetic
variants on TF binding. ¢, Genome browser tracks for each cell populationin
adultand old muscles showing the peaks associated with the identified SNPs
rs1862574,rs3008232,rs1281155 and rs5718006 67 within the locus of GDNF,
TRIM63,ANGPTL2 and FOXOI, respectively. Chromatin tracks show the linkages
between the variant-containing peaks and the associated gene promoter.

d, (Adult) Human skeletal muscles are mainly composed of syncytial
multinucleated typelland type I myofibres, each of whichisinnervated by
single motorneuron endplates whose axons are surrounded by Schwann cells.

Muscle resident mononuclear cell populations, such as MuSCs, stromal cells
(FAPs and fibroblast-like cells),immune cells (myeloid cells and lymphocytes)
and vascular cells (ECs, SMCs and pericytes), contribute to muscle homeostasis.
(0ld) Human skeletal muscle ageingis characterized by areductionin mass,
increased inflammation and fibrosis. Myofibre numbers are reduced,
particularly type Il myofibres. In addition, myofibres tend to lose their
innervation and change their characteristics, and new myonuclear populations
arise with abnormal regenerative, degenerative and denervation traits. The
MuSC populationisreduced and enters a primed state, leading to exhaustion
ofthe stem cell pool. Intramuscular adipocytes accumulate among muscle
fibres, and stromal cellsincrease, with ashift towards a pro-fibrotic profile.
Inthe vasculature, the proportion of pericytes and capillary ECs decrease,

and vascularintegrity isimpaired. Immune cells (myeloid cells, lymphocytes
and mast cells) infiltrate the muscle and acquire a pro-inflammatory profile.
Collectively, these alterations and the associated abnormalitiesin signalling
networks impact muscle characteristics and functions. The schematic was
created with BioRender.com.
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|Z| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

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  DIPSEQT1 sequencer for droplet-based sn/scRNA-seq. BGISEQ-2000 sequencer for snATAC-seq. Zeiss 980 AiryScan2, Leica DMR6000B or
Nikon Ti2 for fluorescence microscope imaging.

Data analysis Sequencing data were analyzed using: Cutadapt (v1.14), FastQC (v0.11.2), fastp (v0.21.0), STAR (v2.7.4a), PISA (v0.2), sambamba (v0.7.0),
Seurat (v4.0.2), Scanpy (v1.8.1), CellChat (v1.1.0), ArchR (v0.9.5), Python (v3.7), DoubletFinder (v2.0.3), FigR (v0.1.0), SoupX (v1.4.8),
pheatmap (v1.0.12), FUMA (v1.5.4), Metascape (v3.0), LDSC (v1.0.1), Hotspot (v1.1.1)

Imaging data were analyzed using: LAS AF (v4.0), ZenBlue (v3.5), NIS Elements (v4.11.0), Fiji (ImageJ2) (v2.14.0/1.54f).
Custom code supporting this study is available at:

https://github.com/MGlI-tech-bioinformatics/DNBelab_C_Series HT_scRNA-analysis-software
https://github.com/123anjuan/HMA

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

Raw data can be found at CNGB Nucleotide Sequence Archive (accession code: CNPO004394, CNP0O004395, CNPO004494, CNP0O004495) and processed data at
Human Muscle Ageing Cell Atlas database (https://db.cngb.org/cdcp/hima/).

Databases used in this study are: CisBP (http://cisbp.ccbr.utoronto.ca/); SNP2TFBS (https://epd.expasy.org/snp2tfbs/); CellChat (http://www.cellchat.org/); GWAS
Catalog (https://www.ebi.ac.uk/gwas/).

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 Sex was determined based on participants self-reporting. Sex was considered as a covariate in statistical analysis. Details are
provided in Supplementary Table 1.

Reporting on race, ethnicity, or  Ethnicity or race was not asked to patients, it was determined by the geographic location.
other socially relevant

groupings

Population characteristics Participants: 18 patients for the European cohort, and 13 patients for the Chinese cohort. All details are provided in
Supplementary Table 1.

Recruitment Participants were recruited before orthopedic surgery with informed consent. Before obtaining the informed written
consent, the medical team provided both verbal and written information about the research study. For the European cohort,
participants were informed about the functional state assessment with the Barthel Index and Charlson Index. Details are
provided in Supplementary Table 1.

