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Abstract

Skeletal muscle ageing increases the incidence of age-associated frailty and sarcopenia
in the elderly worldwide, leading to increased morbidity and mortality. However, our
understanding of the cellular and molecular mechanisms of muscle ageing is still far
from complete. Here, we generate a single-cell and single-nucleus transcriptomic atlas
of skeletal muscle ageing from 15 donors across the adult human lifespan, accompanied
by myofiber typing using imaging. Our atlas reveals ageing mechanisms acting across
different compartments of the muscle, including muscle stem cells (MuSCs), myofibers
and the muscle microenvironment. Firstly, we uncover two mechanisms driving MuSC
ageing, namely a decrease in ribosome biogenesis and an increase in inflammation.
Secondly, we identify a set of nuclei populations explaining the preferential degeneration
of the fast-twitch myofibers and suggest two mechanisms acting to compensate for their
loss. Importantly, we identify a neuromuscular junction accessory population, which
helps myofiber to compensate for aged-related denervation. Thirdly, we reveal multiple
microenvironment cell types contributing to the inflammatory milieu of ageing muscle by
producing cytokines and chemokines to attract immune cells. Finally, we provide a
comparable mouse muscle ageing atlas and further investigate conserved and specific
ageing hallmarks across species. In summary, we present a comprehensive human
skeletal muscle ageing resource by combining different data modalities, which

significantly expands our understanding of muscle biology and ageing.
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Introduction

Skeletal muscle makes up 40% of our body mass, and is not only an essential part of
the locomotor system but also plays pivotal roles in metabolism and immune
regulation’. The major components of skeletal muscle are multinucleated tubes called
myofibers, which drive muscle contraction. Human myofibers are traditionally classified
into “slow-twitch” (type 1) and “fast-twitch” (type IIA and type IIX) according to their
contraction speed, structural protein compositions and metabolic characteristics (more

oxidative type | vs. more glycolytic type IlI). Myofibers are surrounded by mononuclear
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muscle stem cells (MuSCs) which can give rise to new myofibers and restore existing
myofibers in the event of damage. In addition, there is a muscle microenvironment
consisting of supporting fibroblasts, vasculature and immune cells, as well as Schwann
cells and neuronal axons which transmit action potentials to the myofibers.

Skeletal muscle ageing is manifested by the loss of both muscle mass and strength,
often leading to sarcopenia®’. This is a major contributory factor to falls and fractures in
the elderly®, which globally represents the second leading cause of injury and deaths®.
Myofiber ageing is associated with the selective decrease in both number and size of
fast-twitch myofibers’. Furthermore, the number of MuSCs and their activation and
proliferation in response to stimuli decrease with age, especially for MuSCs
accompanying fast-twitch myofibers'®"'. However, it is not known whether this differential
atrophy is due to myofiber-intrinsic changes in gene expression, the impact of the
cellular microenvironment, or a combination of both. Several other putative muscle
ageing factors, such as stem cell senescence, alterations in protein turnover, metabolic
dysregulation, and chronic inflammation have been investigated in animal models'*®.

To date, most studies have focused on one particular mechanism or cell type in the
muscle, and lacked a comprehensive approach to fully understand muscle ageing. To
address this, recent mouse and human skeletal muscle studies pioneered the use of
either single-cell (scRNA-seq)"~?" or single-nucleus RNA sequencing (snRNA-seq)?*2°
to understand muscle cell type heterogeneity as well as their changes in ageing. Both
sc- and snRNA-seq approaches have their own limitations when applied to muscle:
droplet single-cell sequencing approaches are not well suited for myofiber profiling due
to the multinuclearity and large size of fibres, while single-nucleus sequencing often
lacks resolution for the less-abundant MuSCs and microenvironment cell types.

To obtain a systemic view of skeletal muscle ageing, we performed matched
scRNA-seq and snRNA-seq of intercostal muscle across the adult human lifespan. This
allowed us to investigate transcriptional changes of MuSCs, myofibers and
microenvironment cells during ageing. We highlighted a set of interactions between
these cells that could contribute to the ageing phenotype. We also performed myofiber
typing of the intercostal muscle, providing a way to connect traditional observations
about myofiber dynamics with changes occurring at the single-nucleus level. Finally, we
generated age-matched single-cell and single-nucleus transcriptomes from mouse

muscle, thus enabling the comparison of ageing across species.
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Results

A single-cell and single-nucleus transcriptomic atlas of human skeletal muscle
ageing

To gain a comprehensive view of human skeletal muscle ageing, we profiled the
transcriptomes of 89,989 cells and 95,847 nuclei from intercostal muscle biopsies of 8
young (approx. 20-40 years old) and 7 aged donors (approx. 60-75 years old, Fig. 1a, b,
Supplementary Table 1). Isolated cells and nuclei from each sample were subjected to
droplet-based 3’ end sequencing (10x Genomics, Fig. 1a, Extended Data Fig. 1a-c).

After batch correction and integration of single-cell and single-nucleus data with the
single-cell variational inference (scVI) autoencoder?’, we annotated 39 major human cell
populations, each displaying canonical marker genes (Fig. 1c, Extended Data Fig. 1a,
Supplementary Table 1). We identified mononucleated MuSCs (PAX7* and DLKT"),
fibroblasts (FBs, DCN*), smooth muscle cells (SMCs, ACTA2" and MYH11"), pericytes
(KCNJ8" and RGS5"), endothelial cells (ECs, PECAM1"), adipocytes (ADIPOQ" and
PLINT"), myelinating (mSchwann, MPZ* and MBP") and non-myelinating (hmSchwann,
L1CAM1* and CDH19%) Schwann cells, immune cells (PTPRC"), and finally the
multinucleated myofibers (MF, TNNT1* and TNNT3"). All cell populations were identified
across age groups (Extended Data Fig. 1b).

While for most of the cell types, data were generated by both cellular and nuclear
RNA sequencing, we used a mixed-effect Poisson regression model to assess
preferential enrichment of cell types by each technology (Fig. 1d, Extended Data Fig. 1c,
see Methods). This analysis indicated that SMCs, arterial (ArtEC) and venous ECs
(VenEC), Schwann and most of the immune cells were mainly captured from
scRNA-seq. The two techniques captured comparable populations for MuSCs and
fibroblasts. In contrast, myofiber and adipocytes were almost entirely captured from
nuclei sequencing (Extended Data Fig. 1c). Together, this illustrates the advantages of
combining both techniques.

Next, we examined changes in cell type composition with age using the same mixed
effect Poisson regression model (see Methods). Muscle samples from aged donors were
strongly enriched for immune cells, including B cells (B cell, B-plasma), natural killer
cells (NK cell), T cells (T cell), dendritic cells (cDC1) as well as myofiber fragments
(MF-Isc (fg) and MF-lIsc (fg)) detected in scRNA-seq (Fig. 1d). The increaseinBand T

cells is consistent with studies in the ageing mouse brain, liver and adipose tissue®®?°
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and provides evidence of immune infiltration in ageing muscle. Conversely, MuSCs,
Schwann cells, endoneurial fibroblasts (EnFB), SMCs as well as arterial and capillary
ECs (CapEC) were strongly depleted in aged individuals (Fig. 1d), consistent with the
dysfunction of physiological activities in skeletal muscle of aged individuals'.

To compare the process of muscle ageing between species, we generated a mouse
muscle ageing atlas by sequencing 68,956 cells and 27,573 nuclei from hindlimb
muscles of 5 young (3 months) and 3 aged (19 months) C57BL/6 mice (Extended Data
Fig. 1d-g). This atlas yielded comparable major cell types to human skeletal muscle
(Extended Data Fig. 1d-g, Supplementary Table 1), including MuSCs, SMCs, ECs,
fibroblasts, adipocytes, Schwann cells, immune cells and different states of myonuclei,
thus providing a data resource for capturing cross-species muscle ageing hallmarks.

