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Skeletal muscle aging is a key contributor to age-related frailty and
sarcopeniawith substantial implications for global health. Here we profiled
90,902 single cells and 92,259 single nuclei from 17 donors to map the aging
processinthe adult human intercostal muscle, identifying cellular changes
in each muscle compartment. We found that distinct subsets of muscle
stem cells exhibit decreased ribosome biogenesis genes and increased CCL2
expression, causing different aging phenotypes. Our atlas also highlights an
expansion of nuclei associated with the neuromuscular junction, which may
reflect re-innervation, and outlines how the loss of fast-twitch myofibers is
mitigated through regeneration and upregulation of fast-type markersin
slow-twitch myofibers with age. Furthermore, we document the function

of aging muscle microenvironmentinimmune cell attraction. Overall, we
present acomprehensive human skeletal muscle aging resource (https://
www.muscleageingcellatlas.org/) together with anin-house mouse muscle
atlas to study common features of muscle aging across species.

Skeletal muscle makes up 40% of our body mass, is essential for move-
mentand has pivotal rolesin metabolism and immune regulation' . The
major components of skeletal muscle, the multinucleated myofibers
(MFs), are classified into ‘slow-twitch’ (typel) and ‘fast-twitch’ (typellA,
typellXandintermediate hybrid fibers) accordingto their contraction
speed, structural protein composition and metabolic characteristics
(oxidative versus glycolytic). MFs are surrounded by mononuclear

muscle stem cells (MuSCs), which can generate new MFs after dam-
age.Inaddition, the muscle microenvironment consists of supporting
fibroblasts, vasculature, immune cells, Schwann cells and neuronal
axons, which transmit action potentials to the MFs.

Skeletal muscle aging is characterized by the loss of both muscle
mass and strength, often leading to sarcopenia®. This is a major con-
tributory factor tofallsand fracturesin older adults, the second-leading
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cause of injury and deaths’. During aging, thereis aselective decreasein
both the number andsize of fast-twitch MFs®. Furthermore, the number
of MuSCs and their activation and proliferationin response to stimuli
decrease with age’. However, it is not known whether this increased
atrophy is due to MF-intrinsic changesin gene expression, theimpact
of the cellular microenvironment or a combination of both. Several
other putative muscle aging factors, such as stem cell senescence,
denervation, metabolic dysregulation and chronic inflammation, were
alsoinvestigated®™.

Most previous studies focused on one particular mechanismor cell
type, leaving a gap in our understanding of muscle aging as a whole.
To address this, recent mouse and human skeletal muscle studies pio-
neered the use of either single-cell RNA sequencing (scRNA-seq)> ¢
or single-nucleus RNA sequencing (snRNA-seq)""? to understand
muscle cell type heterogeneity and their changes in aging. However,
bothapproaches have limitations whenindividually applied to muscle:
dropletsingle-cell sequencing approaches cannot capture MFs due to
their large size, and single-nucleus sequencing often lacks resolution
for the less-abundant MuSCs and other mononuclear cell types in the
muscle microenvironment.

Inthe present study, we performed joint sScRNA-seqand snRNA-seq
ofintercostal muscle across the adult humanlifespan. This allowed usto
investigate transcriptional changes of MuSCs, MFs and microenviron-
ment cells during aging. We discovered cell-cell interactions that may
contribute to the aging phenotype. We also performed MF typing of
theintercostal muscle to connect standard histological observations
about MF dynamics with transcriptional changesin single-nuclei data.
Finally, by generating age-matched single-cell and single-nucleus tran-
scriptomes from mouse skeletal muscle, we studied the similaritiesin
aging mechanisms across species.

Results

Single-cell and single-nucleus skeletal muscle aging atlas

To gain acomprehensive view of human skeletal muscle aging, we pro-
filed the transcriptomes of 90,902 cells and 92,259 nuclei from inter-
costal muscle biopsies of 8 young (approximately 20-40 years old) and
9 aged (approximately 60-75 years old) donors using droplet-based 3’
sequencing (Fig. 1a,b and Supplementary Table 1).

After batch correction and integration of single-cell and
single-nucleus data by single-cell variational inference (scVI)** autoen-
coder (see Supplementary Note 1 for comparison with Harmony®),
we annotated 40 major human skeletal muscle populations, each
displaying canonical marker genes (Fig. 1c, Extended DataFig. 1a, Sup-
plementary Table 1 and Supplementary Information). We identified
mononucleated MuSCs, fibroblasts, smooth muscle cells (SMCs), peri-
cytes, endothelial cells, adipocytes, myelinating and non-myelinating
Schwann cells, immune cells and, finally, multinucleated MFs. Most
celltypes were capturedinallage groups, technologies and chemistry
versions, withimportant differences observed between technologies
and age groups (Fig.1d, Extended Data Fig. 1b~d and Methods). MuSCs
and fibroblasts were well represented by both technologies. Notably,
scRNA-seqshowed better resolution for subtypes ofimmune, vascula-
tureand Schwann cells, whereas snRNA-seq better captured myonuclei
and adipocytes (Fig. 1d and Extended Data Fig. 1e-g). This illustrates
the advantage of combining both technologies.

We next compared the broad cellular makeup of young with aged
muscle. Muscle samples from aged donors were strongly enriched for
subtypes of immune cells, including natural killer (NK) cells, T cells,
B cells (B cell, B-plasma) and mast cells, whereas they were depleted
for vascular (SMCs, arterial endothelial cells and capillary endothelial
cells)and Schwann cells (Fig. 1d, Extended Data Fig. 2a-c and Methods).
TheincreaseinBcellsand T cellsis consistent with studiesinthe aging
mouse brain, liver and adipose tissue”** as well as arecent report high-
lighting age-related immune infiltration in multiple human tissues™.
Similarly, decreased vascularization across multiple organs with age

and denervation was previously reported in muscle’®”. Aged muscle
also contained more MF fragments (denoted MF-Isc and MF-Ilsc),
which likely reflects easier degradation of aged MFs (Fig. 1d and Sup-
plementary Note 4). Most of the donors underwent either non-invasive
continuous positive airway pressure (CPAP) or mechanical ventila-
tion during their stay in hospital (see Supplementary Table 1 for full
metadata on donors). We therefore explored the effect of length of
hospital stay (as a ‘proxy’ for ventilation length) and other biological
covariates (body massindex (BMI) and sex) on the changesin cell type
abundance and found that they do not affect the major aging trends
(Supplementary Note 2 and Supplementary Fig. 1).

To compare the process of muscle aging between species, we
generated amouse muscle aging atlas by sequencing 68,956 cells and
27,573 nucleifrom hindlimb muscles of five young (3 months) and three
aged (19 months) mice (Fig.1aand Extended Data Fig. 2d-g). This atlas
yielded the same major cell types as human skeletal muscle (Extended
Data Fig. 2d,e and Supplementary Table 1), including MuSCs, SMCs,
endothelial cells, fibroblasts, adipocytes, Schwann cells, immune
cells and different states of myonuclei, which allowed us to examine
common muscle aging hallmarks across species (as explored below).

Overall, our scRNA-seq and snRNA-seq datasets identified major
celltypesresidingin skeletal muscle asit ages. Our comprehensive atlas
isavailable asanonline resource for easy browsing and data download
at https://www.muscleageingcellatlas.org.

Mechanistic insights into human MuSC aging

To gain mechanistic insight into MuSC aging, we subclustered 17,528
high-quality MuSCs and identified four subpopulations that com-
prise the overall MuSC cluster (Fig. 2a), which were also recapitulated
after integration with other human muscle types>'**® (Extended Data
Fig.3a,b). Apart from the generally defined quiescent MuSCs (labeled
as MainMuSC) and atransient differentiating state (labeled asMYOG*
MuSC), we found two other lesser-known subtypes: TNFRSF12A* (TNF*)
and ICAMI" (ICA") MuSCs (Fig. 2aand Supplementary Table 2). Of note,
itis possible that MYOG" MuSCs represent a potential artifact generated
during theisolation process®*.

Gene Ontology (GO) enrichment analysis of the differentially
expressed genes (DEGs) in TNF* MuSC identified ‘development’ and
‘ribosome biogenesis’ as top enriched categories, with the latter
required for MuSC activation and proliferation® (Fig. 2b and Supple-
mentary Table 2). This suggests that the TNF"subpopulationrepresents
activated MuSCs involved in muscle regeneration, which was also
indicated by a recent study™. TNF* MuSCs also shared marker genes
with murine activated MuSCs'®*** (Extended Data Fig. 3¢). Using
differential cell abundance testing across ages (Milo)*, we observed
decreasesinMain, TNF"and ICA"subpopulations (Fig. 2c) in agreement
withageneral decline of MuSCs as confirmed by fluorescence-activated
cell sorting (FACS)* (Extended Data Fig. 3d,e).

The putative activated TNF' state showed the most notable
decrease in abundance during aging (Fig. 2c), indicating a decline in
MuSC activation, one of the hallmarks of MuSC senescence in rodent
models®. The TNF* state also exhibited the greatest decline in ribo-
some biogenesis gene set expression, including ribosome assembly
genes and POLRID, a key subunit forming the assembly platform for
RNA polymerasel (Fig. 2d,e and Supplementary Tables 2 and 3). Using
a primary myoblast culture model, we confirmed a decrease in ribo-
some assembly genes at both transcriptional and translational levels
in aged compared to young individuals (Fig. 2f-j and Extended Data
Fig. 3f). Notably, myoblast cultures from aged patients displayed sev-
eral features of senescence, including upregulation of cyclin inhibi-
tors CDKN2A and TP53 (Fig. 2g), B-galactosidase activity (Extended
Data Fig. 3g) and senescence-associated secretory phenotype (SASP;
Extended Data Fig. 3h). Although typical SASP factors were lowly
expressedin MuSCs, asubset including /IGFBP3, IGFBP4, IGFBP6,IGFBP7
and FASwas upregulated in aged TNF*MuSCs (Supplementary Fig. 3).
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Fig. 1| Single-cell and single-nucleus skeletal muscle aging atlas. a, Visual
overview of experimental design and main directions of investigations. lllustration
was created with BioRender.com. b, Timescale displaying human muscle

sampling across ages for scRNA-seq/snRNA-seq (eight young versus nine aged)
and for myofiber subtyping (seven young versus four aged). ¢, Uniform manifold
approximation and projection (UMAP) visualization of annotated cells in the
Muscle Aging Cell Atlas. Cell type annotation and abbreviations for all populations
areshownin Supplementary Table 10.d, log,-transformed fold change (FC) in

the abundance of cell clusters across age (first column) and enrichment in cells
compared to nuclei fraction (second and third columns), taking into account 10x

Age

chemistry (see full version in Extended Data Fig.1d). Some populations (hybrid,
specialized myonuclei, MF-Isn fragments, MF-lIsn fragments, neutrophils,
mesothelium, red blood cells (RBC), eosinophils and plasmacytoid dendritic
cells (pDC)) were removed from the plot because they represented a mixture

of different cell types, contained a very small number of cells or predominantly
originated from particular donors. The LTSR denotes statistical significance and
ranges from O to1, where lindicates a confident estimate. See Methods for more
details. ArtEC, arterial endothelial cells; CapEC, capillary endothelial cells; cDC1
and cDC2, conventional type 1and 2 dendritic cells; mSchwann and nmSchwann,
myelinating and non-myelinating Schwann cells.
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Moreover, FACS of MuSC subtypes showcased specific upregulation
of CDKN2A and CDKNI1A genes in aged TNF" compared to ICA*and Main
MuSCs (Fig. 2k and Extended Data Fig. 3i). In animal models, ribosome
assembly dysfunction canlead toribosome defects and resultin stem
cellsenescence®™. These results collectively suggest that TNF*MuSCs
undergo more senescence than other subpopulations (see also Sup-
plementary Note 3 for SenMayo gene set scoring*’), consistent with a
reductionin expression of ribosome biogenesis genes. Therefore, we
propose that decreased ribosome assembly leads to afailure of MuSC
activation, which, in turn, may lead to MuSC senescence in human.

Another newly reported state, ICA* MuSC, expressed specific
cytokines (including CXCL1, CXCL2, IRFI and IER3) and NF-kB regulators
TNFAIP3and NFKBIZ (Fig.2a), indicatinganimmune-related phenotype.
This immune signature was further confirmed by quantitative PCR
(qPCR) analysisin FACS-sorted ICA"MuSCs (Fig. 2l and Extended Data
Fig. 3j). Although immune cells are known to be crucial for successful
MuSC regeneration®, the impact of aging-related inflammation in
the MuSCnicheis currently unresolved. Notably, we found that, upon
aging, the pro-inflammatory cytokine gene CCL2 was significantly
upregulated in ICA* MuSCs (Fig. 2m and Supplementary Table 3),
which was confirmed by qPCR (Fig. 2n). Expression of CCL2is known
to be tightly regulated by the transcription factor NFKBI, a crucial
mediator of inflammation*. Indeed, determination of transcription
factor activity using pySCENIC*** highlighted components of the
NF-kB complex as putative regulators of CCL2 expression in MuSCs
(Extended Data Fig. 3k). Interestingly, two classical NFKBI inhibitors,
TNFAIP3 and NFKBIZ, were markedly reduced (Fig. 2m,n and Supple-
mentary Table 3), whereas NF-kB activator IkB kinase IKKa (CHUK)
was significantly upregulated in the FACS-sorted aged ICA* MuSCs
(Fig. 2n). Hence, we speculate that the NF-kB complex is activated in
aged ICA" MuSCs, leading to increased CCL2 transcription (Extended
Data Fig. 31), which can contribute to impaired immune homeostasis
and chronicinflammation.