Ethics oversight The study was performed in accordance with the Declaration of Helsinki. Ethical approval was granted for the European

cohort by the Research Ethics Committee of Hospital Arnau de Vilanova (CEIm 28/2019), and for the Chinese cohort by the
Institutional Ethics Committee of the First Affiliated Hospital of Guangdong Pharmaceutical University, Guangzhou (China)
(2020-ICE-90).

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.

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 Sample size was not predetermined. 22 individuals (387,444 nuclei/cells ) were analyzed in this study.

Data exclusions | We used several criteria to filter low-quality cells or nuclei during data analysis: UMI < 1,000, gene < 500, and mitochondria content > 5% in
sn/scRNA-seq, and TSS enrichment scores < 5, number of fragments < 1,000 in snATAC-seq.

Replication The number of individuals used for profiling in replication for each platform is listed below:
scRNA-seq: 8 (in total 79,649 cells).
snRNA-seq: 22 (in total 212,774 nuclei).
snATAC-seq: 17 (in total 95,021 nuclei).
For immunostainning or immunohistology, the numbers of replicates are indicated in the corresponding figure legend.

Randomization | Not relevant because there was no group allocation.

Blinding There was no blinding performed because there was no group allocation.
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Antibodies

Antibodies used Primary antibodies:
PAX7 (Developmental Studies Hybridoma Bank cat: PAX7, 1:50)
PDGFRa(eBioscience cat: 17-1401-81, 1:100)
Perilipin (Cell Signalling cat: 9349, 1:100)
Filamin C (MyBiosource cat: MBS2026155, 1:100)
TNNT2 (Bioss cat:10648R-A488, 1:100)
CD11b (eBioscience cat: 14-0112-85, 1:100)
CD3 (Invitrogen cat: 14-0038-82, 1:100)
CD19 (Invitrogen cat: 14-0199-82, 1:100)
NCAM1 (Cell Sciences cat: Mon9006-1, 1:100)
MyHC Type | (Developmental Studies Hybridoma Bank cat: A4.840)
MyHC Type Il (Developmental Studies Hybridoma Bank cat: SC-71, 1:70)
Laminin-647 (Novus Biologicals cat: NB300-144AF647, 1:200)
cFOS (Cell Signaling cat: #2250S, 1:200)
ACVR2A (R&D cat: AF340, 1:100)
ITGA7 (Biocell Scientific cat: 10007, 1:100)
DYSTROPHIN (Sigma cat: D8168, 1:100)

Secondary antibodies (Invitrogen, Carlsbad, CA, USA) were coupled to Alexa Fluor 488, 568, 594 or 647 fluorochromes are listed
below diluted at 1:500:

Goat anti-Mouse 1gM Cross-Adsorbed Secondary Antibody, DyLight™ 550 (Invitrogen™ cat: SA5-10151)

Goat Anti-Mouse 1gG1 Cross-Adsorbed Secondary Antibody Alexa Fluor 488 (Invitrogen™ cat: A21121)

Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488 (Invitrogen™ cat: A11001)

Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 568 (Invitrogen™ cat: A11004)

Goat anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 488 (Invitrogen™ cat: A32731TR)
Goat anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 647 (Invitrogen™ cat: A32733TR)
Donkey anti-Goat IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 647 (Invitrogen™ cat: A32849TR)
Goat anti-Rat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 568 (Invitrogen™ cat: A11077)