Overall, our scRNA-seq and snRNA-seq datasets identified major cell types residing
in skeletal muscle, generating a comprehensive atlas, which we provide as an online

resource for easy browsing and data download https://www.muscleageingcellatlas.org.

Mechanistic insights into human MuSC ageing

In several animal models, the regenerative capacity of skeletal muscle declines with
age, largely due to the senescence of MuSCs**33. However, the extent of MuSC
functional decline in human ageing remains a controversial topic***. To better
understand their age-related transcriptional changes, we performed unsupervised
clustering of the 15,606 high-quality MuSCs across ages from the scRNA-seq data
subset and identified 4 subpopulations (Fig. 2a, Supplementary Table 2). As expected,
one of these populations represented the main type of MuSCs which expressed
pan-MuSC lineage markers PAX7 and SPRY1, demonstrating a quiescent state. The
second identified state is the MYOG* (MyG*) MuSC, that was highly enriched for both
myogenic differentiation regulators MYOD1 and MYOG as well as myofiber structural
proteins such as TNNT1 and TNNT2, representing a transient differentiating state (Fig.
2a, right panel). Intriguingly, we identified two additional subpopulations which we refer
to as TNFRSF12A* (TNF*) and ICAM1* (ICA*") MuSC, respectively. Gene Ontology (GO)
enrichment analysis of their differentially expressed genes (DEGs, Supplementary Table
2) indicated that several pathways enriched in the TNF* population were related to
development (Fig. 2b). Notably, ribosome biogenesis, which is required for MuSC
activation and proliferation®, was the top enriched pathway in the TNF* subpopulation

(Fig. 2b, Supplementary Table 2). This points to TNF* subpopulation representing
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activated MuSC, which plays a role in muscle regeneration. Indeed, the human TNF*
population shared numerous DEGs with murine activated MuSC (Extended Data Fig.
23)19.3740,

We then examined changes in cell abundance across conditions using a framework
for differential abundance testing (Milo)*'. Upon ageing, all four MuSC subpopulations
decreased in number (Fig. 2c), which is consistent with most of the reports suggesting
that MuSC function declines with age. The general decline in cell abundance was further
experimentally validated using fluorescence-activated cell sorting (FACS) enriched
CD31-CD82*'CD56* MuSCs**** (Extended Data Fig. 2b, c). Interestingly, TNF* population
showed the greatest decrease in abundance among all four MuSC groups (Fig. 2c),
suggesting a decrease in MuSC activation in ageing. The decline in the activation is one
of the hallmarks of MuSC senescence in rodent models®. Our data, therefore, indicate a
similar process occurs in humans during ageing. For instance, we found that the
ribosome biogenesis genes and POLR1D, encoding a key subunit involved in the
formation of the assembly platform for RNA polymerase |, both showed a tendency to
decrease in most of the aged MuSC populations (Fig. 2d, e, Supplementary Table 3).
Decrease of RNA polymerase | and ribosome biogenesis has been shown in several
models to be a leading cause of stem cell senescence®***4%. Importantly, the TNF*
population exhibited the greatest decrease in ribosome biogenesis enrichment score
among all groups (Fig. 2d, Supplementary Table 2). In summary, our data demonstrate
senescence of human MuSCs in ageing as a result of perturbation of ribosome
biogenesis.

Next, we found that another subtype of MuSCs, namely ICA+ MuSC, showed
enrichment in cytokine genes including CXCL1, CXCL2, IRF1, IER3 and relevant NF-kB
regulators TNFAIP3 and NFKBIZ (Fig. 2a, Extended Data Fig. 2d), indicating strong
immune-responsive properties. Using ICAM1 as a cell sorting marker (Fig. 2f), we
confirmed the specific expression of CXCL2, IER3 and NFKBIZ in ICA® MuSCs (Fig. 2g).
Immunoregulation is indispensable for successful MuSC regeneration*, whereas ageing
is usually accompanied by chronic inflammation in the MuSC niche, reflecting
dysregulated immune homeostasis upon MuSC senescence'*’. Cell sorting also
confirmed the tendency of ICA" population to decline in ageing (on average 8.7% vs.
6.4% of total MuSC in young and aged individuals, respectively) (Extended Data Fig.
2e). More importantly, we found that upon ageing, the proinflammatory cytokine gene

CCL2 was dramatically up-regulated in ICA* MuSCs (Fig. 2h, Supplementary Table 3),
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which was also confirmed by quantitative real-time PCR (Extended Data Fig. 2f). CCL2
can be tightly regulated by NFKB1 transcription factor*®. Indeed, two classical NFKB1
inhibitor genes, TNFAIP3 and NFKBIZ, were markedly reduced in ageing (Fig. 2h,
Supplementary Table 3), indicating increased activity of NF-kB signalling. Thus, elevated
activation of NF-kB signalling in ageing ICA* MuSCs could lead to increased CCL2
transcription (Fig. 2i), which contributes to impaired immune homeostasis and chronic

inflammation in the muscle stem cell niche.

Myofiber type-specific ageing mechanisms

Aiming to profile the human myofiber and the heterogeneity of its nuclei in young and
aged skeletal muscle, we isolated myonuclei data from both sc- and snRNA-seq and
complemented this data with immunofluorescence-based myofiber typing performed on
the tissue sections (Fig. 3a).

By integrating scRNA-seq and snRNA-seq myofiber data using the scVI model, we
obtained 90,106 myofiber cells/nuclei (Fig. 3c, Extended Data Fig. 3a), clustering into 6
major populations and a few specialised populations. Myofiber types were then
annotated according to conventional markers: MYH7, TNNT1, TNNC1 for slow-twitch
myofiber; and MYH1, MYHZ2, TNNT3, TNNC2 for fast-twitch myofiber. Among the 6 main
populations, two pairs of slow-twitch (myofiber type |, MF-l and MF-Isn (fg)) and
fast-twitch myofibers (MF-Il and MF-lIsn (fg)) came from single-nucleus data, and one
pair of MF-Isc (fg) and MF-lIsc (fg) originated from single-cell data (fg denotes myofiber
fragment). Interestingly, scRNA-seg-derived and snRNA-seqg-derived fragment
populations (MF-Isc (fg), MF-lIsc (fg), MF-Isn (fg), MF-lIsn (fg)) contained a much larger
percentage of spliced transcripts (>= 97% and 92%, respectively, Extended Data Fig.
3b) in comparison with cells and nuclei derived from non-myofiber cell types (73% and
50%, respectively) (Fig. 3e). We hypothesised that the increased spliced/unspliced ratio
in these four states was a result of myofiber partitioning or debris contamination, often
occurring during the isolation process. This was also supported by the high expression
of abundant sarcoplasmic and mitochondrial transcripts such as CKM, MB, COX6C,
ATP5H in the fragment populations (Fig. 3f). We, therefore, focused on the populations
with lower percentage of spliced transcripts, which likely represented pure myofiber cells
or nuclei.