Integrated single-cell and single-nucleus MF atlas

By integrating MF data from scRNA-seq and snRNA-seq, we obtained
87,522 cells and nuclei, clustering into six main populations (Fig. 3b
and Extended DataFig. 4a). Among them, two populations represented
type |, slow-twitch myofiber (MF-I), and type II, fast-twitch myofiber
(MF-II), and the remaining four populations were likely MF fragments
generated during theisolation process (Fig. 3d, Extended Data Fig. 4b
and Supplementary Note 4). The main populations were further subdi-
videdinto atotal of twelve single-nucleus (Fig. 3a) and seven single-cell
(Fig. 3c) subpopulations.

Among single-nucleus populations, we identified reference MF-I
and MF-II nuclei as well as paired FAM189A2" (I-FAM and II-FAM) and
OTUDI" (I-OTU and 1I-OTU) nuclei states, which were convergently
presentinslow-twitch and fast-twitch MFs (Extended Data Fig. 4c,d). We
also observed three specialized myonuclei populations, namely neu-
romuscular junction (NMJ), myotendinous junction and a previously

unreported NMJ accessory (Extended DataFig. 4c,d). Among single-cell
populations, we observed two myocyte states marked by MYHS8 and
RASA4, respectively, and five MF fragment populations (Extended Data
Fig.4c,d). Intriguingly, MYH8" myocytes expressed fetal myosin heavy
chain MYH8inaddition to MYOG, indicating active myogenesis. RASA4*
myocytes expressed activators of growth sensing regulator mTORCI,
namely FLCN/FNIP1complex and the GTPase-activating protein RASA4,
and, thus, may be involved in muscle growth**¢,

By investigating aging-associated changes in cell composition,
we found that the dynamics of paired FAM189A2" and OTUD1" myo-
nuclei differed between MF types with age (Fig. 3e and Extended Data
Fig. 4e,f). Generally, the paired FAM189A2" nuclei (I-FAM and II-FAM)
showed expression of the same marker genes, including NAMPT, which
encodes an enzyme involved in NAD* metabolism*, as well as stress
response genes STAT3 (ref. 48) and SOCS3 (ref. 49), which are acti-
vated by cytokine signaling (Fig. 3f). Interestingly, the I-FAM state
(slow-twitch MF specific) decreased with age, whereas the II-FAM state
(fast-twitch MF specific) did not change (Fig. 3e and Extended Data
Fig.4e). Areduced number of FAM189A2'STAT3" nuclei in slow-twitch
MF was also confirmed by RNAscope (Fig. 3g). Given that STAT3 signal-
ing was reported to be required for muscle repair®, and IL-4 and IL-13
signaling pathways were enriched in FAM189A2" nuclei (Extended
Data Fig. 4g), we hypothesize that these states may be responding to
cytokine signals and are potentially involved in MF repair.

OTUD1" paired nuclei shared less pronounced similarity in gene
expression than FAM189A2" states (Fig. 3h). However, they still showed
upregulation of the same set of genes (OTUDI1, CREBS, XIRP1, DNAJA4,
TNFRSF12A and others), involved inmuscle development, differentiation
and response to damage'®”, as compared to the baseline MF-land MF-II
states (Fig. 3h and Extended DataFig.4g). OTUDI and TNFRSFI2A mRNA
were co-expressed in slow-twitch and fast-twitch MFsinsitu (Extended
Data Fig. 4h), although there were cases with exclusive OTUDI and
TNFRSF12A expression, indicating a heterogeneous population. Inter-
estingly, in contrast to I-OTU, II-OTU nuclei increased with age (Fig. 3e
and Extended Data Fig. 4e) and had stronger expression of TNFRSF12A
(receptor for the TWEAK ligand that is known to promote muscle atro-
phy*) and stress response and blood coagulation genes (JUNB, ERCCI,
GADD45A, THBD and ANXAS) (Fig. 3h,i). Together, these data suggest a
more degenerative state of fast-twitch (type Il) MF with age.

TheNMJisaninterface between the nerve and MF and consists of
three main components: the presynaptic axon terminal, which pro-
ducesacetylcholine; the postsynaptic motor endplate on the MF, which
contains clusters of acetylcholine receptors (AChRs); and terminal
Schwann cells protecting the synapse. Staining for NMJ components
in teased human intercostal muscle across age revealed decrease in
AChR clusters (Extended Data Fig. 5a), Schwann cells and axons (not
quantified), which is consistent with age-related NMJ degeneration
described in the literature®.

Itis well known that NMJ nuclei are located beneath the endplate
and produce essential components of the synaptic apparatus. In the

Fig.2|Mechanistic insights into human MuSC aging. a, UMAP visualization

of MuSC subpopulations identified from scRNA-seq. b, Tree visualization of

the GO terms enriched among marker genes for every MuSC subpopulation.

Top 10 clusters of GO terms defined based on semantic similarity are shown.

¢, Beeswarm Milo plot showing the distribution of log,(FC) in cellabundance
with age across neighborhoods of MuSC subtypes; significantly differentially
abundant neighborhoods are colored. d, Ribosome biogenesis enrichment score
of MuSC subpopulations in young (five donors) versus aged (seven donors)
individuals. Pvalue: two-tailed Mann-Whitney-Wilcoxon test. *P < 0.05. e, Dot
plot of ribosome biogenesis and RNA polymerase | complex genes in MuSC
subpopulations. Dot size represents the proportion of cells expressing the gene
inaged group, color represents log,(FC) in young versus aged. Significantly
upregulated and downregulated genes were defined using the direction of

log, (FC), the proportion of cells>0.05 and LTSR > 0.9 (significance value, ranging

from O to1, wherelis confident estimate). See Source Data. f-j, Expression of
senescence-associated (g) and ribosome assembly (h) genes in cultured human
primary myoblasts (f) by both qPCR (three biological repeats per group) (g,h) and
westernblot (i,j). Three independent experiments were performed for western
blot with similar results. Pvalue: unpaired two-tailed ¢-test. *P < 0.05; **P < 0.01;
***P < 0.00L. Illustration in fwas created with BioRender.com.k,I, qPCR (three
donors for both panels) of genes in FACS-sorted MuSC subpopulations.

Pvalue ink: one-way ANOVA test; Pvaluein I: unpaired two-tailed ¢-test. *P < 0.05;
**P < 0.01.m, Violin plots of CCL2, TNFAIP3 and NFKBIZ in ICA* MuSCs from
scRNA-seq data. Pvalue: unpaired two-tailed t-test. n, qPCR of CHUK, NFKBIZ and
CCL2inFACS-sorted ICA*MuSCs (three young versus three or four aged donors).
Pvalue: unpaired two-tailed ¢-test. *P < 0.05. All data presented ind, g, h,j-landn
are mean + s.e.m. with individual data points shown. The exact Pvalues are shown
inthe Source Data.
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present study, we identified a previously unreported NMJ accessory

population that expressed marker genesrelated to synapse formati

that were distinct from NMJ nuclei markers (Fig. 3j and Supplementary

on

Table 4). As indicated by GO analysis, NM]J accessory was enriched in
‘synapse organization’ and ‘axon development’ terms, possibly promot-
ing synapse formation (Extended Data Fig. 4g). Among NM]J accessory
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marker genes were GRIA2, encoding the key subunit of ionotropic
glutamate receptor; EFNAS, encoding an essential ligand involved in
axon guidance to the myotube during limb development®*;and SORBS2,
encoding an adapter protein involved in AChR cluster formation in
mouse’. pySCENIC transcription factor activity inference further con-
firmed the distinction between NMJ and NM]J accessory, highlighting
thatthe ETV4and ETVS (ref. 55) Transcription factors known to induce
synapse formation were almost inactive in NMJ accessory (Extended
Data Fig. 4i,j). Interestingly, NMJ accessory increased with age, both
inour dataset and in publicly available human quadriceps nuclei data
(Fig. 3e and Extended Data Fig. 5b,c). By co-staining CHRNE (NMJ nuclei)
and GRIA2 (NM]J accessory) with RNAscope probes, we observed groups
of nuclei with co-localization of these transcripts in aged donor tis-
sue sections, which were rare in young ones (Fig. 3k). NMJ accessory
also expressed more slow-twitch rather than fast-twitch MF markers
(Extended Data Fig. 5d), which was also evident from RNAscope stain-
ing (Fig. 3k and Extended Data Fig. 5e; NMJ accessory in fast-twitch MFs
was rarely present—data not shown). Using immunofluorescence, we
identified SORBS2* nuclei directly beneath the postsynaptic endplate
(as marked by a-bungarotoxin staining) at the NMJ (Fig. 31).

Tobetter understand the functionalimportance of the NMJ acces-
sory population, we cultured human myotubesin vitro, where they are
able to mimic different stages of AChR cluster formation even without
axonal stimulation®. We then used this myotube culture to perform
knockdown of two NMJ accessory markers, EFNAS5 and SORBS2. Both
knockdowns led to a marked decrease of AChR clusters at all stages
of aggregate assembly (Fig. 3m and Extended Data Fig. 5f), whereas
overexpression of EFNAS on its own was sufficient to promote AChR
cluster formation (Fig. 3n). Overall, this suggests that NMJ accessory
increases with age to support NMJ re-innervationin aged MF (Fig. 30).
We also observed a subset of denervation signature genes® in NMJ
accessory nuclei; however, they were not exclusive to NMJ accessory
(Extended DataFig. 5g).

Mechanisms countering fast-twitch MF loss in aging
MFs have differential susceptibility to aging depending on their type:
fast-twitch MFs are more vulnerable than slow-twitch ones*®. Here,
we combined information about MFs and nuclei comprising them to
compare their dynamics with age (Fig. 4a). For the MF, we used immuno-
fluorescence staining of myosin heavy chain proteins (Fig. 4b) followed
by automaticimage analysis (Extended Data Fig. 6a,b and Methods) to
distinguish slow-twitch (type I, MYH7"), fast-twitch (type lIA, MYH2",
and type lIX, MYH1") and hybrid (type lIA-1IX and MYH2*MYHI") MFs.
We then scored the expression of the same genes in the nuclei and were
able to separate three pure nuclei types, with exclusive expression of
MYH7", MYH2" or MYHI", as well as four hybrid types, MYH2 MYHT",
MYH7 MYHI', MYH7'MYH2" and MYH7' MYH2'MYHI' (Fig. 4d and Sup-
plementary Table 5).

As expected, fast-twitch MFs displayed reduced heterogeneity
in aged compared to young intercostal muscles as determined by

immunofluorescence (Fig. 4b). Both slow-twitch and fast-twitch MFs
decreased in cross-sectional area, with type IIA MFs exhibiting the
greatest reduction in size (Extended Data Fig. 6¢,d). Detailed MF typ-
ingrevealed that type IIX MFs almost completely disappeared inaged
individuals; type lIA and hybrid IIA-11X did not significantly change;
and typelincreased in proportion (Fig. 4c, Extended Data Fig. 6e and
Supplementary Table 5).

At the nuclei level, MYHI" nuclei (type 11X) had a tendency to
increase (Fig. 4e and Extended Data Fig. 6f), even though the type
IIX MFs that are expected to contain these nuclei almost disappeared
withage. This may point toinitiation or increase of MYHI expressionin
other MF types (suchastypel (MYH7") and type Il (MYH2")) and acqui-
sition of an early hybrid phenotype. By combining staining of MYH7
proteintogether with MYHI and MYH2RNA (Extended DataFig. 6g), we
observed anumber of nucleiin aged slow-twitch (MYH7") MFs express-
ing fast-type mRNAs MYH2and MYHI (Fig. 4f and Extended Data Fig. 7a).
These fast type mRNAs were even found in the cytoplasm (Fig. 4f and
Extended DataFig. 7a), a sign of hybrid MF, which was not observedin
young skeletal muscle. Notably, slow-type (MYH7") nuclei were located
only inslow-twitch MFs (Extended Data Fig. 6h). Together, this points
to a‘slow-to-fast’ myonuclear shift in aged skeletal muscle, which can
beanintermediate stage toward a hybrid MF phenotype. Interestingly,
changes within slow-twitch MF were accompanied by an increase in
glycolytic enzyme expressioninthe cytoplasm (as estimated using MF
fragments) and adecrease in the nuclear expression of PPARGCIA, akey
mitochondrial biogenesis gene (Extended Data Fig. 7b). This agrees
with previous proteomics data*® butis unexpected given the oxidative
nature of slow-twitch MF metabolism. We also observed anincreasein
MYHI'RNAinside the nuclei and cytoplasm of MYH2" MFs (Fig. 4g and
Extended Data Fig. 7c), pointing to an additional ‘fast I1A-to-fast I1X’
nuclear shift. The appearance of such hybrid states may be aresponse
to aloss of fast-twitch MF in aging.