Validation All antibodies are commonly used in the field and have been validated by the manufacturer. For the primary antibodies, the following
information were provided by the supplier:
PAX7 (Developmental Studies Hybridoma Bank cat: PAX7, 1:50), reacts with: Amphibian, Avian, Axolotl, Bovine, Canine, Fish, Goat,
Human, Mouse, Ovine, Porcine, Quail, Rat, Turtle, Xenopus, Zebrafish; suitable for; Chromatin Immunoprecipitation, FACS, FFPE, Gel
Supershift, Immunofluorescence, Immunohistochemistry, Immunoprecipitation, Western Blot; validated in adult skeletal muscle
satellite cells.
PDGFRa(eBioscience cat: 17-1401-81, 1:100), reacts with: Human, Mouse; suitable for IHC, ICC/IF, Flow cytometry; validated in
NIH/3T3 cells.
Perilipin (Cell Signalling cat: 9349, 1:100), reacts with: Human, Mouse; suitable for Western Blot, Immunoprecipitation,
Immunohistochemistry, Chromatin Immunoprecipitation, CUT&RUN, CUT&Tag, Dot Blot, eCLIP, Immunofluorescence, Flow
Cytometry; validated in adipocyte.
Filamin C (MyBiosource cat: MBS2026155, 1:100), reacts with: Human; suitable for Western Blot, Immunohistochemistry; validated
in Human breast cancer tissue, Human prostate tissue, Human colorectal cancer tissue, Human prostate tissue.
TNNT2 (Bioss cat:10648R-A488, 1:100), reacts with: Human, Mouse, Rat; suitable for WB, FCM, IF(IHC-P), IF(IHC-F), IF(ICC); validated
in cardiac muscle.
CD11b (eBioscience cat: 14-0112-85, 1:100), reacts with Rabbit, Bat, Fish, Mouse, Human; suitable for Western Blot,
Immunohistochemistry, Immunocytochemistry, Immunoprecipitation, Flow Cytometry; validated in mouse splenocytes.
CD3 (Invitrogen cat: 14-0038-82, 1:100), reacts with: Rat, Human, Mouse; suitable for Western Blot, Immunohistochemistry,
Immunocytochemistry, Immunoprecipitation, Flow Cytometry; validated in lymphocytes.
CD19 (Invitrogen cat: 14-0199-82, 1:100), reacts with: Human; suitable for Immunohistochemistry, Flow Cytometry; validated in B-
lymphocyte.




NCAM1 (Cell Sciences cat: Mon9006-1, 1:100), reacts with: Human; suitable for IHC-F, IHC-P; validated in small cell carcinomas and
carcinoids of the lung.

MyHC Type | (Developmental Studies Hybridoma Bank cat: A4.840), reacts with: Rat, Human, Mouse; suitable for IHC, WB, IF,

ICC; validated in skeletal muscle.

MyHC Type Il (Developmental Studies Hybridoma Bank cat: SC-71, 1:70), reacts with: Rat, Human, Mouse; suitable for IHC, WB, IF,
ICC; validated in skeletal muscle.

Laminin-647 (Novus Biologicals cat: NB300-144AF647, 1:200), reacts with: Rat, Human, Mouse, Rabbit, Fruit Bat, Chinese Hamster;
suitable for WB, Flow, ICC/IF, IHC, IHC; validated in epithelial tissue, nerve, fat cells and smooth, striated and cardiac muscle.

cFOS (Cell Signaling cat: #2250S, 1:200), reacts with: Human, Mouse, Rat; suitable for Western Blot, Immunoprecipitation,
Immunohistochemistry, Chromatin, Immunoprecipitation, CUT&RUN, CUT&Tag, eCLIP, Immunofluorescence, Flow

Cytometry; validated in fibroblasts.

ACVR2A (R&D cat: AF340, 1:100), reacts with: Human; suitable for Western Blot, Inmunohistochemistry; validated in Human
prostate cancer tissue.

ITGA7 (Biocell Scientific cat: 10007, 1:100), reacts with: Human, Mouse, Rat; suitable for Western Blot,

Immunohistochemistry; validated in rodent and human tissues.

DYSTROPHIN (Sigma cat: D8168, 1:100), reacts with: Chicken, Rat, Human, Pig, Rabbit, Mouse; suitable for Western Blot,
Immunohistochemistry; validated in mouse muscle.

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

C57BI/6 (WT) mice were bred and raised till 8-12 weeks of age at the animal facility of the Barcelona Biomedical Research Park
(PRBB). They were housed in standard cages with a 12-hour light-dark cycle and given unrestricted access to a standard chow diet.

N/A

Both males and females were used for experiments and were maintained according to the Jackson Laboratories’s guidelines and
protocols.

N/A

All experiments adhered to the 'three Rs' principle—replacement, reduction, and refinement—outlined in Directive 63/2010 and its
implementation in Member States. Procedures were approved by the PRBB Animal Research Ethics Committee (PRBB-CEEA) and the
local government (Generalitat de Catalunya), following European Directive 2010/63/EU and Spanish regulations RD 53/2013.

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