Further subclustering of myofiber single-cell and single-nucleus data revealed 9

additional nuclei and 5 cell populations (Fig. 3b, d, f, Supplementary Table 4). From
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snRNA-seq, we identified paired FAM189A2* nuclei (I-FAM, II-FAM) and OTUD1" nuclei
(I-OTU, 1I-OTU) representing convergent states present in both slow-twitch and
fast-twitch myofibers. We also observed a novel fast-twitch myofiber specific
TNFRSF12A* (II-TNF) and three specialised myonuclei states, which included previously
described neuromuscular junction (NMJ) nuclei, myotendinous junction (MTJ) nuclei and
a novel neuromuscular junction accessory state (NMJ accessory). In the single-cell
dataset, we observed two putative myocyte populations (as inferred by the ratio of
spliced transcripts, Extended Data Fig. 3c) that were marked by MYH8 and RASA4 and
three myofiber fragment populations. Intriguingly, MYH8* myocytes specifically
expressed fetal myosin heavy chain MYHS8 in addition to CDKN1A and MYOG,
indicating active myogenesis. In turn, RASA4* myocytes can be involved in muscle
growth given that they expressed FLCN/FNIP1 complex and the GTPase activating
protein RASA4, both of which are activators of growth sensing regulator mTORC 145",

By investigating age-associated cell composition changes using the Milo tool, we
uncovered that the dynamics of myonuclei states with age differed between myofiber
types (Fig. 3g). First, FAM189A2" myonuclei substantially decreased while OTUD1*
nuclei increased in slow-twitch myofibers with age. In contrast, these two populations did
not change in fast-twitch myofibers, but instead an increase in the TNFRSF12A*
population was observed.

FAM189A2* nuclei were characterised by the expression of NAMPT®2°% an enzyme
which promotes NAD* replenishment, as well as STATS3, a transcription factor which is
activated by Janus kinase-mediated phosphorylation in response to cytokines and
growth factors®, and its negative regulator SOCS3% (Fig. 3f). Activation of STAT3
signalling was reported to be required for muscle repair®®s’. However, high and
sustained activation of the JAK-STAT pathway induces inflammation and muscle
dystrophy, especially in aged rodents®®%°. Additionally, FAM189A2* nuclei showed
enrichment in the stress response (Extended Data Fig. 3d, Supplementary Table 4).
Taken together, we hypothesise that decreased FAM189A2* nuclei population in
slow-twitch myofibers is a result of a protective mechanism which reduces negative
consequences of the stress response, at the cost of reducing the capacity for muscle
repair with age.

OTUD1" nuclei were characterised by expression of the deubiquitinating enzyme
gene OTUD1, the injury activated transcription factor CREB5 and its target ATF3, the
three actin-cytoskeleton related genes XIRP1, ENAH, FLNC, and DNAJA4, a chaperone
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involved in the unfolded protein response (Fig. 3f). Indeed, OTUD1" nuclei were
enriched in active growth and repair supporting activities (Extended Data Fig. 3d,
Supplementary Table 4). This agrees well with the fact that a population with similar
marker genes was previously reported in mouse and implicated as “repair” cluster?®24,
Therefore, increased OTUD1" nuclei point to the activation of repair mechanisms
preventing degeneration of slow-twitch myofibers.

TNFRSF12A" nuclei had an expression profile similar to OTUD1" state and showed
specific enrichment in “wound healing” and “blood coagulation” gene sets, also
indicating its muscle repair activity (Extended Data Fig. 3d, Supplementary Table 4).
Besides, it also expressed higher levels of TNFRSF12A (Fig. 3f), which encodes FN14,
a receptor for the TWEAK ligand that is well-known to promote muscle atrophy®'. Hence,
an increase in TNFRSF12A" nuclei in fast-twitch myofibers can be a result of
disproportional damage repair response which leads to the preferential atrophy of these
myofibers®253, Taken together, FAM189A2*, OTUD1* and TNFRSF12A* nuclei may be
responsible for differential susceptibility of slow-twitch and fast-twitch myofibers to
age-related degeneration and atrophy.

Surprisingly, we also identified a novel nuclei population (named “NMJ accessory”),
which showed enrichment in various neuronal GO terms such as “synapse organisation”
and “axon development” as well as expressed marker genes related to synapse
formation distinct from classical NMJ nuclei markers (Fig. 3f, Extended Data Fig. 3d, e,
Supplementary Table 4). Among these markers were GRIA2, encoding the key subunit
of ionotropic glutamate receptor AMPAR that mediates synaptic plasticity and promotes
cholinergic transmission at NMJ®®, EFNA5, encoding an essential ligand involved in
axon guidance to the myotube during limb development®, and SORBS2, encoding an
adapter protein involved in acetylcholine receptor (AChR) cluster formation in mouse®’.
The “NMJ accessory” subpopulation also dramatically increased with age (Fig. 39),
suggesting its abundance may be responding to age-related changes in muscle
innervation. Indeed, we found that the NMJ suffered severe degradation with age,
displaying decreased AChR clusters and protective terminal Schwann cells (Fig. 3h).
Using SORBS2 as a marker, we identified some NMJ accessory nuclei directly beneath
the postsynaptic endplates at the NMJ of aged individual, but not the young individual
(Fig. 3i). In further support of their functional importance, SORBS2 knockdown in
cultured human myotubes led to a dramatic decrease of AChR clusters on all stages of

aggregate assembly (Fig. 3j, k). In summary, we report a novel population of nuclei


https://paperpile.com/c/o4ZL0F/YYfaq+lgZ37+si8s2
https://paperpile.com/c/o4ZL0F/BpNRX
https://paperpile.com/c/o4ZL0F/p5fMJ+5Hl7y
https://paperpile.com/c/o4ZL0F/Q9YdH+KuEtJ
https://paperpile.com/c/o4ZL0F/sOOvo
https://paperpile.com/c/o4ZL0F/34jdQ
https://doi.org/10.1101/2022.05.24.493094
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.24.493094; this version posted May 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

which may compensate for degeneration and denervation of NMJ (Fig. 3I).

Compensatory mechanisms against human fast-twitch myofiber degeneration in
ageing

Myofibers have differential susceptibility to ageing depending on their type: fast-twitch
myofibers are more vulnerable than slow-twitch ones®®. Here we combined information
about myofiber and nuclei dynamics to investigate this phenomenon. At the myofiber
level, we used immunofluorescence staining of traditional myosin heavy chain proteins
followed by image analysis (see Methods, Fig. 4a) to distinguish slow-twitch (type |,
MYH7"), fast-twitch (type IIA, MYH2" and type IIX, MYH1") and hybrid (type IIA-IIX,
MYH2*"MYH1*) myofibers. We then scored the expression of the same genes in the
nuclei, and consequently were able to separate three pure nuclei types, MYH7*, MYHZ2",
and MYHT1*, as well as four hybrid nuclei types, MYH2*"MYH1*, MYH7*MYHT",
MYH7*MYHZ2" and MYH7*MYHZ2*MYH1* (Fig. 4a, Supplementary Table 5).

At the myofiber level, we confirmed reduced heterogeneity of fast-twitch myofibers in
aged compared to young intercostal muscle (Fig. 4b, Extended Data Fig. 4a). We also
showed that both slow-twitch and fast-twitch myofibers decreased in cross-sectional
area (CSA), with type IIA displaying the greatest reduction in size (Fig. 4c, Extended
Data Fig. 4b-d). Detailed myofiber typing revealed that type IIX myofibers almost
completely disappeared in aged individuals, indicating the strongest degeneration. Type
IIA and hybrid llA-1IX did not significantly change, while type | had increased in
proportion (Fig. 4d, Extended Data Fig. 4e, Supplementary Table 5).