MYH8" myocyte-mediated regeneration may represent another
mechanism countering fast-twitch MF loss. In particular, MYH8* myo-
cytes were an intermediate state in the trajectory from MuSC to MF,
predominantly connecting to fast-twitch MF (Extended DataFig. 7d,e).
Thisis consistent with fetal MYH8 being described as amarker of mus-
cle regeneration®’. MYH8" myocytes also expressed a much higher
level of fast-twitch rather than slow-twitch MF structural genes and
increasedin proportion withage (Fig. 4h,iand Supplementary Table 5),
asrecently reported®’. Immunofluorescence staining confirmed that
MYHS expression significantly increased with age (Fig. 4j) and pre-
dominantly occurred in fast-twitch MFs (Fig. 4k). Moreover, nearly
10% of MYH2' fast-twitch MFs had centralized nuclei (Fig. 41), asign of
regeneration. Thisis similar to a process identified in Duchenne mus-
cular dystrophy where atrophic fast-twitch MFs regenerate by de novo
expression of embryonic myosin heavy chain 3 (MYH3).

Insummary, our data suggest two putative mechanisms counter-
ing fast-twitch MF loss: a ‘slow-to-fast’ myonuclei shift and anincrease
in fast-twitch MF regeneration via MYH8" myocytes (Fig. 4m).

Fig.3|Integrated single-cell and single-nucleus MF atlas. a-c, UMAP
visualization of MF populations obtained fromintegrated (b) or separate SnRNA-
seq (a) and scRNA-seq (c). Hyb, hybrid; fg, fragments. d, Pie charts illustrating
the average ratio of spliced and unspliced transcripts in MF nuclei and cells
(fromaand c) in comparison to non-MF ones. e, Beeswarm Milo plot showing
the distribution of log,(FC) in cell abundance with age across neighborhoods of
myonuclei populations. Significantly differentially abundant neighborhoods
are colored (donor 343B was omitted from analysis due to abnormally high
proportion of II-OTU state (interquartile range (IQR) outlier)). f-i, Marker gene
profiles of paired FAM189A2" (f) and OTUD1' (h) states. RNAscope staining of
their marker genes on FFPE sections of intercostal muscle (g, three young versus
three aged donors; i, three young versus two aged donors). I-FAM nuclei were
also manually quantified (g, right). Pvalue: unpaired two-tailed ¢-test. Scale bar,
50 pm. j, Dot plot of NMJ and NM]J accessory (acc.) marker genes. k, RNAscope

staining of NMJ accessory (inyellow circle) on intercostal muscle FFPE sections
(two young versus three aged donors). Scale bar, 10 pm. I, Immunofluorescence
staining of a-bungarotoxin (a-BTX) and SORBS2 on teased human

intercostal muscles (one young versus two aged donors). Scale bar, 10 pm.

m,n, Immunofluorescence of AChRs on cultured human myotubes after siRNA
knockdown of EFNAS (m, left, 13 si-EFNAS versus eight Scramble control fields)
and overexpression of EFNAS (n, left, eight OE-EFNAS versus 11 control fields).
AChRs on different stages of cluster formation (dotted to plaque to branched)
were quantified by Fiji. Pvalue: unpaired two-tailed ¢-test. Scale bar, 50 um. Both
experiments inm and n were performed twice with similar results. 0, Schematic
diagram showing NMJ accessory-mediated pro-survival mechanism against NMJ
aging. All data presented in bar plots (g,m,n) are mean + s.e.m. with individual
data points shown. *P < 0.05; **P < 0.01; ***P < 0.001. The exact Pvalues are shown
inthe Source Data.
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The human skeletal muscle microenvironment in aging

To further investigate the aging muscle microenvironment, we sepa-
rated and finely annotated major cell populations, includingimmune
cells, fibroblasts, Schwann cells, endothelial cells and SMCs (Supple-
mentary Note 4, Extended Data Figs. 8 and 9a and Supplementary
Table 6), and used Milo*® to study changes in cellular neighborhoods
with age.

We found that B cells, T cells and NK cells accumulated with age,
whereas M2 macrophages decreased (Fig. 5a). Immunofluorescence
confirmed that T and NK cells increased with age across individuals
(Fig. 5d-f and Extended Data Fig. 9b). In parallel, we also performed
15-pleximmunofluorescence staining on young and aged muscle sec-
tions using the RareCyte® commercial panel of ArgoFluor-conjugated
antibodies to visualize subtypes of immune cells, vascular cells and
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Fig. 4 |Mechanisms countering fast-twitch MF loss in aging. a, Schematic
diagram of the current understanding concerning the general categories of
muscle fibers and their respective nuclei. Illustration was created with BioRender.
com. b,c, Immunfluorescence staining (b) and proportional changes (c) of
different MF types in human intercostal muscles (seven young versus four aged
donors). Scale bar, 100 pum. Pvalue: unpaired two-tailed t-test. d,e, Three-
dimensional scatter plots of myonuclei types based on expression of MYH1
(xaxis), MYH2 (y axis) and MYH7 (z axis) from snRNA-seq (Methods; unclassified
populationis not displayed, d) and their proportional changes (e) in aging (five
young versus five aged donors). Three donors (502B, 582C and 583B) with a high
proportion (>75%) of unclassified populations were discarded. Pvalue: unpaired
two-tailed t-test. f,g, Joint RNAscope (MYHI and MYH2) withimmunofluorescence
(MYH?) highlights upregulation of fast-type mRNA (especially MYHI) within
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(five young versus seven aged donors). Pvalue: unpaired two-tailed ¢-test.
J,Immunofluorescence (left) and area quantification (right) of MYH8 on teased
humanintercostal muscles (six young versus six aged donors). Pvalue: unpaired
two-tailed ¢-test. **P < 0.01. Scale bar, 100 um. kI, Co-immunofluorescence of
MYH7, MYH2 and MYHS8 on skeletal muscle cross-sections with lower (k) and
higher (I) magnification. Bar plots illustrate proportion of MYH2* MFs with
centralized nuclei relative to all MYH2" MFs (five young versus four aged donors).
Arrows pointto MYH8* MFs. Scale bar ink, 50 pm. Scale bar in 1,10 um. Pvalue:
unpaired two-tailed ¢-test. *P < 0.05. m, Diagram illustrating different putative
mechanisms of MF aging. All datain c,e,i,jand lare mean +s.e.m. with individual
data points shown. The exact Pvalues are shown in the Source Data.
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Fig. 5| The human skeletal muscle microenvironmentin aging. a-c, Beeswarm
Milo plots showing the distribution of log,-transformed fold change in cell
abundance with age across neighborhoods of cells in the microenvironment.
AdVFB, adventitial fibroblasts; EnFB, endoneurial fibroblasts; PnFB, perineural
fibroblasts.d, Co-immunofluorescence of CD3 and laminin on fresh-frozen
sections. Bar plot showing number of CD3" cells per field (four young versus six
aged donors). Scale bar, 10 um. P: unpaired two-tailed t-test. *P < 0.05. e, Subset
of four markers from a15-plex RareCyte protein panel indicating proximity
between CD4" T cells and CD31" vessels (two young versus two aged donors).
Scale bar, 40 pm. f, Co-immunofluorescence of NKG7 and laminin on fresh-frozen
sections. Bar plots show the number of NKG7* cells per mm? (three young versus
four aged donors). Scale bar, 10 pm. P: unpaired two-tailed t-test. *P < 0.05.

g,h, RNAscope (g) and bar plot (h) showing number of LYVEI cells per field on
FFPE sections (two young versus two aged donors). Scale bar, 50 pm. P: one-way

ANOVA test. ***P < 0.001. i,j, Co-immunofluorescence of ACTA2 and laminin on
fresh-frozen sections (i) and bar plot illustrating proportion of MFs with O (none),
1,2,3 or more ACTA2" cells surrounding them (j) (three young versus three aged
donors). Scale bar, 50 um. P: unpaired two-tailed ¢-test. *P < 0.05. k, Dot plot
illustrating aging changes of chemokine and interleukin genes. Significant genes
were defined based on direction of change, proportion of cells >0.05 and LTSR
(significance) > 0.9.1, Co-immunofluorescence of ACTA2 and CCL2 on FFPE
sections. Bar plot shows percentage of CCL2*ACTA2" cells (two young versus

two aged donors). Scale bar, 50 um. Pvalue: one-way ANOVA test. ***P < 0.001.
m, CellPhoneDB analysis of cell-cell interactions mediated via CCL2 produced
by various cell types in the microenvironment. Emitter (ligand) cells: leftmost;
receiver (receptor) cells: rightmost. FB, fibroblast. Alldataind,f,h,jand l are
mean + s.e.m. with individual data points shown. See the Source Data for exact
Pvalues.
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fibroblasts (Extended DataFig. 9c). This confirmed anincreasein both
CD4" T cells and CD8" T cells in the aged skeletal muscle, which were
often concentrated around blood vessels (Fig. 5e). At the same time,
anti-inflammatory M2-like LYVE1" macrophages detected with LYVE1
RNAscope probes decreased with age (Fig. 5g,h), consistent with a
recent mouse study®’ showing a decrease inanti-inflammatory signals
inthe aged muscle.

Among the stromal populations, adventitial fibroblasts and peri-
neural fibroblasts increased most strongly with age (Fig. 5b). At the
same time, myelinating and non-myelinating cell, ParFB and InterFB,
tenocyte and endoneurial fibroblast populations decreased (Fig. 5b).
Loss of both types of Schwann cells is detrimental and can contribute
to axonal and NMJ deterioration®. Finally, in the vasculature, CCL2*
VenEC (VenEC_CCL2") showed the largest increase with age, followed
by CCL26" pericytes (Pericyte_CCL26"). Most of the SMC populations,
pericytes and some arterial and capillary endothelial cells tended to
decrease with age (Fig. 5c). This was confirmed by areduction of capil-
laries surrounding MFs using both immunofluorescence staining of
ACTA2 (Fig.5i,j) and RareCyte staining of CD31 (Extended Data Fig. 9d).
Although we confirm a general decline in tissue vascularization as
previously described®, our findings suggest that SMCs and pericytes
are the most affected as opposed to endothelial subsets.

To further clarify the influence of aging muscle microenviron-
ment, we performed aging DEG analysis on cell types comprising
the muscle microenvironment (Supplementary Table 3), paying
particular attention to chemokines and cytokines. Strikingly, several
cell populationsinthe aging muscle either significantly upregulated
orhadatendency towardincreased expression of CCL2 (Fig. 5k). CCL2
isthe major pro-inflammatory and monocyte/macrophage-attracting
cytokine known to be activated in muscle injury®*¢, Indeed, we found
that CCL2 expression was greatly increased in the small capillaries
and in the SMCs of the large blood vessels with age (Fig. 5I). Cell-
PhoneDB® analysis predicted that several microenvironment pop-
ulations (fibroblasts, MuSCs, arterial endothelial cells, SMCs and
pericytes) could produce CCL2 and attract monocytes, cDC2 and
plasma cells to the aging muscle viaboth CCR2 and CCR10 receptors
(Fig.5m).In addition to the pan-microenvironment upregulation of
CCL2,we alsonoted anincrease in CCL3, CCL4 and CXCL8, whichwas
restricted to immune cells (Fig. 5k). For instance, CCL3 and CCL4,
increasingly produced with age by CD14" monocytes, macrophages
and NK cells, were predicted to attract arange ofimmune cells, includ-
ing monocytes, macrophages, different types of DC, plasma and B
cells as well as eosinophils and neutrophils (Extended Data Fig. 9e).
In contrast, CXCL8 was predicted to exclusively attract neutrophils
(Extended Data Fig. 9e). Finally, we noted anincrease in the expression
of the pro-inflammatory cytokine /L6 in several microenvironment
cell types, coupled with a decrease in the anti-inflammatory /L10 in
immune cells (Fig. 5k).

Insummary, we observed an inflammatory state of aged muscle,
exemplified by immune cell infiltration and increased production
of pro-inflammatory cytokines. The increase in cytokine expression
across multiple stromal cell types with age may be partially responsible
forimmune cell invasion.

Common skeletal muscle aging changes in human and mouse
To identify the common aging hallmarks across different species
and muscle types, we integrated our in-house generated human and
mouse skeletal muscle scRNA-seq data with two previously pub-
lished human'>" and four mouse healthy, non-perturbed single-cell
resources'®*>*** The integrated dataset comprised 346,296 cells,
contained samples from 33 human donors (19-84 years old) and 31
mice (1-30 months old) and covered over 13 different types of muscles
(Fig. 6a, Extended Data Fig.10a-d and Supplementary Table 7).

Dueto thelarge differencein cell type abundance between human
and mouse datasets, we focused on investigating cell-type-specific

aging DEGs in both species for common signals (Methods). We found
onaveragealarger number of aging DEGs in human compared to mouse
skeletal muscle (Fig. 6b and Supplementary Table 7). Most cell types
in both species displayed more downregulated genes than upregu-
lated ones. The consistency in aging DEGs between human and mouse
ranged from1%to19% according toJaccard similarity index (Fig. 6cand
Methods). Thisrange includes 4.7% overlap inaging DEGs between bulk
human and mouse skeletal muscle aging datasets (calculated based
on the data from Zhuang et al.*®). Downregulated aging DEGs were
more consistent between species than the upregulated ones (Fig. 6¢),
emphasizing that downregulation is a conserved aging mechanism
across species, as noted previously®. At the same time, immune cells
tended to have larger consistency inthe upregulated genes compared
to other cell types (Fig. 6¢; immune cells are highlighted in red). This
may reflectactivation of gene expression programs that contribute to
age-related inflammation.

Next, we performed the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis on aging DEGs from
both species to explore pathways consistently upregulated or down-
regulated with age in the same cell types (Fig. 6d). Immune-related
pathways, such as phagosome synthesis, antigen processing and pres-
entation, complement cascade and coagulation, were consistently
enrichedinseveral celltypes of both species. This further emphasizes
increased inflammation during muscle aging. In contrast, pathways
involved in muscle growth, structural integrity and innervation, such
as PI3K-Akt pathway, focal adhesion and axon guidance, were depleted
with age (Fig. 6d and Supplementary Table 7).

We next focused on pro-inflammatory genes (Fig. 6e). Of note, the
increase intheimmune-attracting cytokine CCL2in the human skeletal
muscle was not replicated in the mouse single-cell data in the resting
aged state, which differs from the senescent state induced upon injury”
(Fig. 6e). At the same time, other pro-inflammatory molecules, such
as the chemokines CXCL3, CCL17 and interleukin /L1B, together with
inflammasome NLRP3, showed ageneral increase in monocytes, mac-
rophages, cDC2and B cellsinboth species (Fig. 6e and Supplementary
Table 7), further providing evidence for an increase in inflammation
with age. Interestingly, we observed an increase in pro-inflammatory
IL6 within multiple vascular (SMCs, pericytes and a trend in arterial
endothelial cells) and stromal cells (tenocytes and fibroblasts) of both
species (Fig. 6e). The increased production of IL-6 by fibroblasts was
reported toinhibit IGF-1(ref. 71), animportant pro-growth factor that
facilitates muscle regeneration. Indeed, IGF-1 expression was signifi-
cantly decreased in fibroblasts in both species (Fig. 6e), indicating a
reduction of muscle repair in aging.

Together, the above pathway and gene-level analyses suggest that
anincrease in inflammation and decrease of pro-growth, repair and
muscle innervation are common features of skeletal muscle aging of
bothspecies. However, inflammation can be orchestrated via different
celltypes or cytokines, emphasizing the need for studying the muscle
aging process in humans.

Discussion

Although single-cell genomics studies have provided many insights
into aginginrodent tissues, studies of human tissues are still limited.
The small number of human studies have yielded interesting insights
into, for instance, aging of pancreas’, skin”, retina™ and bone mar-
row”. Thebottleneck for humanstudiesis the limited access to healthy
humantissue across thelifespan. Thereis also an additional challenge
for skeletal muscle tissue, as it requires different types of single-cell
processing for optimal capture of all cell types. In the present study, we
combined scRNA-seq and snRNA-seq to build ahuman skeletal muscle
agingatlas thatincludes both MuSCs and MF nuclei as well as cells from
the microenvironment. We annotated 40 major and 82 fine-grained
cell and nuclei states, providing deep and detailed insights that
go beyond previous studies'*'*72132,
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Fig. 6| Common skeletal muscle aging changes in human and mouse.

a, UMAP plot showing main cell populations in the integrated human and mouse
skeletal muscle dataset of 346,296 cells, including our muscle aging atlas as well
as six other publicly available resources. b, Bar plots showing the number of
significantly upregulated and downregulated DEGs in mouse and human across
different cell types. ¢, Heatmap showing consistency of the DEGs within the same
cell type in human and mouse for upregulated (left) and downregulated (right)
genes. Consistency was calculated using Jaccard similarity index. Immune cells
showcase the highest similarity among cell type groups and are highlighted in

red. d, Scatter plotillustrating the number of cell types that show simultaneous
humanand mouse age-related enrichment in the given KEGG pathway. Pathways
are ordered according to the number of enriched cell types. Pathways enriched
in cell-type-specific upregulated genes are shown in the top half (y > 0) versus
ones showing enrichment in downregulated genes displayed in the bottom half
(y<0).e, Dot plot showing species-common and species-specific aging DEGs in
human and mouse. Dot size represents proportion of cells in aged group, color
represents log,(FC) in young versus aged. Significant genes were defined based
ondirection of change, proportion of cells >0.05 and LTSR (significance) > 0.9.

Fromourin-depthanalysis, we identified aging mechanisms acting
in parallel across different cell compartments. In the MuSC compart-
ment, we found downregulation of ribosome assembly resulting in
decreased MuSC activation as well as upregulation of pro-inflammatory
pathways, such as NF-kB, and increased expression of cytokines, such
as CCL2. In the MF microenvironment, we found several cell types that
expressed pro-inflammatory chemokines, such as CCL2, CCL3 and
CCL4. These cytokines may mediate the recruitment of lymphoid cells
into muscle and the pro-inflammatory environment of aged muscle.
Moreover, our cross-species and cross-muscle integrated aging atlas

highlights an overall downregulation in gene expression, an increase
ininflammation and a decrease in pro-growth, repair and innervation
pathways. Pan-microenvironment upregulation of CCL2with age was not
recapitulated in mice, suggesting aninteresting human-mouse distinc-
tionin orchestration ofinflammation. However, although we have done
ourbest to validate our findings onanindependent patient cohort (which
did not undergo ventilation), it is still possible that CCL2 upregulation
isaresult of biological confounder (comorbidity or ventilation effect).

Fast-twitch MFs are more susceptible to atrophy in aging compared
to slow-twitch ones, and several mechanisms have been proposed as
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explanations for this phenomenon’®. Usingimmunofluorescence-based
MF typing, we confirmed almost complete loss of fast-twitch IXMF in
theintercostal muscle with age, but this loss was not replicated on the
nuclei level. This apparent contradiction is due to the appearance of
fast-type lIX nuclei withinboth slow-twitch and fast-twitch 1A MF with
age.Wealso observed increased expression of fetal MYH8 in fast-twitch
MF withage, whichis asign of aregenerative process. Both mechanisms
are likely to represent compensatory changes in response to the loss
of fast-twitch MF (type IIX) with age and can be a potential therapeutic
target for reducing muscle aging.

Anotherimportant mechanism for MF degenerationand atrophy
with age is loss of innervation. Higher efficiency of slow-twitch as
opposed to fast-twitch MF re-innervation was suggested to contrib-
ute to the differential aging susceptibility of the two MF types. We
observed a degeneration of NMJ in intercostal muscles, as judged
by the decreased number of AChR clusters and a marked decline in
protective terminal Schwann cells. Interestingly, we also describe
a previously unreported type of NMJ accessory nuclei, which tend
to co-localize with NMJ and increase considerably with age both in
our intercostal and the published quadriceps muscle datasets. Our
in vitro functional experiments knocking down and overexpressing
NM]J accessory-specific genes show that these genes aid in the forma-
tion of AChR clusters, which form an essential part of the postsynaptic
membrane. Hence, we propose that NMJ accessory may contribute
to the re-innervation process. This is especially interesting in light of
higher expression of slow-twitch MF markers within the NMJ acces-
sory population. Another possibility is that NMJ accessory- nuclei
representadenervation state, as NMJ often undergoes repeated cycles
of denervation-re-innervation with age’. Overall, we cannot exclude
that NM]J accessory both responds to denervation and stimulates the
re-innervation of NMJ. Moreover, due to the structural complexity of
the NM]J area—that is, densely packed nuclei—it is not always easy to
distinguish NMJ and NM]J accessory in the same postsynaptic endplate.
More precise spatial mapping of NMJ accessory will be a key task for
future investigations.

Our study design has some limitations, such as exposure of organ
donors to ventilation (which did not vary between age groups) and a
relatively small sample size, which precluded detailed investigation
of confounding biological covariates, such as sex, BMI or exercise.
Moreover, due to limitations in sample availability, we included a few
specimens from middle-aged donors (approximately 50-60 years
old) and mice at 19 months of age, which do not qualify as geriatric but
already showed some aging features. Future effortstoincorporate data
from a broader range of sources will help clarify biological changes
between the extremes of young compared to aged humans and mice.
However, the use of large biopsies from organ donors ensured minimal
ischemic time and enabled multiple assays (SCRNA-seq/snRNA-seq
and imaging) on the same tissue piece, generating high-quality data.
Thisallowed usto generate anintegrated transcriptomics and imaging
dataset that provides a global overview of muscle aging biology and
lays strong foundations for future studies of this process.

Methods

Experimental methods

Access to human and mouse tissue and ethics. Single-cell transcrip-
tomics. Human intercostal muscle samples (inner part between the
second and third ribs) for scRNA-seq and snRNA-seq were collected
with consent from deceased transplant organ donors by the Collabo-
rative Biorepository for Translational Medicine (CBTM), immediately
placed in HypoThermosol FRS preservation solution and shipped to
the Sanger Institute for processing. Ethical approval was granted by the
Research Ethics Committee (REC) East of England-Cambridge South
(RECref.15/EE/0152), and written informed consent was obtained from
the donor families. Full metadata information for the organ donors
is provided in Supplementary Table 1. Three 19-month-old and five

3-month-old male mice of the C57BL/6)JRj strain were obtained from
Janvier Labs. Allmice were housed in micro-isolator cages instandard
housing conditions (ambient temperature of 20-23 °C and humidity of
40-60%), illuminated from 07:00 to 19:00 with ad libitum access to diet
and water, under establishment licence number X3A0OED725 provided
by the Home Office. They were used to dissect hindlimb muscles for
the single-cell and single-nucleus isolation.

Adult tissue from the UK for validation experiments. The same
intercostal muscle samples collected with consent from deceased
transplant organ donors (partially overlapping with the set of donors
used for scRNA-seq/snRNA-seq) by the CBTM were used for experi-
mental validations.

Fetal and adult tissue from Chinafor validation experiments. Adult
humanintercostal muscle biopsies were collected during thoracic sur-
geries at Sun Yat-sen Memorial Hospital under approval of the REC of
Sun Yat-sen University (no.2018-048). For isolation of human primary
myoblasts, lower limb muscles were collected from one medically
aborted embryo at post-conceptional week19 at Guangzhou Women
and Children’s Medical Center with ethicalapproval licence granted by
both the REC of Sun Yat-sen University (no.2019-075) and Guangzhou
Women and Children’s Medical Center (no.2022-050A01). Both mate-
rials were registered at the China National Center for Bioinformation
(PRJCA014979) and were approved by the Chinese Ministry of Science
and Technology for the Review and the Approval of Human Genetic
Resources (2023BAT0735). Appropriate writteninformed consent was
obtained fromeach adult patienttoretrievea0.5cm x 0.5cm x 0.5cm
muscle biopsy together with resected tissue (usually tumor). Informed
consent was also obtained from the mother after her voluntary decision
tolegally terminate pregnancy but before the abortion. Before termi-
nating pregnancy, both the mother and the embryo were diagnosed as
healthy with no underlying diseases. Participants were not financially
compensated. The detailed metadatafor the eight organ donors (UK),
40 patients (China) and one embryo used for validation experiments
are provided in Supplementary Table 8.

Single-cell/single-nucleus sample processing. Skeletal muscle tis-
sue was processed accordingto the following protocols for single-cell
andsingle-nucleusisolation from skeletal muscle deposited at https://
www.protocols.io/ (refs. 77,78). In brief, muscle tissue was minced,
digested in a solution of Collagenase Il (Worthington Biochemical,
LS004176) and Dispase (Gibco,17105041). The lysate was centrifuged
in the gradient of Percoll to recover a fraction with single cells. For
single-nucleus isolation, muscle tissue was ground using a dounce
homogenizer and lysed in the nuclei lysis buffer, and, finally, Percoll
gradient was used to separate intact nuclei and cell debris. For the
scRNA-seq experiments, either 8,000 live cells or 8,000 intact nuclei
were loaded per sample into a Chromium Controller (10x Genomics),
andaSingle Cell 3’ v2 or v3 Reagent Kit was used to create GEM, perform
cDNA synthesis and generate sequencing libraries. The libraries were
sequenced on an Illumina HiSeq 4000 or aNovaSeq 6000 platform.