At the nuclei level, there were no significant changes between young and aged
muscle (Fig. 4e, f, Extended Data Fig. 4f). However, MYH1" nuclei (type 11X) had a
tendency to increase, even though type [IX myofibers disappeared entirely with age (Fig.
4f). This may point to initiation of MYH1 expression in other myonuclear types (MYH7",
MYHZ2") and acquisition of a hybrid nuclear phenotype. In agreement with this,
expressions of typical glycolytic genes were dramatically increased in slow-twitch
myonuclei (Fig. 4g), in keeping with a previous report®, while expressions of main
mitochondrial biogenesis genes PPARGC1A and NRF1 were decreased (Extended Data
Fig. 4g). Such hybrid states may work to compensate for fast-twitch myofiber loss in
ageing (Supplementary Table 5).

Meanwhile, MYH8" myocytes (previously identified from scRNA-seq) may present

another compensatory mechanism for fast-twitch myofiber loss. In particular, we found
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MYH8" myocytes to be an intermediate state in the trajectory from MuSC to myofiber
predominantly linking MuSC to fast-twitch myofiber (Extended Data Fig. 4h, i). This is
consistent with neonatal MYH8" being previously described as a marker of muscle
regeneration®®. MYH8" myocytes also specifically expressed high levels of fast-twitch
myofiber markers and increased in proportion with age (Fig. 4h, i, Supplementary Table
5). We validated the increase in MYH8 expression with age and its co-expression with
fast-twitch myofiber markers on the tissue sections in vivo (Fig. 4j, k). Moreover, nearly
10% of MYH8" fast-twitch myofibers had centralised nuclei (Fig. 41), suggesting they had
recently initiated regeneration.

In summary, taking advantage of immunofluorescence myofiber typing together with
sn/scRNA-seq, our data reveal two novel compensatory mechanisms for fast-twitch
myofiber loss: oxidative-to-glycolytic shift in nuclei states and an increase in fast-twitch

myofiber regeneration via MYH8" myocytes.

Cell type composition of human skeletal muscle microenvironment and ageing
regulation

The muscle microenvironment has been proposed to play an indispensable role in
muscle ageing”. To address this claim, we separated and finely annotated major
populations comprising both myofiber and MuSC microenvironments including immune
cells, fibroblasts, Schwann cells, ECs and SMCs (Fig. 5a-c, Extended Data Fig. 5a-c,
Supplementary Table 6).

In the immune cell compartment (Fig. 5a, Extended Data Fig. 5a, Supplementary
Table 6), we identified various subtypes of lymphoid and myeloid cells including T cells
(CD4*, CD8*, CD8*CRTAM*™"), B cells (naive and memory), plasma cells, NK cells
(CD16", CD16°), monocytes (Mono, CD14*, CD16"), dendritic cells (cDC1, cDC2 and
pDC) and macrophages (M2_LYVE1*%7 M¢_HLAIIhi”® and M¢_LAM™ %) which have
been reported by recent studies across a range of tissues. In two donors we also
detected granulocytes, specifically neutrophils at various stages of development, and
eosinophils, which play a role in muscle regeneration’’.

In the stroma-neural compartment (Fig. 5b, Extended Data Fig. 5b, Supplementary
Table 6), we observed tenocytes (TNMD* and SCX*), a large population of adventitial
fibroblasts (AdvFB, PI16%), a population of parenchymal fibroblasts (ParFB, COL4A1*
and COI15A1") and a population of intermediate fibroblasts (InterFB)’®, a transitional

state between AdvFB and ParFB. We also identified mSchwann- and nmSchwann cells,
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some of which displayed markers of terminal Schwann cells” (Extended Data Fig. 5d),
known to specifically localise at and protect the NMJ. In addition, we noted a number of
nerve-associated fibroblasts (NerveFB)®8', including perineurial (PnFB) and endoneurial
(EnFB) subtypes. We described a novel subtype of endoneurial fibroblasts expressing
neuropeptide Tachykinin Precursor 1 (TAC17), known to exert a wide range of effects on
nerve and smooth muscle cells.

In the vascular compartment (Fig. 5c, Extended Data Fig. 5¢, Supplementary Table
6), we identified main endothelial cell types such as arteria (ArtEC), vein (VenEC),
capillaries (CapEC), lymphatics (LymphEC) together with the pericytes, SMCs and mural
cells that form blood vessel walls. Across the blood vessel cell types, we observed
convergent inflammatory response states, in both young and aged, characterised by
expression of interferon regulatory factor, IRF1, CCL2 cytokine as well as DNA damage
response genes GADD45B, CDKN1A.

By investigating age-associated dynamics of microenvironment populations using
Milo (Fig. 5d), we discovered that the largest increase in abundance with age occurred
among the lymphoid immune cells including B cells, T cells, NK_CD16" cells, as well as
with certain fibroblast subtypes (AdvFB and PnFB). Within the blood vessel
compartment, CCL2" veins (VenEC_CCLZ2") displayed the strongest enrichment in
elderly donors and were followed by CCL2" (Pericyte CCL2") and CCL26" pericytes
(Pericyte_CCL26"). These findings add insight to previous observations that the
incidence of diseases involving muscle inflammation and fibrosis increases with age®>%.
In contrast, both mSchwann- and nmSchwann cells dramatically decreased with age, in
keeping with the accompanying axonal deterioration. Interestingly, anti-inflammatory
M2-like LYVE1* macrophages were depleted with age together with InterFB and ParFB.
Such macrophage dynamics can point to insufficient anti-inflammatory signals in the
aged muscle after repeated rounds of damage and regeneration. Finally, both SMCs and
pericytes decreased with age, which could lead to deterioration of the blood vessel wall,
compromising blood flow to the muscle as has been previously suggested®*.

To improve our understanding of ageing muscle microenvironment, we performed
ageing DEGs analysis across microenvironment cell populations (Supplementary Table
3), paying particular attention to chemokines and cytokines. We also studied putative
interactions mediated by these genes using the CellPhoneDB.org resource
(Supplementary Table 6)%.

Strikingly, several cell populations in the ageing muscle either significantly
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up-regulated or had a tendency towards increased expression of CCL2. CCL2 is the
major pro-inflammatory and known monocyte/macrophage-attracting cytokine known to
be activated in muscle injury (Fig. 5€)%-%. Indeed, CellPhoneDB analysis predicted that
several microenvironment populations (FB, MuSC, ArtEC, SMC, pericytes) could attract
monocytes, cDC2 and plasma cells to the ageing muscle via both CCR2 and CCR10
receptors (Fig. 5f). In addition to pan-microenvironment upregulation of CCL2, we also
noted an increase in CCL3, CCL4 and CXCL8, which was restricted to immune cells
(Fig. 5e). For instance, CCL3 and CCL4, that were found to be increasingly produced
with age by CD14" monocytes, macrophages and NK cells, were predicted to attract a
whole range of immune cells including monocytes, macrophages, different types of DC,
plasma and B cells as well as eosinophils and neutrophils (Fig. 5f, Extended Data Fig.
5e). Conversely, CXCL8 was predicted to exclusively attract neutrophils (Fig. 5f). Taken
together, this suggests a mechanism for increased immune infiltration into the muscle
with age.

Finally, we noted an increase in expression of the pro-inflammatory cytokine /L6 in
several microenvironment cell types, coupled with a decrease in the anti-inflammatory
IL10 in immune cells (Fig. 5e)®®%. Such an imbalance towards the inflammatory state

could be both a cause and consequence of immune infiltration.

Integrated human-mouse skeletal muscle ageing atlas at single-cell resolution

In order to compare and contrast age-related changes in human and mouse skeletal
muscle, we integrated our in-house produced single-cell human and mouse skeletal
muscle data with 6 previously published human'®?' and mouse healthy, non-perturbed
single-cell resources?*3°4 The integrated dataset comprised 346,296 single-cells and
contained samples from 33 human donors (19 to 84 years old) and 31 mice (1 month to
30 months) (Fig. 6a, Extended Data Fig. 6a-c, Supplementary Table 7).