Skeletal muscle biopsy processing for FACS. Freshly obtainedinter-
costal muscle biopsies were minced with fine scissors and digested at
37 °C for 60-90 min with gentle shaking in 10 ml (per gram of tissue)
of solution containing 2.5 U mI™ Dispase Il (Roche, 4942078001) and
1mg ml™ Collagenase B (Roche, 11088815001) supplemented with
5 mM MgCl, and 2% penicillin-streptavidin (Gibco, 15140122). Diges-
tion was stopped with 10% FBS and 2 mM EDTA solution in PBS, and
tissue suspension was sequentially filtered through 100-pm (Falcon,
352360) and 40-pum (Falcon, 352340) strainers to get the single-cell sus-
pensions. After centrifugation and reconstitution, cells were adjusted
to 2 x10°%-7.5 x 10° cells per milliliter with FACS buffer (2% FBS in PBS)
and incubated with fluorophore-antibody cocktails (Supplementary
Table 9) for 30 min to sort TNF* MuSCs (CD31'CD82*CD56 ' TNFRSF
12A*) and ICA* MuSCs (CD31°'CD82'CD56 ' ICAMLI"). Cells were sorted
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and analyzed with aBD Influx cell sorter, and data were analyzed with
FlowJo (version10.4) software.

Dissociation of human primary myoblasts and cell culture. Human
intercostal muscle biopsies were digested as described in FACS to
obtainsingle-cell suspension. After centrifugation and repeated wash-
ing, cellswere pre-platedin a10-cmgelatin-coated (gelatin, STEMCELL
Technologies, 07903) cell culture dish for 40 min to get rid of fibro-
blasts. After pre-plating, the cell supernatant was gently transferred
to anew cell culture dish to enrich primary myoblasts and kept in the
incubatorat 5% CO,and 37 °C.

Immunfluorescence. The detailed antibody information forimmuno-
fluorescenceis providedin Supplementary Table 9, and quantifications
were performed using either Fiji software or custom image analysis
pipeline (for MF).

For MF,immune and vasculature cell type stainings, fresh-frozen
blocks of muscle biopsies (obtained from Chinese patients) were
used. Tissue sections were fixed with 4% paraformaldehyde (PFA) and
incubated in citrate buffer (pH 6.0) in a pressure cooker to perform
heat-activated antigen retrieval. Sections were then blocked with
10% AffiniPure Fab goat anti-mouse IgG (Jackson ImmunoResearch,
115-007-003) for 60 min and 5% normal goat serum (Jackson Immu-
noResearch, 005-000-121) for 30 min, respectively. Next, they were
incubated with primary antibodies at 4 °C overnight followed by incu-
bation with secondary antibodies for 1 h at room temperature. After
staining with DAPI, sections were mounted with fluorescence-saving
mounting medium (Millipore, 345789) andimaged withaDMi8inverted
microscope (Leica Microsystems) or scanned with a digital pathology
slide scanner (KFBIO, KF-FL-400).

Co-staining of CCL2 and ACTA2 was performed on formalin-fixed
paraffin-embedded (FFPE) blocks of muscle biopsies obtained from
the organdonorsinthe UK. The stainings were performed using auto-
mated Leica Biosystems BOND RX, and all sections were baked and
dewaxed and subjected to heat-induced epitope retrieval enzyme
2 for 15 min at 95 °C. After incubation with primary antibodies, sec-
tions were first incubated with HRP-conjugated goat anti-mouse IgG
and visualized with fluorophore Opal 570 for ACTA2 and stained with
DAPI. After blocking HRP activities, sections were then incubated with
HRP-conjugated goat anti-rabbit IgG and visualized with fluorophore
Opal 650 for CCL2. Slides were imaged using a Hamamatsu S60 slide
scanner at x40 magnification, and images were visualized with OMERO
Plus (Glencoe Software).

The same FFPE blocks from organ donors were used to perform
15-plex RareCyte immunofluorescence staining (two young versus
two aged donors). The blocks were sectioned at 5-pum thickness,
mounted on Superfrost slides and dried at 60 °C for 20-60 min to
adherethemtotheslides. Sections wereincubated with a15-plex cock-
tail of custom-formulated ArgoFluor-conjugated antibodies (RareCyte)
according to the manufacturer’s instructions, and Hoechst was used
to stain nuclei. The stained slides were imaged using the RareCyte
Orion platform with seven lasers and pre-processed using RareCyte
Artemis 4.0 software, which compensates for channel crosstalk and
autofluorescence.

RNAscope. RNAscope staining for markers of MF nuclei populations
and macrophage marker LYVEI was performed on FFPE sections from
organdonorsacquired in the UK. RNAscope LS multiplex fluorescent
reagentkit (ACD, Bio-Techne) and automated Leica Biosystems BOND
RX were used for the staining, as per the manufacturer’s instructions.
All sections were baked and dewaxed and subjected to heat-induced
epitope retrieval enzyme 2 for 15 min at 95 °C and 15 min of protease
Il before staining. The detailed probe information can be found in
Supplementary Table 9. For dual RNAscope and immunofluorescence
staining, the sections were then stained with anti-MYH7 antibody

(Developmental Studies Hybridoma Bank, BA-F8, 1:14). Confocal
imaging was performed on a PerkinElmer Operetta CLS High Content
Analysis System using a x20 (numerical aperture (NA) = 0.16,0.299 um
per pixel) water immersion objective with a 9-11 z-stacks 2-um step.
Confocal image stacks were stitched as individual z-stacks using pro-
prietary Acapellascripts provided by PerkinElmer and visualized using
OMERO Plus. The quantifications of LYVEI" cells were analyzed using Fiji.

NM]J accessory nucleiidentification. NMJ endplates were defined
based onthe characteristic clustering of the nuclei reminiscent of NMJ,
whichalsohad anexpression of CHRNE. To be noted, while performing
RNAscope with GRIA2 and CHRNE probes, we found some RNA punc-
tate (as compared to negative control staining) in MF cytoplasm and
non-synaptic nuclei. This can be due to either biological mechanisms
that have not been identified or non-specific staining that was more
frequent on FFPE sections.

Differentiation of human primary myoblasts and induction of AChR
aggregation. Purified embryonic myoblasts were grownin DMEM/F-12
cell culture medium containing 20% FBS, 10 ng ml™ human basic fibro-
blast growth factor and 1% penicillin-streptavidin. For myogenic dif-
ferentiation, cells at 80% confluence were changed to DMEM/F-12
medium containing 2% house serum and 1% penicillin-streptavidin,
and myoblasts were differentiated to myotubes within 2-3 d.

For differentiation and AChR aggregation induction, cells were
seeded insix-well cell culture plates pre-coated with 10 pg ml™ natural
mouse laminin (Gibco, 23017015) in DMEM/F-12 at 37 °C for at least 4 h.
Uponreaching 80% confluence, cells were switched to differentiation
media. On day 2 of myogenic differentiation, cells were firstincubated
with 200 pl of 10 pg miI™ laminin for 20 min and later supplemented
with 2 ml of differentiation medium to induce formation of mature
AChR clusters. Once myoblasts got differentiated into myotubes on
day 3, siRNAs targeting SORBS2 and EFNAS or plasmids expressing
EFNAS were transfected into the myotubes. Forty-eight hours after
transfection, myotubes were fixed with 4% PFA, washed with 0.5% PBST
and stained with 2 pug ml™ a-BTX followed by DAPI. Topological AChR
aggregates were visualized using the DMi8 inverted microscope and
quantified using Fiji.

Computational methods

Single-cell data pre-processing and integration. The 3’ v2 and 3’
v3 10x Genomics skeletal muscle sequencing data were aligned and
quantified using Cell Ranger version 3.1.0 with GRCh38-3.0.0 human
and mm10-1.2.0 mouse reference genomes. Pre-mRNA version of ref-
erence genomes was used for alignment of nuclei datasets. STARsolo
pipeline (based on STAR2.7.3) mimicking Cell Ranger 2.x.x with options
‘~soloFeatures Gene GeneFull Velocyto’ was employed to separate
spliced and unspliced counts, which were used to differentiate MF
fragments. The following single-cell data analysis and visualization
were mostly performed in Python (version 3) with some analysis done
in R (version 3.6.3 and version 4.0.4) with data.table (version 1.14.0),
ggplot2 (version 3.3.2) and ggpubr (version 0.4.0).

CellBender’ 0.2.0 was used to remove ambient RNA contamina-
tion from both single-cell and single-nucleus data with the following
parameters: n_epochs =150 and learning rate = 0.0001 (for some
samples, these were adjusted to 250 epochs and 0.00005 learning
rate). Scrublet® was used to identify potential doublets in each sam-
ple, and, after that, cells with scrublet score > 0.4 were filtered out as
doublets. Next, additional filtering was performed to discard potential
empty droplets and doublet cells using the custom thresholds for
number of genes and unique molecular identifiers (UMI) counts: for
cells (min 500 and max 5,000 genes, min 700 counts and max 50,000
counts), for nuclei (min400 and max 5,000 genes, min 500 counts and
max 400,00 counts). Cells with more than 10% and nuclei with more
than 5% mitochondrial genes expressed were removed as potential
low-quality cells.
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Scanpy Python package (version 1.7.2)* was used to load the
cell-by-gene count matrix and perform processing according to
the standard pipeline with modifications. Marker genes were iden-
tified using different approaches. In most cases, t-test was applied
to identify DEGs in the given cluster as compared to the rest using
sc.tl.rank_gene_groups (method = ‘t-test_overestim_var’, corr_
method = ‘benjamini-hochberg’); obtained P values were corrected
using the Benjamini-Hochberg method; and the top 100 genes were
considered. Alternatively, the scvi.model.SCVI.differential_expression
function was used to calculate DEGs between a particular cluster and
the reference using the Bayesian approach. This was used to better
call markers for specialized nuclei populations, such as I-FAM, I-OTU,
II-FAM, II-OTU and II-TNF. Specifically, DEGs were called by compar-
ing every specialized population to the conventional type I or type Il
MF cluster, respectively. Later, DEGs were further pre-filtered to have
log,-transformed fold change above 1, to be expressed in at least 10%
ofthe cellsand to have Bayes factor above 2. Finally, gene set overrep-
resentation analysis was performed on the marker genes using scanpy.
queries.enrich, awrapper for gprofiler® or Metascape web interface®.

Myonuclei typing was performed using single-nucleus expres-
sion measurements of MYHI, MYH2 and MYH7, which were scaled by
library size and log transformed; aminimum threshold of 0.5 was used
to classify myonuclei as expressing a particular gene. Myonuclei with
expression of all three genes below the 0.5 threshold and myonuclei
belonging to the subtypes of fragments (MF-Isn and MF-lIsn) or rare
Hyb type were deemed as ‘unclassified”.

Trajectory analysisto uncover intermediate stages between MuSC
and MF was performed using the Monocle2 R package (version 2.9.0)%".
The dataset for trajectory analysis was limited to MuSCs and MF cells
(coming from scRNA-seq) and the known genes important for mus-
cle differentiation: PAX7, MYF5, PDGFRA, MYOG, TPM1, MYH2, MYH3,
NCAMI, TNNTI1, TNNT2, TNNT3, TNNC1, CDK2, CCND1, CCNAI and ID1.

Integration of publicly available datasets. Throughout the study,
we integrated various public skeletal muscle datasets to strengthen
our findings, namely:

1. Wedownloaded pre-processed mouse MuSCs from the follow-
ing Gene Expression Omnibus datasets: GSE110878, GSE143476,
GSE134540, GSE138707 and GSE149590. We used these to
compare quiescent and activated human and mouse MuSC
subtypes.

2. Weobtained raw files and pre-processed and annotated the
de novo quadriceps muscle dataset from Perez et al.”° (follow-
ing the same pipeline that we used for in-house single-nuclei
data). We used it to compare the change in myonuclei popula-
tions with age between intercostal and leg muscle types.

3. We obtained pre-processed data from all human and mouse
skeletal muscle scRNA-seq studies available at the moment
of the analysis (human: GSE143704 and DRYAD (https://doi.
org/10.7272/Q65X273X) and mouse: GSE110878, GSE138707,
GSE134540 and GSE149590) to create a human-mouse inte-
grated aging atlas. Next, human and mouse datasets underwent
quality control filtering as described previously and concat-
enated into one object, retaining only homologous genes. The
scVImodel was used to produce an integrated embedding for
the data, using SamplelD as a batch and species, 10x chemistry,
muscle type and sex as categorical covariates.

Aging cell type composition analysis. With the aim to identify the
age effect on cell composition, we used two different approaches
depending on the size of the dataset and distinctness of the clusters.

1. Mixed-effect Poisson regression model was used to assess the
effect of age on cell type abundance in human.

Specifically, the effect of age on cell-type-specific counts was
modeled using the Poisson linear mixed-effect model account-
ing for the possible biological and technical covariates using
the ‘glmer’ function from the ‘lme4’ package in R. We provided
all of the factors as mixed terms (for instance, 1|X) as these
allow estimation of the coefficients despite the collinearity

of covariates. The effect of age and most of the covariates

were estimated as an interaction term with the cell type. The
log-transformed FC for every covariate was calculated relatively
to the grand mean and adjusted so its value is O when there is no
effect. Local true sign rate (LTSR) was used to estimate statisti-
cal significance, which denotes the probability that the estimat-
ed direction of the effect is true (see details on its calculation
for cell type composition analysis in ref. 85). LTSR ranges from
0to1l, where the higher value denotes higher probability. We
used LTSR > 0.9 as a cutoff to call significant age effect on cell
type compositions. It is worth noting that our dataset contains
two technical replicates (that is, 10x libraries) for a substantial
number of the single-cell and single-nucleus donor libraries

as well as one additional biological replicate for two donors’
single-nucleus libraries (Supplementary Table 1). However, it is
not currently possible to construct a model that hierarchically
decomposes donor effect into the effect of samples and also
models additional covariates. Hence, we chose to use the 10x
library as an individual replicate for the model fitting process.
We acknowledge that this can artificially increase the signifi-
cance for some of the results, and, therefore, we also provide
plotsillustrating the raw cell type proportion data showing the
average proportion for the samples in each donor in Extended
Data Figs. 1d-fand 2a-c.

The model fitted for major human cell types is (Fig. 1c):

Ncs ~ Age + (1|Celltype) + (1/Sample) + (1/]10x) + (1|batch) +
(Age-1|Celltype) + (1/10x::Celltype) + (1|batch::Celltype) +
(1|Sample::Celltype), where Ncs denotes the cell count of cell
type cin sample n; Age denotes age in years, scaled and centered;
Sample denotes 10x library ID; and batch denotes cells or nuclei.
MiloR (version 1.2.0) R* framework was used to detect aging
changes in the states within one or several cell types (for MuSC,
MF, immune, fibroblast and vascular cell types).

We preferred the Milo approach for smaller-scale datasets as

it provides more resolution for the change and is not limited

by the size of clusters and cell types. Specifically, we first
constructed a k-nearest neighbor (KNN) graph of cells (k was
adjusted depending on cell type, d = 30) using embedding
obtained after the application of the scVI model on a particular
cell type(s). Next, we sampled a representative group of cell
neighborhoods across the KNN graph and obtained a count ma-
trix with neighborhoods in rows and samples (that is, individual
10x libraries) in columns. To be noted, our dataset contains
two technical replicates (that is, 10x libraries) for a substantial
number of the single-cell and single-nucleus donor libraries

as well as one additional biological replicate for two donors’
single-nucleus libraries (Supplementary Table 1). After that, we
applied a negative binomial linear regression model to assess
the effect of Age on the number of cells in each neighborhood
from each sample (that is, 10x library) accounting for the 10x
chemistry and Sex effect. The significance was controlled for
multiple testing using weighted Benjamini-Hochberg correc-
tion®. We later assigned cell type labels to the neighborhoods
based on the cell type that contributed the majority of cells to
this neighborhood. If the most abundant cell type contributed
less than 70% of cells, the neighborhood was labeled as mixed
and filtered out. Additionally, if the neighborhood contained
more than 90% of cells from one donor, it was labeled as
‘Donor-specific’ and was filtered out.
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Aging differential gene expression analysis. We performed aging
differential gene expression analysis twice to identify age-associated
genes changingin every major cell type as well asin every subtype. With
that aim, we employed the linear mixed model as proposed®®, which
allowed us to account for various technical (10x chemistry and data
modality: scRNA-seq or snRNA-seq) and biological covariates (Donor,
Sex, Donor type (DBD or DCD), BMl and length of ventilation) to disen-
tangle the true effect of age. After fitting the model, a Bayes factor of
each covariate was calculated for every gene as described in the previ-
ousreport®, Later, Bayes factors were used to compute the posterior
probability and significance measure, LTSR (see section 1.3 of the Sup-
plementary Note for more details), for the influence of the factor on
every gene. The same model was also applied to test for age-associated
DEGs separately within each species (human and mouse) while using
muscle type and donor/mouse sex as biological covariates and 10x
chemistry and data modality (scRNA-seq or snRNA-seq) as technical
covariates.

To compare aging DEGs between species, we calculated the Jac-
card index, which denotes the ratio between the size of the intersec-
tion of two sets and their union. Next, we used the clusterProfiler R
package toidentify which KEGG pathways are enriched among aging
DEGs in every species. We used genes that have log, (FC) above 0 or
below O, LTSR greater than 0.9 and were expressed in at least in 5% of
cells in the relevant cell type to perform enrichment analysis. After
selecting significantly enriched pathways, we scored them based
on the number of cell types that showed simultaneous human and
mouse age-related enrichment (for log, (FC) > 0) and depletion (for
log, (FC) <0)inthem.

Cell-cell communication analysis. We used the CellPhoneDB algo-
rithm (version 3)” and database to obtain the list of all possible cell type
pairs and receptors that can interact through the following ligands:
CCL2,CCL3,CCL4and CXCL8.Normalized countdataand broad cell type
assignment were used asinput. Only receptors and ligands expressed
in more than 5% of the cells in the specific cluster were considered to
indicate relevant interactions. Next, we used the ‘igraph’ R package
to visualize all possible emitter cell types, producing the ligands and
receptor cell types, expressing the receptor. We also indicated if the
expression of ligand or receptor has changed with age (according to
aging DEG analysis).

Automatic image segmentation and analyses. For unbiased MF
subtyping and age-associated comparisons (Fig. 4b,c, Extended
Data Fig. 6¢c-e and Supplementary Table 5), we developed an auto-
mated MF segmentation and image analysis workflow. In brief, for
each multi-channel image exported from the microscope, all chan-
nels targeting non-nuclei channels were first max-projected and then
sequentially processed through Gaussian blurring, gamma adjust-
ment and USM¥, After that, MF segmentation was performed using a
deep-learning-based object segmentation algorithm, Cellpose®. To
classify MFsinto different fast and slow subtypes, we manually trained
anobject classifier using the object classification workflow inilastik®.
This classifier also returns metrics that describe the properties of MFs
that were later exported for downstream analysis. To ensure trivial MF
quantification, all MFs located at the image border were discarded.
Nuclei surrounding all MFs were also detected with Cellpose using a
different set of parameters in both pre-processing and segmentation
steps (see Extended Data Fig. 6a,b for details).

Statistics and reproducibility. This study was designed as a case-con-
trol to study the effect of age on the abundance and gene expression
across different populations in human skeletal muscle. No statistical
methodswere used to pre-determine sample sizes, but our sample sizes
are similar to those reported in previous aging single-cell works?°.
Randomization was not performed asitis not applicable to this study,

and data collection and analysis were not blinded to the conditions of
the experiments.

Cell type abundance was modeled as counts, and either linear
mixed-effect Poisson model assuming Poisson distribution (Fig. 1d)
or Milo assuming negative binomial distribution was used to quan-
tify change over age (Figs. 2c, 3e and 5a-c). For comparison, cell type
abundances were also modeled as proportions. The difference between
young and aged was tested using non-parametric Mann-Whitney-
Wilcoxontest (Extended Data Figs.1le-g, 2a-c, 4e,fand 5¢). Single-cell
differential expression was performed using Bayesian linear
mixed-effect model, assuming negative binomial distribution of gene
expression counts in the cells, and significance was defined using
LTSR. Group comparison in validation experiments was performed
using either unpaired two-tailed ¢-test or one-way ANOVA, and data
distribution was assumed to be normal, but this was not formally tested.

Some data points were excluded from the following analyses. Rare
or donor-biased cell types were excluded from cell type abundance
analysisin Fig.1d (see legend for more details); donor 343B was consid-
eredanoutlier for myonucleianalyses in Fig. 3e due to demonstrating
abnormally high abundance of [I-OTU population; and donors 502B,
582C and 583B were excluded fromanalysisin Fig. 4c due to the fact that
more than 75% of myonucleiin those donors could not be confidently
assigned to a particular subtype (see Fig. 4c legend).

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

Data availability

The processed data objects generated within this study are available
forbrowsingat https://www.muscleageingcellatlas.org. Raw sequenc-
ing data for the newly generated libraries have been deposited to
ArrayExpress (E-MTAB-13874). The publicly available human skel-
etal muscle single-nuclei and single-cell datasets were downloaded
from GSE167186, GSE143704 and DRYAD (https://doi.org/10.7272/
Q65X273X), and mouse datasets were obtained from GSE110878,
GSE138707, GSE134540, GSE143476, GSE149590 and GSE142480 reposi-
tories. All other datasupporting the findings of this study are available
fromthe corresponding authors uponreasonable request.

Code availability
All custom notebooks and scripts used in this study have been depos-
ited tothe https://github.com/Teichlab/SKM_ageing_atlas repository.
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Extended Data Fig. 1| Single-cell and single-nucleus skeletal muscle aging
atlas. a, Dot plot showing marker genes for major cell types in human skeletal
muscle aging atlas. The size of the dot represents the proportion of cells
expressing agene. Colour denotes the scaled expression level. b, c, UMAP
visualisation of human aging cell atlas coloured according to age (b) and batch:
cellsornuclei (c).d, Full version of the plot in Fig. 1d, taking into account 10x
chemistry (Methods). e-g, Box plotsillustrating proportions of each cell type
inevery biological replicate (tissue piece) for scRNA-seq (Cells) vs. snRNA-seq
(Nuclei) data (averaged across different technical replicates, 15 nuclei vs. 12 cells

replicates). Samples containing less than 1000 cells were excluded. The box
boundary extends from the 1st quantile (25 percentile) to the 3rd quantile (75
percentile), horizontal line represents median, ‘whiskers’ extend to points that lie
within 1.51QRs of the lower and upper quartile, observations outside this range
are considered ‘outliers’ and marked with a cross. Mann-Whitney-Wilcoxon two-
sided test with Benjamini-Hochberg correction was used to quantify the change
between cells and nuclei, *, p < 0.05; **, p < 0.01; ***, p < 0.001, ****, p < 1.00e-04,
see Source Data for exact p values.
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Extended Data Fig. 2| Human cell type dynamics with age and areference
mouse skeletal muscle aging atlas. a-c, Box plotsillustrating proportions of
each cell typein every biological replicate (averaged across different technical
replicates) in young (in violet) vs. aged (in pink) samples from scRNA-seq
(Syoungus.7 aged donors, a) or from snRNA-seq (7 young vs. 8 aged biological
replicates from 6 young vs. 7 aged donors, b, ¢). Samples containing less than
1000 cells were excluded. The box boundary extends from the 1st quantile

(25 percentile) to the 3rd quantile (75 percentile), horizontal line represents
median, ‘whiskers’ extend to points that lie within 1.5 IQRs of the lower and upper

quartile, observations outside this range are considered ‘outliers’and marked
with a cross. Mann-Whitney-Wilcoxon two-sided test with Benjamini-Hochberg
correction was used to quantify the change between aged and young, *, p < 0.05;
see Source Data for exact p values. d-g, UMAP plot illustrating 96,529 cells/nuclei
from mouse skeletal muscle across age with major cell types (d), age group
(youngvs. aged, f) and data type (scRNA-seq vs. snRNA-seq, g) shown. e, Dot plot
of marker genes for each cell type in mouse skeletal muscle aging atlas. The size
ofthe dot represents the proportion of cells expressing a gene. Colour denotes
the scaled expression level.
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a-c, UMAP and marker plots of in-house human (a,b) and mouse MuSCs (b)
integrated together with other publicly available resources (see Methods).
Thessize of the dot represents the proportion of cells expressing a gene.