To identify age-related changes in cell type abundance common to both human and
mouse, we employed a linear mixed-effect Poisson regression model, while controlling
for multiple covariates such as species effect, 10x chemistry of the library, muscle type
and sex (see Methods). The common cross-species ageing effect was very weak, with a
trend towards increase in monocytes, dendritic cells, ECs and decrease in MuSCs,
Schwann cells and SMCs, though these changes were not statistically significant (LTSR
< 0.9, see Methods) (Fig. 6b). At the same time, species had a much stronger effect on

cell type abundance. MuSCs, fibroblasts, T cells, NK cells, monocytes, pericytes and
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SMCs tended to be more abundant in human, while tenocytes and ArtECs were more
abundant in mouse (Fig. 6b). Having observed a weak agreement in the age-related
changes in cell type abundance between species, we went on to compare cell type
ageing DEGs between both species.

A systematic review of cell-type specific differential gene expression (see Methods)
revealed on average a larger number of DEGs in human muscle compared to mouse
(Fig. 6c, Supplementary Table 7). The majority of cell types showed more
down-regulated genes with age than up-regulated ones (13 vs. 5 cell types for humans
and 11 vs. 7 for mice), indicating that the predominant down-regulation of gene
expression with age is conserved across species.

To further investigate the conserved ageing hallmarks at gene expression level, we
determined the consistency of up-regulated and down-regulated genes between human
and mouse using the Jaccard similarity index (see Methods). Consistency in ageing
DEGs between human and mouse ranged between 1 and 19 % for different cell types
(Fig. 6d). This is comparable to the 4.7% overlap we calculated using skeletal muscle
ageing DEGs determined from bulk RNA-seq and reported by Zhuang et al. 2019°".
Consistency of down-regulated ageing DEGs were larger than the up-regulated ones,
further emphasising that down-regulation is a conserved ageing mechanism across
species, as noted previously®?. Furthermore, immune cells tended to have the highest
cross-species overlap in the up-regulated genes as compared to other cell types (Fig.
6d, immune cells were highlighted in red). This likely indicates activation of gene
expression programs which contribute to age-related inflammation. To investigate
further, we performed KEGG pathway enrichment for ageing DEGs in human and mouse
and plotted consistent ageing pathways between species in relation to the number of
involved cell types (Fig. 6e). Immune-related pathways such as phagosome synthesis,
antigen processing and presentation, complement cascade and coagulation were
enriched in several cell types with age. This is in keeping with accumulated inflammation
during muscle ageing®*®*. Our data also revealed sets of pathways maintaining healthy
muscle functions to be depleted in multiple cell types with age, including the PI3K-Akt
pathway, focal adhesion and axon guidance (Fig. 6e, Supplementary Table 7), further
indicating a general decline in muscle physiology.

Through analysing the DEGs in each cell type individually, we revealed a subset of
genes potentially driving muscle ageing in both the human and mouse (Fig. 6f). Of note,

the increase in the immune-attracting cytokine CCL2 and CCL4 we reported in the
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human skeletal muscle was not replicated in the mouse single-cell data (Fig. 6f).
Pan-cell-type increase of CCLZ2, in particular, may be a specific feature of human muscle
ageing. At the same time, other pro-inflammatory molecules such as chemokines
CXCL3, CCL17 and interleukin IL1B together with inflammasome NLRP3 showed
increase in both species’ monocytes, macrophages, cDC2 and B cells (Fig. 6f,
Supplementary Table 7), pointing to an increase in inflammation with age.

While we observed proinflammatory /L6 tended to increase with age in pericytes and
smooth muscle cells of both species, it has also shown a lot of decrease in mouse as
opposed to human (MuSC, T cells, B cells, monocytes, macrophages and cDC2, for
mouse and VenEC, PnFB for human) (Fig. 6f). Anti-inflammatory /L70 was increased in
both human and mouse macrophages (Fig. 6f), but decreased in human monocytes and
cDC2 whilst increasing in mouse monocytes. Finally, growth and angiogenesis
associated with /IGF1 and RRAS genes were mostly down-regulated in stromal and
blood vessel cells, respectively, both in humans and mice.

Taken together, this suggests an increase in inflammation coupled with decreased
growth signalling is the common feature in skeletal muscle ageing of both species.
However, it may be orchestrated by different cytokines and chemokines across different

cell populations.

Discussion

While single-cell genomics studies have provided many insights into ageing in
rodent tissues, studies in human tissue have been limited. The small number of human
studies have yielded interesting insights on, for instance, ageing of pancreas®, skin®
and retina®. The bottleneck for human studies is the limited access to healthy human
tissue across the lifespan. Additionally, in the specific case of skeletal muscle,
comprehensive single-cell studies have the technical challenge that the syncytial
myofiber is impossible to profile with droplet single-cell technologies due to its size,
unlike MuSCs and resident muscle environment cells. Here, we combined single-cell
and single-nucleus RNA sequencing to build the first human skeletal muscle ageing
atlas that includes both MuSCs, microenvironment cells and myofiber nuclei. In this
atlas, we annotated 39 major cell types, providing more fine-grained insights than was
previously available'® 19232437

From this detailed analysis, we identified novel myonuclei populations, and
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hypothesised that their presence and change in abundance may be responsible for the
differential ageing of slow-twitch and fast-twitch myofibers. Importantly, we unveiled two
compensatory mechanisms for fast-twitch or glycolytic muscle atrophy, one mediated by
the glycolytic-shifting of the oxidative nuclei, and another one by newly generated
MYH8" myocytes from MuSCs. We also revealed novel specialised NMJ accessory
myonuclei which can facilitate rebuilding of the dysfunctional NMJ.

In the myofiber microenvironment, we found several cell types which displayed
pro-inflammatory changes, expressing pro-inflammatory chemokines such as CCL2,
CCL3, CCL4. Their interactions with immune cells may be responsible for the infiltration
of immune cells and chronic inflammation in the aged muscle. Finally, our human-mouse
integrated ageing atlas helps to reveal human-specific cellular and regulatory
mechanisms of muscle ageing.

It is well-known that fast-twitch myofiber is more susceptible to atrophy in ageing
compared with slow-twitch ones. Several mechanisms have been proposed as
explanations for this phenomenon®®8, Through snRNA-seq we identified several types
of nuclei which are differentially distributed in slow-twitch and fast-twitch myofibers, and
can be related to fast-twitch myofiber degeneration (TNFRSF12A*) and slow-twitch
myofiber regeneration (OTUD1* and FAM189A2"), respectively. Therefore, we
hypothesise that fast-twitch myofiber atrophy in ageing is intrinsic to myofiber and
controlled by the subpopulations of the nuclei. Our results also demonstrate the plasticity
of gene-expression profiles in single nuclei in syncytial cells, which can adapt under
physiologic or pathologic stress. This may contribute to the resilience of skeletal muscle
to ageing, metabolic change, and exercise.

Additionally, loss of muscle mass and function in ageing could be due to the
dysfunction of innervation by the peripheral nervous system, caused either by
degeneration of the myofiber apparatus linking to motor neurons, or impairments of the
neurons themselves. In our work, we could not detect changes in the abundance of NMJ
nuclei, which are responsible for the formation of NMJ apparatus, over ageing. However,
we did find a significant decrease of both myelinating and non-myelinating Schwann
cells, which normally served to protect and support neurons. Therefore, we suggest that
the degeneration of NMJ in muscle ageing can at least partially be attributed to the loss
of neural function as a consequence of glial cell loss. Importantly, we observed an
increase in novel NMJ accessory myonuclei in aged myofibers, especially of the

slow-twitch type, which may help re-innervate the NMJ. Although this physiological
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compensatory mechanism seems to ultimately fail in preventing muscle atrophy, it might
provide a future avenue for medical intervention to improve muscle function.

Overall, our integrated genomics, imaging and computational analyses provide a
global overview of the biology of muscle ageing and can serve as a valuable resource

for future human ageing studies.

Materials and Methods

Tissue acquisition

Human intercostal muscle samples (inner part between 2" and 3™ ribs) for single-cell
and nuclei processing 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 informed
consent was obtained from the donor families. Three 19 months old and five 3 months
old male mice of C57BL/6JR] strain were obtained from Janvier labs, France and
housed at the Sanger Institute under Establishment licence number X3A0ED725
provided by the Home Office. They were used to dissect hindlimb muscles for the
following single-cell and single-nuclei isolation.

For experimental validations, adult human intercostal muscle biopsies were collected
from 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, embryonic hindlimb muscles were collected from medical
abortions at Guangzhou Women and Children’s Medical Center (Guangzhou, China)
with ethical approval license (REC 2019-075) granted by the Research Ethics
Committee of Sun Yat-sen University. Informed consent for intercostal and fetal muscle
tissue collection and research was obtained from every patient. Collected intercostal
muscles were either freshly processed for immunohistochemistry assays or used for
FACS-sorting to isolate MuSC subpopulations. Fetal hindlimb muscles were

enzymatically digested to purify myoblasts for in vitro culturing.

Single-cell sample processing

Skeletal muscle tissue was processed according to the following protocols for single-cell
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and single-nucleus isolation from skeletal muscle deposited at protocols.io®'. Briefly,
muscle tissue was minced, digested in the solution of Collagenase I
(Worthington-Biochem, LS004176) and Dispase (Gibco, 17105041) and, following that,
lysate was centrifuged in the gradient of Percoll to recover a fraction with single-cells.
For single-nucleus isolation, muscle tissue was grounded using a dounce homogenizer,
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 8000 live cells or 8000
intact nuclei were loaded per sample into Chromium Controller (10x Genomics) and
Single 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 lllumina HiSeq
4000 or Novaseq 6000 with the following parameters: Read1: 26 cycles, i7: 8 cycles, i5:

0 cycles; Read2: 98 cycles to generate 75-bp paired-end reads.

Transcriptome mapping

3’ 10x Genomics skeletal muscle droplet sequencing data for human and mouse cells
were aligned and quantified using the Cell Ranger Single-Cell Software Suite version
3.1.0 and GRCh38 human or mm10 reference genome (official Cell Ranger reference,
version 1.2.0). Corresponding single-nucleus data for mouse and human were aligned
and quantified with Cell Ranger made pre-mRNA reference genomes. Spliced and
unspliced counts were derived from Starsolo analysis'' using GRCh38-3.0.0 human

genome and parameters matching Cell Ranger 3.x.x results.

Cell quality control and filtering

Cellbender™ 0.2.0 was used to remove ambient RNA contamination 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 sample 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 cells with high percentage of ambient
RNA using the following minimum thresholds: 1000 UMI and 500 genes for cells and
700 UMI and 500 genes for nuclei. Cells with higher than 20% and nuclei with more than

5% mitochondrial genes expressed were removed as potential low-quality cells.
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Data processing and batch alignment

Scanpy python package (version 1.7.2)'** was used to load the cell by gene count matrix
and perform processing according to standard pipeline with modifications. First, we
normalised raw gene read counts by  sequencing depth using
scanpy.pp.normalize_per _cell followed by In(x) + transformation, done using
scanpy.pp.logp. Then, we selected 3000 or 10000 highly variable genes using
scanpy.pp.highly variable_genes (flavor='seurat v3'), which mimics the procedure
implemented in Seurat v3. Following that, we performed dimensionality reduction and
batch correction on the data using scVI model (parameters: n_layers = 2, n_latent = 30)
from the package scvi-tools?’. We used 10x library as a batch and specified data
modality (cells vs. nuclei), 10x chemistry, donor ID, sex as additional categorical and
percent_mito as numerical covariates to correct for. Next, we calculated the
neighbourhood graph using scanpy.pp.neighbours with k = 15 and used it to perform cell
clustering with the Leiden algorithm (resolution = 1).

Marker genes were identified 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 benjamini-hochberg
method and top 100 genes were considered. Alternatively,
scvi.model.SCVI.differential_expression function was used to calculate differentially
expressed genes (DEGs) between a particular cluster and the reference using Bayesian
approach. This was used to better call markers for specialised nuclei populations such
as I-FAM, I-OTU, II-FAM, 1I-OTU and II-TNF. Specifically, DEGs were called by
comparing every specialised population to the conventional type | or type |l myofiber
cluster, respectively. Later, DEGs were further prefiltered to have log, (Fold change, FC)
above one, to be expressed in at least 10% of the cells and to have Bayes factor above
two. Finally, gene set over-representation analysis was performed on the marker genes
either using scanpy.queries.enrich, a wrapper for gprofiler'®, or Metascape
web-interface’® .

Trajectory analysis aimed to uncover intermediate stages between MuSC and
myofiber was performed using the Monocle2 R package (v2.9.0)'%. Dataset for
trajectory analysis was limited to MuSCs and myofiber cells (coming from scRNA-seq)
and the known genes, important for muscle differentiation: PAX, MYF5, PDGFRA,
MYOG, TPM1, MYH2, MYH3, NCAM1, TNNT1, TNNT2, TNNT3, TNNC1, CDK2,
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CCND1, CCNA1, ID1.

Integration of publicly available datasets

With the aim to compare quiescent and activated human and mouse MuSC subtypes,
we have downloaded and integrated mouse MuSC from the following resources:
GSE110878, GSE143476, GSE134540, GSE138707 and GSE149590.

With the aim to create an integrated human-mouse skeletal muscle dataset we
have identified and downloaded all healthy unchallenged human and mouse skeletal
mouse datasets, which were publicly available. The count matrices for human skeletal
muscle scRNA-seq samples were obtained from Gene Expression Omnibus (GEO)
GSE143704 and DRYAD (https://doi.org/10.7272/Q65X273X), while corresponding
mouse samples were obtained from the following repositories: GSE110878,
GSE138707, GSE134540, GSE143476, GSE149590, GSE142480. All human and

mouse samples underwent Scrublet doublet detection and QC filtering as described

previously. Next, human and mouse datasets were concatenated into one object,
retaining only homologous genes. After standard pre-processing, the scVI model was
used to produce an integrated embedding for the data, while using SamplelD as a batch

and species, 10x_chemistry, muscle type, Sex as categorical covariates.

Ageing cell type composition analysis
With the aim to identify the age effect on cell composition we have 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
major human and mouse cell type compositions, while controlling for confounding
covariates.

Specifically, the effect of age on cell type specific counts was modelled using the
Poisson linear mixed-effect model accounting for the possible biological and technical
covariates using glmer function from the “Ime4” package on 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 fold change for
every covariate was calculated relatively to the grand mean and adjusted so its value is
0 when there is no effect. Local true sign rate (LTSR) was used to estimate statistical

significance, which denotes probability that the estimated direction of the effect is true
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(see details on its calculation here'® Cell type composition analysis). LTSR ranges from
0 to 1, where the higher value denotes higher probability, we used LTSR > 0.9 as a
cutoff to call significant age effect on cell type compositions.