Colour denotes the expression level. d, Gating strategy for FACS-based

human MuSC sorting. e, Proportional changes of FACS-sorted human MuSC

(4 young vs. 4 aged) in aging. p value: unpaired two-tailed ¢-test.**, p < 0.01.f,
Complete membrane images corresponding to the blots showninFig.2i.g, h
B-Galactosidase (-Gal) staining (g) and qPCR (h, 3 biological repeats per group)
of SASP genes in cultured human primary myoblasts. Experimentsin hwere

performed twice with similar results. Scale bar in g: 50 pm. p value: unpaired

two-tailed ¢-test. *, p < 0.05; **, p < 0.01. i, FACS-based scatter plots (4 donors)
of TNF*, ICA"and Main MuSC. j, FACS-based scatter plots (4 young vs. 4 aged
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on CCL2expression. All data presented in bar plots (e, g, j) are expressed as
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Extended DataFig. 4 | Integrated myonuclei and myocytes atlas and their
ageing change. a, UMAP visualisation of myofiber populations obtained from
integrated sn- and scRNA-seq dataset, coloured according to the six main
populations (left) and dot plot showing their marker genes (right). Dot size
represents the proportion of cells expressing a gene, colour indicates scaled
expression level. b,c, Bar plots illustrating the average ratio of spliced vs.
unspliced transcripts in the main myofiber populations (b) and subpopulations
(c).d, Dot plot showing marker genes for myofiber populations derived from sn-
(blue) and scRNA-seq (orange) data. Dot size represents the proportion of cells
expressing agene, colour indicates scaled expression level, bar plots indicate
absolute number of cells. e,f, Boxplots illustrating the proportion of each
myonuclei type, relative to all nuclei, in aged (n =7) vs. young (n = 6) donors.
The box boundary extends from the 1st quantile (25 percentile) to the 3rd
quantile (75 percentile), horizontal line represents median, ‘whiskers’ extend

to points that lie within 1.51QRs of the lower and upper quartile, observations
outside this range are considered ‘outliers’ and marked with a cross. Mann-
Whitney-Wilcoxon two-sided test with Benjamini-Hochberg correction was used
to quantify the change between aged and young. g, Dot plot showing gene sets
enriched in different nuclei populations based on gProfiler over-representation
analysis. Colour denotes F score, the size of the dot represents -log;, of
adjusted (adj.) p value, significant values highlighted with ared edge. h, Joint
immunofluorescence (IF) for MYH7 and RNAscope for TNFRSF12A and OTUD1
(left) as well as RNAscope for MYH2, TNFRSF12A and OTUDI (right) highlighting
[-OTU and II-OTU nuclei populations. i, pySCENIC regulon specificity scores

for the NMJ and NMJ accessory population, ordered from highest to lowest

(top 10 regulons are labeled). j, Dot plot illustrating regulon activity (accessed
using AUCell) for transcription factors specific to NMJ accessory (acc.) vs. NMJ
populations (relative to their activity in baseline MF-1and MF-Il states).
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Extended Data Fig. 5| NMJ accessory nuclei and their putativerolein
promoting AChRs cluster formation. a, IF staining (left) and quantification
(right, 26 young vs. 58 aged fields) of human neuromuscular junction structures
withage. AChRs: a-BTX; motor neuron axon: anti-NEFH; Schwann cell: anti-
S100B. p value: unpaired two-tailed ¢-test. Scale bar: 50 pm. ***, p < 0.001.

b, UMAP visualisation of quadriceps single-nuclei data® pre-processed and
re-annotated in-house. ¢, Boxplots illustrating the proportion of each cell type
in1laged vs. 6 young patientsinb. p value: two-sided Mann-Whitney-Wilcoxon
test with FDR correction. *, p < 0.05;**, p < 0.01;***, p < 0.001. The box boundary
extends from the 1st quantile (25 percentile) to the 3rd quantile (75 percentile),
horizontal line represents median, ‘whiskers’ extend to points that lie within
1.51QRs of the lower and upper quartile, observations outside this range are

considered ‘outliers’ and marked with a cross. d, Dotplot showing expression

of slow and fast-twitch specific genes in young vs. aged NMJ acc. Dot size
represents the proportion of cells expressing a gene, colour indicates the scaled
expression level. e, Additional examples (one young and 3 aged donors) of NMJ
acc. corresponding to Fig. 3k. Scale bar: 10 um. f, IF (left) and quantifications
(right, by Fiji) of AChRs on cultured human myotubes upon SORBS2 knock-down
(13 vs. 8 fields). p value: unpaired two-tailed ¢-test. Scale bar: 50 um. *, p < 0.05;
*** p<0.001. Datawere presented as mean * s.e.m. g, Dot plot showcasing
expression of denervation markersin NMJ and NMJ acc. as compared to MF-land
MF-II states. Dot size represents the proportion of cells expressing a gene, colour
indicates the scaled expression level. The exact p values (a,c,f) are shownin the
Source Data.
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Extended DataFig. 8 | Cell type composition of human skeletal muscle
microenvironment. a-c, UMAP plots showing annotated subpopulations of
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expression level.
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Extended Data Fig. 9| Age-associated changesin the cell types within
muscle microenvironment. a, UMAP plots highlighting expression of terminal
Schwann cell markers in non-myelinating Schwann cell cluster. b, Scanned whole
sections showing co-IF of CD3 and Laminin on fresh-frozen human young vs.
aged skeletal muscles. Staining was performed on 6 young and 4 aged donors.
Scale bar: 500 pum. ¢, An exemplary field of view showing 15-plex RareCyte
protein staining on aged FFPE skeletal muscle section. Staining is shown for
5channels at a time together with Hoechst nuclei staining as well as for each
channel separately highlighting various cell types and states. Antibodies used
and the corresponding cell types they recognize are provided in Supplementary
Table 9.Scale bar: 50 pm. d, RareCyte staining of CD31" endothelial cells (left)

and bar plots (right) illustrating number of CD31" cells/field in young (10 fields)
vs. aged (10 fields) donors. Scale bar: 50 pm. p value: unpaired two-tailed ¢-test.
*** p<0.001. Datawere presented as mean + s.e.m. with individual data points
shown. e, Putative cell-cellinteractions in the aged skeletal muscle mediated via
CCL3, CCL4 and CXCL8 chemokines produced by microenvironment cells. Emitter
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coloured according to abroad cell type group; ligands and receptors are marked
with square nodes. Solid edges connect cell types and ligands, or receptors,
which they express; thickness of the line is proportional to the mean expression
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Extended Data Fig. 10 | Integrated human-mouse skeletal muscle aging atlas.
a, Overview table showcasing metadata (age composition, muscle type, 10x
chemistry, number of cells, species) for the datasets included into human-mouse
skeletal muscle aging atlas. b, UMAP visualisation of human-mouse aging cell

atlas coloured according to species. ¢, d, Dot plot showing species-common (c)
and -specific (d) marker genes for each major cell type annotated in the human-
mouse skeletal muscle aging atlas. Dot size represents the proportion of cells
expressing agene, colour indicates its expression level.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X] A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XX X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

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

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

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

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

Software and code

Policy information about availability of computer code

Data collection RareCyte Orion system (no version available) with 7 lasers was used to acquire 15-plex IF staining data.

Data analysis Software used for data alignment and mapping include: 10x Genomics Cell Ranger (v3.1.0), Starsolo (based on STAR 2.7.3).
Single cell data analysis was mostly performed using Python (version 3) and scanpy (v1.7.2) or R (v3.6.3 and v4.0.4) with data.table (v1.14.0),
ggplot2 (v3.3.2) and ggpubr (0.4.0).
Ambient mRNA was removed using Cellbender (v0.2.0).
Doublets were removed using Scrublet (version 0.2.3).
Batch correction was performed with scVI-tools (version 0.14.5).
Trajectory analysis was performed with Monocle 2 (v2.9.0).
CellPhoneDB (v3.0.0) was used for ligand-receptor interaction analysis.
Cell type enrichment analysis was performed using miloR (v0.99.18).
Ageing differential expression analysis was perfomed using approach, published in ref 108.
Gene set over-representation analysis was performed with clusterProfiler (v3.14.3) or gprofiler-official (v1.0.0).
pySCENIC version 0.11.2 was used to infer transcription factor activity.
Software used for image analysis: Cellpose (Original version after release), ilastik (v.1.3.1), Fiji (2.1.0/1.53c)
Exported raw data from BD InfluxTM Cell Sorter were processed with FlowJo (10.4).
RareCyte Artemis 4.0 software was used to load 15-plex image data, compensate for channel crosstalk and autofluorescence.
OMERO Plus (Glencoe software) was used to visualize IF and RNAscope imaging data.
All custom notebooks and scripts used in this study have been deposited to https://github.com/Teichlab/SKM_ageing_atlas repository.

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

The processed data objects generated within this study are available for browsing at https://www.muscleageingcellatlas.org. Raw sequencing data for the newly
generated libraries has been deposited to ArrayExpress. The publicly available human skeletal muscle single-nuclei and single-cell datasets were downloaded from
GSE167186, GSE143704 and DRYAD (https://doi.org/10.7272/Q65X273X), while mouse datasets were obtained from GSE110878, GSE138707, GSE134540,
GSE143476, GSE149590, GSE142480 repositories. All other data supporting the findings of this study are available from the corresponding authors upon request.
All custom notebooks and scripts used in this study have been deposited to https://github.com/Teichlab/SKM_ageing_atlas repository.

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 calculations were not performed as (1) there was no available human skeletal muscle single-cell RNA sequencing dataset at the
beginning of this study and (Il) there are also no widely accepted recommendations available to perform power calculations for single-cell
studies. Sample size for single-cell and single-nuclei experiments was determined by availability of the donors within sampling timeframe.

The number of samples we used for different experiments are as follows: 2 (1 young vs. 1 aged) for gPCR of ribosome assembly genes,
western blot and b-Gal staining (Fig. 2 and Extended Data Fig. 3), 12 (4 young vs. 8 aged) for FACS (Fig. 2 and Extended Data Fig. 3), 7 (3 young
vs. 4 aged) for gPCR of CCL2 (Extended Data Fig. 3), 3 (1 young vs. 2 aged) for NMJ staining on teased myofiber (Fig. 3, Extended Data Fig. 5),
11 (7 young vs. 4 aged) for myofiber typing (Fig. 4 and Extended Data Fig), 12 (6 young vs. 6 aged) for MYH8 IF and MYH8 IHC (Fig. 4 and
Extended Data Fig. 6), 6 (3 young vs. 3 aged) for RNAscope validation of FAM189A2+ nuclei, 3 (2 young vs. 1 aged) for RNAscope validation of
OTUD1+ nuclei, 5 (2 young vs. 3 aged) for RNAscope validation of NMJ accessory nuclei, 3 (1 young vs. 2 aged) for dual RNAscope and IF for
myofiber typing, 10 (6 young vs. 4 aged) for co-IF of CD3 and Laminin, 7 (4 young vs. 3 aged) for co-IF of NKG7 and Laminin, 6 (3 young vs. 3
aged) for co-IF of ACTA2 and Laminin 2 (1 young vs. 1 aged) for RareCyte staining, 4 (2 young vs. 2 aged) for co-IF of ACTA2 and CCL2, 4 (2
young vs. 2 aged) for RNAscope of LYVE1 investigations. Due to limited research into human muscle ageing studies, the sample size was
determined based on both previously published human myofiber studies (Murgia et al., Cell Reports, 2017) and how many samples we can get
in the specific experiment.

Data exclusions  We excluded cells based on the QC thresholds summarized in Methods section. We also removed cell doublets and cells with posterior
probability of less than 50% according to Cellbender.

Replication We used 7-8 biological and 1-2 technical replicates for scRNAseq analysis. 1-7 biological repeats with 1-8 technical replicates were done for
different validation experiments. Experimental results from different biological and technical repeats were obtained with similar results.

Randomization  Intentional randomization was not performed. Samples were allocated into young and aged groups based on their age, ~20-40 yo and ~60-80
yo, respectively.

Blinding Blinding was not performed during collection and analysis of single-cell/nucleus RNA-seq data.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,

system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
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Antibodies 5
Antibodies used 1. anti-human CD31-PE monoclonal antibody (eBioscience, #12-0319-42), 1:20 3

https://www.thermofisher.cn/cn/zh/antibody/product/CD31-PECAM-1-Antibody-clone-WM-59-WM59-Monoclonal/12-0319-42
2. anti-human CD82-PE/Cyanine 7 monoclonal antibody (BioLegend, #342109), 1:50
https://www.biolegend.com/en-us/products/pe-cyanine7-anti-human-cd82-antibody-16210

3. anti-human CD56-PE/Cyanine 7 monoclonal antibody (eBioscience, #25-0567-42), 1:20
https://www.thermofisher.cn/cn/zh/antibody/product/CD56-NCAM-Antibody-clone-CMSSB-Monoclonal /25-0567-42

4. anti-CD266 (TWEAK Receptor) monoclonal antibody, (eBioscience, #62-9019-42), 1:20
https://www.thermofisher.cn/cn/zh/antibody/product/CD266-TWEAK-Receptor-Antibody-clone-ITEM-1-Monoclonal/62-9019-42
5. anti-human CD54-APC monoclonal antibody (eBioscience, #17-0549-41), 1:30
https://www.thermofisher.cn/cn/zh/antibody/product/CD54-ICAM-1-Antibody-clone-HA58-Monoclonal/17-0549-41

6. anti-DDX21 polyclonal antibody (Proteintech, #10528-1-AP), 1:1000
https://www.ptglab.com/products/DDX21-Antibody-10528-1-AP.htm

7. anti-NOP58 [EPR10721] (Abcam, #ab155969), 1:2000
https://www.abcam.cn/products/primary-antibodies/nop58-antibody-epr10721-ab155969.html

8. anti-B-tubulin antibody (ZSGB-BIO, # TA-10), 1:1000

http://www.zsbio.com/product/TA-10

9. anti-HSP90 antibody (ZSGB-BIO, # TA-12), 1:1000

http://www.zsbio.com/product/TA-12

10. goat anti-mouse IgG peroxidase conjugate (CALBIOCHEM, Merck, #DCO2L), 1:5000
https://www.sigmaaldrich.cn/CN/zh/product/mm/dc02I

11. donkey anti-rabbit IgG (H+L) peroxidase conjugate (Jackson ImmunoResearch, #711-035-152), 1:5000
https://www.jacksonimmuno.com/catalog/products/711-035-152