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

Ncs ~ Age + (1|Celltype) + (1|Sample) + (1|10x) + (1|batch) + (1|Sex) +
(Age-1|Celltype) + (1|10x::Celltype) + (1|batch::Celltype) + (1|Sex::Celltype)+
(1|Sample::Celltype), where Ncs denotes the cell count of cell type ¢ in sample n, Age
denotes age in years, scaled and centered, Sample denotes 10x library ID, batch
denotes cells or nuclei.

- The model fitted for combined human-mouse dataset (Fig. 6b):

Ncs ~ (1|Age_group) + (1|Celltype) + (1|Sample) + (1|10x) + (1|Species) +
(11Sex) + (1|Age_group::Celltype) + (1|10x::Celltype) + (1|Species::Celltype) +
(1|Sex::Celltype) + (1|Sample::Celltype), where Ncs denotes the cell count of cell type ¢
in sample n, Age_group denotes binary age (young, old), Sample denotes 10x library ID
and Species denotes human or mouse.

2. MiloR (v1.2.0)*" R framework was used to detect ageing changes in the states
within one or several cell types (for MuSC, myofiber, immune, fibroblast and vasculature
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 resolution of clusters/cell types.
Specifically, we first constructed a KNN-graph of cells (k was adjusted depending on cell
type, d = 30) using embedding obtained after application of the scVI model on a
particular cell type(s). Next, we sampled a representative group of cell neighbourhoods
across KNN-graph and obtained a count matrix with neighbourhoods in rows and
sample ids in columns. Following that, we applied a negative binomial model linear
regression model to assess the effect of Age on the number of cells in each
neighbourhood accounting for the 10x chemistry and Sex effect. The significance was
controlled for multiple testing using weighted BH correction*’. We later assigned
neighbourhoods to cell type labels based on the majority voting of the cells comprising
that neighbourhood, where the most abundant label was present in more than 70% of

cells. Otherwise, the neighbourhood was assigned a “Mixed” label.

Ageing differential gene expression analysis

We performed ageing differential gene expression analysis twice to identify
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age-associated genes changing in every major cell type as well as in every subtype.
With that aim we employed the linear mixed model as proposed'®, which allowed us to
account for various technical (10x chemistry, data modality: scRNA-seq or snRNA-seq)
and biological covariates (Donor, Sex) to disentangle the true effect of age. After fitting
the model, a Bayes factor of each factor was calculated for every gene as described in
the previous report'®. Later Bayes factors were used to compute posterior probability
and significance measure, LTSR (see section 1.3 of the supplementary 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, mouse) while
using muscle type, donor/mouse sex as biological covariates and 10x chemistry and
data modality (scRNA-seq or snRNA-seq) as technical covariates.

To compare ageing DEGs between species, we calculated the Jaccard index, which
denotes the ratio between the size of the intersection of two sets and their union. Next,
we used the “clusterProfiler” R package to identify which KEGG pathways are enriched
among ageing DEGs in every species. We used genes that have log, (FC) above 0 or
below 0, LTSR greater than 0.9 and were expressed 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)in them.

Cell-cell communication analysis

We used the CellPhoneDB algorithm (v3)% and database to obtain the list of all possible
cell type pairs and receptors which can interact through the following ligands CCL2,
CCL3, CCL4 and CXCL8. Normalised count data and broad cell type assignment were
used as input. 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 visualise all possible emitter cell types, producing the
aforementioned ligands and all possible receptor cell types, expressing the receptor. We
also indicated if the expression of ligand or receptor has changed with age (according to
ageing DEGs analysis).

FACS-based cell sorting of MuSC

Freshly obtained intercostal muscles were collected in sterile 1 x PBS. The superficial
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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 mixed with 2.5 U/mL
Dispase Il (Roche, #4942078001) and 1 mg/mL Collagenase B (Roche, #11088815001)
supplemented with 5 mM MgCl, and 2% penicillin—streptavidin (Gibco, #15140122).
Minced tissue was digested with enzyme solution at 37°C for 60-90 min with gentle
shaking, filtered sequentially through 100 pym (Falcon, #352360) and 40 um (Falcon,
#352340) cell strainers to get the single cell suspensions. Cell suspensions were
adjusted to 2-7.5 x 10° cells/mL with FACS buffer (2% FBS diluted in 1 x 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
(BioLegend, #342109, 1:500 dilution) and anti-human CD56-PE/Cyanine 7 monoclonal
antibody (eBioscience, # 25-0567-42, 1:200 dilution) to enrich human MuSCs*?**, and
anti-human CD54-APC monoclonal antibody (eBioscience, #17-0549-41, 1:300 dilution)
for sorting ICA* MuSCs. Cells were incubated on ice for 30 min, while being protected
from light. After washing with FACS buffer, cells were sorted and analysed with BD
Influx™ Cell Sorter. Exported raw data were processed with FlowJo (10.4) to analyse

cell populations.

RNA isolation for sorted cells and quantitative PCR

FACS-sorted ICA* MuSC and ICA" MuSC either from young or aged muscle biopsies
were collected directly into 1 mL of TRIzol reagent (Invitrogen, #15596026) for isolation
of total RNA. After quality control and quantification by NanoDrop™ One (Thermo
Scientific), 100 ng of RNA was reverse transcribed into cDNA using PrimerScript™ RT
Master Mix (TaKaRa, #RR036A). Next, 100 ng cDNA from each sample was subjected
to quantitative real-time PCR (qPCR) following the manufacturer’s instructions of
PerfectStart Green qPCR SuperMix (TransGen Biotech, #AQ601) on LightCycle480
Instrument Il (Roche). Relative mRNA expression was normalised to RPLPO using

standard statistics method of 2-24¢T,

Immunohistochemistry
Freshly collected intercostal muscles were trimmed with forceps to remove the

superficial connective tissue, embedded into Tissue-TEK® OCT compound (PST) and
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frozen in isopentane cooled with liquid nitrogen. For immunohistochemistry, 10 um
fresh-frozen cryosections were collected from the OCT-embedded muscle tissue and
fixed with 4% PFA. Sections were then incubated in citrate buffer (pH 6.0) at pressure
cooker to perform heat activated antigen retrieval. After washing with 0.1% Triton X-100
diluted in PBS (0.1% PBST), cryosections were blocked with 10% affinipure Fab goat
anti-mouse IgG (Jackson Immunoresearch, #115-007-003) in 0.1% PBST for 60 min and
5% normal goat serum (Jackson Immunoresearch, #005-000-121) in 0.1% PBST
containing 2% BSA for 30 min, respectively. For immunostaining, the sections were
incubated with the following mixed primary antibodies overnight at 4°C: ant-MYH7
(Developmental Studies Hybridoma Bank, DSHB, #BA-F8, 1:14 dilution), anti-MYH2
(DSHB, #SC-71, 1:20 dilution), anti-MYH1 (DSHB, #6H1, 1:6 dilution) or anti-MYH8
(DSHB, #N3.36, 1:9 dilution). After washing with 0.1% PBST, sections were incubated
with mixed secondary antibodies at room temperature for 1 hour and later with DAPI for
10 min both at room temperature. Mix of secondary antibodies included goat anti-mouse
IgG1 (Alexa Flour 488, Invitrogen, #A-21121, 1:400 dilution), goat anti-mouse 1gG2b
(Alexa Flour 647, Invitrogen, #A-21242, 1:400 dilution) and goat anti-mouse IgM (Alexa
Flour 555, Invitrogen, #A-21426, 1:400 dilution). After staining, sections were covered
with fluorescence-saving mounting medium (Millipore, #345789) and imaged with DMi8
inverted microscope (Leica Microsystems). For presentation, the MYH7* colour channel
was adjusted from purple to blue and MYH8" colour channel from grey to red to better

show merged images.