12. ant-MYH7 (DSHB, #BA-F8), 1:14

https://dshb.biology.uiowa.edu/BA-F8

13. anti-MYH2 (DSHB, #SC-71), 1:20

https://dshb.biology.uiowa.edu/SC-71

14. anti-MYH1 (DSHB, #6H1), 1:6

https://dshb.biology.uiowa.edu/6H1

15. anti-MYH8 (DSHB, #N3.36), 1:9

https://dshb.biology.uiowa.edu/N3-36

16. Ultra-LEAF™ Purified anti-human CD3 Antibody (BioLegend, #300437), 1:400
https://www.biolegend.com/en-us/products/ultra-leaf-purified-anti-human-cd3-antibody-7742

17. anti-NKG7 (E6S2A) Rabbit mAb (Cell Signalling Technology, #84835S), 1:200
https://www.cellsignal.com/products/primary-antibodies/nkg7-e6s2a-rabbit-mab/84835 ?site-search-
type=Products&N=4294956287&Ntt=84835s&fromPage=plp&_requestid=759501

18. anti-smooth muscle actin ACTA2 polyclonal antibody (Proteintech, #14395-1-AP), 1:1000
https://www.ptglab.com/products/ACTA2-Antibody-14395-1-AP.htm

19. anti-Laminin rabbit polyclonal IgG (Sigma, #.9393), 1:200

https://www.sigmaaldrich.cn/CN/zh/product/sigma/I9393

20. anti-Laminin mouse monoclonal 1IgG1 (Sigma, #5AB4200719), 1:200
https://www.sigmaaldrich.cn/CN/zh/search/sab4200719?
focus=products&page=1&perpage=30&sort=relevance&term=sab4200719&type=product

21. goat anti-mouse 1gG1 (Alexa Flour 488, Invitrogen, #A-21121),1:400
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Mouse-lgG1-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-21121

22. goat anti-mouse 1gG2b (Alexa Flour 647, Invitrogen, #A-21242), 1:400
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Mouse-lgG2b-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-21242

23. goat anti-mouse IgM (Alexa Flour 555, Invitrogen, #A-21426), 1:400
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Mouse-lgM-Heavy-chain-Cross-Adsorbed-Secondary-Antibody-
Polyclonal/A-21426

24. goat anti-mouse 1gG H+L (Alexa Flour 488, Invitrogen, #A-11029), 1:400
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Mouse-lgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-
Polyclonal/A-11029

25. goat anti-rabbit IgG H+L (Alexa Flour 488, Invitrogen, #A-11008), 1:400
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Rabbit-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-11008

26. goat anti-mouse 1gG (H+L) (Alexa Flour 546, Invitrogen, #A-11030), 1:400
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https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Mouse-lgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-
Polyclonal/A-11030

27. goat anti-rabbit IgG (H+L) (Alexa Flour 546, Invitrogen, #A-11035), 1:400
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Rabbit-IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-
Polyclonal/A-11035

28. anti-CCL2/MCP-1 Polyclonal Antibody (Invitrogen, #PA5-34505), 1:500
https://www.thermofisher.cn/cn/zh/antibody/product/MCP-1-Antibody-Polyclonal/PA5-34505

29. Anti-alpha smooth muscle Actin [1A4] (Abcam, #ab7817), 1:200
https://www.abcam.cn/products/primary-antibodies/alpha-smooth-muscle-actin-antibody-1a4-ab7817.html

30. Goat anti-Rabbit 1gG (H+L) Cross-Adsorbed Secondary Antibody, HRP (Invitrogen, #G-21234), 1:1000
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Rabbit-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
G-21234

31. Goat anti-Mouse 1gG1 Cross-Adsorbed Secondary Antibody, HRP (Invitrogen, #A10551), 1:1000
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Mouse-lgG1-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A10551

32. anti-NEFH (Cell Signaling Technology, #2836S), 1:400
https://www.cellsignal.cn/products/primary-antibodies/neurofilament-h-rmdo-20-mouse-mab/2836?site-search-
type=Products&N=4294956287&Ntt=2836s&fromPage=plp&_requestid=1329732

33. anti-S100B (Abcam, #ab52642), 1:200

https://www.abcam.cn/s100-beta-antibody-ep1576y-astrocyte-marker-ab52642.html

34. anti-SORBS2 (Proteintech, 24643-1-AP), 1:200

https://www.ptglab.com/products/SORBS2-Antibody-24643-1-AP.htm

35. affinipure Fab goat anti mouse IgG (Jackson Immunoresearch, #115-007-003), 1:10
https://www.jacksonimmuno.com/catalog/products/115-007-003

36. Antibodies used for multiplex RareCyte staining were available from RareCyte: https://rarecyte.com/. The antibodies used are
Orion-dependent and proprietary, including: anti-CD31 ArgoFluor 515 antibody (#52-1005-501) - endothelial cells, anti-VIM
ArgoFluor 874 (#52-1019-801) - fibroblasts, anti-CD45 ArgoFluor 810 (#52-1006-801) - total immune cells, anti-KI67 ArgoFluor 555L
(#52-1013-501) and anti-PCNA ArgoFluor 760 (#52-1016-701) - proliferating cells, anti-CD68 ArgoFluor 535 (#52-1008-501) and anti-
CD163 ArgoFluor 580L (#52-1009-501) - macrophages, anti-CD20 ArgoFluor 660L (#52-1004-601) - B cells, anti-CD3E ArgoFluor 686
(#52-1001-601) - total T cells, anti-CD4 ArgoFluor 572 (#52-1002-501) - CD4+ T cells, anti-CD8A ArgoFluor 602 (#52-1003-601) - CD8+
T cells, anti-CD45RO ArgoFluor 624 (#52-1007-601) - memory T cells, anti-FOXP3 ArgoFluor 662 (#52-1011-601) - T regulatory cells,
anti-CDH1 ArgoFluor 730 (#52-1010-701) and anti-Pan-Cytokeratin ArgoFluor 845 (#52-1015-801) were used to stain epithelial cells.
All the RareCyte antibodies were used in a standard dilution of 1:200.
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Validation All antibodies were used for human studies in this study for a range of experimental validations, including FACS-based MuSC Sorting,
Western Blot, Immunofluorescence on OCT sections, Immunofluorescence on FFPE sections, Immunofluorescence on teased skeletal
muscle and Immunofluorescence on RareCyte Orion platform. We have listed detailed antibody information as well as dillutions used
in Supplementary Table 9. Please see references contained in the provided links to find available validations.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Three 19 months old and five 3 months old male mice of C57BL/6JR]j strain were obtained from Janvier labs, France (janvier-
labs.com). All mice were housed in micro-isolator cages in standard housing conditions (ambient temperature of 20-23 °C and
humidity of 40-60%), illuminated from 7:00am-7:00pm with ad libitum access to diet and water.

Wild animals No wild animals were used in the study.

Field-collected samples  No field-collected samples were used in the study.

Ethics oversight Mice were kept at the Sanger Institute under Establishment licence number X3A0ED725 provided by the Home Office. No special
permission was required to sacrifice animals for muscle tissue processing.

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

Human research participants

Policy information about studies involving human research participants

Population characteristics Intercostal muscle samples used for single-cell and single-nucleus RNA sequencing were obtained from 8 young (6 males and
2 females) and 9 aged (4 males and 5 females) UK donors. All donors were of white ethnicity, additional metadata is
presented in Supplementary Table 1.

Intercostal muscle biopsies and fetal muscle sample used for validation experiments were obtained from patients in China.
Embryo was aged between 18-20 post conceptional weeks. Adult donors were aged 22-38 and 47-73 years old. Sample-
specific donor metadata is available in Supplementary table 8.

Lcoz Yooy

Recruitment Human intercostal muscle samples for single-cell and nuclei processing were collected from deceased. transplant organ
donors by the Collaborative Biorepository for Translational Medicine, Cambridge, UK (CBTM). Written informed consent was
obtained from the donor families.

Tissue donors were recruited in China by collaborating doctors in the Sun Yat-sen Memorial Hospital and Guangzhou Women




Ethics oversight

and Children’s Medical Center following local protocols. Written informed consent was obtained from each adult patient to
retrieve muscle biopsy together with resected tissue (usually tumour).

Informed consent was also obtained from the mother after her voluntary decision to legally terminate pregnancy but before
the abortion.

Single-cell transcriptomics: Human intercostal muscle samples (inner part between the second and third ribs) for sc- and
snRNA-seq were collected with consent from deceased transplant organ donors by the Cambridge Biorepository for
Translational Medicine, Cambridge, UK (CBTM), immediately placed in HypoThermosol FRS preservation solution and shipped
to Sanger Institute for processing. Ethical approval was granted by the Research Ethics Committee East of England -
Cambridge South (REC Ref 15/EE/0152) and the written informed consent was obtained from the donor families. Full
metadata information for the organ donors is provided in the Supplementary Table 1. Three 19 months old and five 3 months
old male mice of C57BL/6JR] strain were obtained from Janvier labs, France. All mice were housed in micro-isolator cages in
standard housing conditions (ambient temperature of 20-23°C and humidity of 40-60%), illuminated from 7:00am-7:00pm
with ad libitum access to diet and water, under Establishment licence number X3A0ED725 provided by the Home Office. They
were used to dissect hindlimb muscles for the single-cell and single-nucleus isolation.

Adult tissue from the UK for validation experiments: The same intercostal muscle samples collected with consent from
deceased transplant organ donors (partially overlapping with the set of donors used for sc/snRNA-seq) by CBTM were used
for experimental validations.

Fetal and adult tissue from China for validation experiments: Adult human intercostal muscle biopsies were collected during
the thoracic surgeries at Sun Yat-sen Memorial Hospital (Guangzhou, China) under approval of the Research Ethics
Committee of Sun Yat-sen University (REC 2018-048). For isolation of human primary myoblasts, lower limb muscles were
collected from one medically aborted embryo at post conceptional week (Pcw) 19 at Guangzhou Women and Children’s
Medical Center (Guangzhou, China) with ethical approval licence granted by both the Research Ethics Committee of Sun Yat-
sen University (REC 2019-075) and Guangzhou Women and Children’s Medical Center (REC 2022-050A01). Both materials
were registered at China National Center for Bioinformation (PRICA014979) and have been approved by the Chinese Ministry
of Science and Technology for the Review and the Approval of Human Genetic Resources (2023BATO735). Appropriate
written informed consent was obtained from each adult patient to retrieve 0.5 cm x 0.5 cm x 0.5 cm muscle biopsy together
with resected tissue (usually tumour). Informed consent was also obtained from the mother after her voluntary decision to
legally terminate pregnancy but before the abortion. Before terminating pregnancy, both the mother and the embryo were
diagnosed as healthy with no underlying diseases. Participants were not financially compensated. The detailed metadata for
the 8 organ donors (UK), 40 patients (China) and 1 embryo used for validation experiments is provided in Supplementary
Table 8.

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

Flow Cytometry

Plots

Confirm that:

X, The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

Freshly obtained intercostal muscles were collected in sterile PBS. The superficial connective tissue and blood contaminants
were carefully removed using forceps and scissors under the stereo microscope. Tissue was then mechanically dissociated
with fine scissors in 10 mL (per gram of tissue) enzyme solution containing 2.5 U/mL Dispase Il (Roche, #4942078001) and 1
mg/mL Collagenase B (Roche, #11088815001) supplemented with 5 mM MgCl2 and 2% penicillin—streptavidin (Gibco,
#15140122). Minced tissue was digested with enzyme solution at 37°C for 60-90 min with gentle shaking and later filtered
sequentially through 100 pm (Falcon, #352360) and 40 um (Falcon, #352340) cell strainers to get the single cell suspensions.
Cell suspensions were adjusted to 2-7.5 x 1076 cells/mL with FACS buffer (2% FBS diluted in 1x PBS) and incubated with the
following fluorophore-conjugated antibodies: anti-human CD31-PE monoclonal antibody (eBioscience, #12-0319-42, 1:200
dilution) for negatively separating endothelial cells, anti-human CD82-PE/Cyanine 7 monoclonal antibody (BiolLegend,
#342109, 1:500 dilution) and anti-human CD56-PE/Cyanine 7 monoclonal antibody (eBioscience, # 25-0567-42, 1:200
dilution) to enrich human MuSCs, anti-human CD266-Super Bright™ 436 monoclonal antibody (eBioscience, #62-9019-42,
1:200 dilution) for sorting of TNF+ MuSC, and anti-human CD54-APC monoclonal antibody (eBioscience, #17-0549-41, 1:300
dilution) to sort ICA+ MuSCs.

BD Influx Cell Sorter was used for FACS-sorting.
Exported raw data were processed with FlowJo (10.4) to analyze cell populations.

Total MuSCs account for an average of 1.85% in the young and 0.69% in the aged skeletal muscle. ICA+ MuSCs account for
an average of 8.74% of all MuSCs in the young and 6.42% of all MuSCs in the aged skeletal muscle.

Gating for ICA+ MuSC: 1) gate on FSC vs SSC to include all small-size cell populations. 2) gate on FSC vs FSC-W to include all
single-cells but exclude doublets. 3) gate on CD31 histogram to sort CD31- cells. 4) gate on CD31- vs CD56+CD82+ to include
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MuSCs and exclude all other cells. 4) gate on CD56+CD82+ vs ICAM1+ to sort ICA+ MuSCs.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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