Image analyses

For unbiased myofiber subtyping and age-associated comparisons (Fig. 4b-d, Extended
Data Fig. 4b-e, Supplementary Table 5), we developed an automated myofiber
segmentation and image analysis workflow. Briefly, for each multi-channel image
exported from the microscope, all channels targeting non-nuclei channels were first
max-projected and then sequentially processed through gaussian blurring, gamma
adjustment and USM™°. After that, myofiber segmentation was performed using a
deep-learning based object segmentation algorithm, Cellpose'. In order to classify
myofibers into different fast and slow subtypes, we have manually trained an object
classifier using the object classification workflow in ilastik''?. This classifier also returns
metrics that describe myofibers’ properties which were later exported for downstream

analysis. To ensure trivial myofiber quantification, all myofibers located at the image
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border are discarded. Nuclei surrounding all myofibers were also detected with Cellpose
using a different set of parameters in both preprocessing and segmentation steps (see
Extended Data Fig. 4a for details).

For automatic analysis of MYH8" myofiber area done on teased muscle pieces (Fig.
4j, Supplementary Table 5), we used Fiji to quantify size in pixels of both the whole
muscle pieces and MYH8" myofiber areas. Multiple images from each sample were
stitched with Fiji stitching tool to obtain the whole muscle image. Later, area in pixels
occupied by the tissue was quantified as “whole muscle area”, while “MYH8" area” was
quantified as an area in pixels above the default threshold within the green channel
(MYH8" channel). Finally, we detected and quantified centralised nuclei manually (Figure

4|, Supplementary Table 5), since automatic approaches were not very accurate.

Immunofluorescence on teased human skeletal muscles

Fresh muscle samples were trimmed to get rid of the superficial connective tissue under
stereomicroscope and then immediately fixed with 4% paraformaldehyde (PFA) at room
temperature for 8 min. Freshly fixed muscles were gently teased with forceps into
thinner pieces in PBS and fixed with 4% PFA for another 10 min. After washing with
0.5% Triton X-100 diluted in PBS (0.5% PBST), muscle pieces were then transferred
into PBS and incubated at 55°C for 30 min to denature the extracellular collagen fibrils.
Next, muscles were blocked with 5% normal goat serum (Jackson Immunoresearch,
#005-000-121) diluted in 0.5% PBST containing 3% BSA for 60 min.
Immunofluorescence was performed with the following primary antibodies: anti-NEFH
(Cell Signaling Technology, #2836S, 1:400 dilution), anti-S100B (Abcam, #ab52642,
1:200 dilution), anti-SORBS2 (Proteintech, 24643-1-AP, 1:200 dilution), and anti-MYH8
(DSHB, #N3.36, 1:9 dilution). For AChRs staining, Cy3 conjugated a-Bungarotoxin
(a-BTX, BosunLife, #00018) at a final concentration of 2.5 ug/mL (performed under the
Biosafety Cabinet) was mixed with primary antibodies and applied overnight at 4°C.
Muscle pieces were then washed with 0.5% PBST and incubated with
fluorescein-conjugated secondary antibodies including: goat anti-mouse IgG H+L (Alexa
Flour 488, Invitrogen, #A-11029, 1:400 dilution), goat anti-rabbit IgG H+L (Alexa Flour
488, Invitrogen, #A-11008, 1:400 dilution), goat anti-mouse IgM (Alexa Flour 555,
Invitrogen, #A-21426, 1:400 dilution). Nuclei were stained with DAPI (Invitrogen) and
muscle bundles were then covered with fluorescence-saving aqueous mounting medium

(Millipore, #345789). Images were taken with Nikon C2 Confocal Microscope (Nikon
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Eclipse Ni-E) and DMi8 inverted microscope (Leica Microsystems). Due to NMJs
position only in one specific part of the myofiber (in the middle) of myofiber, it is often
hard to capture them in the myofibers from surgical biopsies. We could only detect NMJ
structures in one young and two aged muscle biopsies among over thirty biopsies

surveyed. Hence, our statistics are based on those samples (Fig. 3h, i).

Dissociation of human primary myoblast and cell culture

Human embryonic hindlimb muscles were collected in sterile PBS and mechanically
dissociated using fine scissors in 10 mL (per gram of tissue) of enzyme solution
containing 2.5 U/mL Dispase Il (Roche, #4942078001) and 1 mg/mL Collagenase B
(Roche, #11088815001) supplemented with 5 mM MgCl, and 2% penicillin—streptavidin
(Gibco, #15140122). Tissue was incubated with enzyme solution for 30 min at 37°C with
gentle shaking. Digestion was stopped with 10% FBS plus 2 mM EDTA diluted in sterile
PBS and tissue suspension was sequentially filtered through 100 um (Falcon, #352360)
and 40 pm (Falcon, #352340) cell strainers to get the single cell suspension. After
centrifugation and repeated washing, cells were pre-plated in a 10 cm Gelatin-coated
cell culture dish for 40 min. This procedure allows the majority of the fibroblasts to
adhere to the dish ahead of myoblasts. After pre-plating, the cell supernatant was then
gently transferred to a new Gelatin-coated cell culture dish to enrich primary myoblasts
under the conditions of 5% CO, and 37°C.

Purified myoblasts were grown in DMEM/F-12 cell culture medium containing 20%
FBS, 10 ng/mL human basic fibroblast growth factor (PeproTech, AF-100-18B-500) and
1% penicillin-streptavidin. For myogenic induction, cells at 80% confluence were moved
to the differentiation DMEM/F-12 medium containing 2% house serum and 1%

penicillin-streptavidin. Myoblasts were differentiated to myotubes within 2-3 days.

SiRNA-mediated gene knockdown assay
siRNA oligonucleotides specifically targeting SORBSZ2 transcripts were designed using

the online toolkit (https://rnaidesigner.thermofisher.com/rnaiexpress/). Synthesised

siRNAs were diluted with sterile RNase-free ddH,O to reach 20 mM stock concentration
and stored at -20°C. For siRNA transfection, 5 yL of 20 mM siRNAs and 3 uL of
X-tremeGENE HP DNA Transfection Reagent (Roche, #6366546001) were diluted in
200 pL Opti-MEM (Gibco, #11058021) and incubated for 15 min to allow transfection
complex formation. Later the mix was slowly added to the cell culture medium in each
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well of 6-well plate to reach a final siRNA concentration of 50 nM. 48 hours after
transfection, cells were assigned either to qPCR to detect knockdown efficiency or to

immunofluorescence to evaluate effects on AChRs aggregation formation.

In vitro induction of AChRs aggregation

Primary human myoblasts were seeded in 6-well cell culture plates for differentiation and
AChRs aggregation induction. Before seeding cells, plates were pre-coated with 10
Mg/mL natural mouse laminin (Gibco, #23017015) diluted in DMEM/F-12 at 37°C for at
least 4 hours, which is essential for postsynaptic apparatus formation in vitro’*'#. Upon
reaching 80% confluence, cells grown in laminin-coated plates were switched for
differentiation. On day 2 of myogenic differentiation, cells were first incubated with 200
ML of 10 ug/mL laminin for 20 min and later supplemented with 2 mL of differentiation
medium for continuous culturing in order to induce formation of mature AChRs clusters.
Once myoblasts got differentiated into myotubes on day 3, siRNAs targeting SORBS2
transcripts were transfected into the myotubes. 48 hours post transfection, myotubes
were fixed with 4% PFA, washed with 0.5% PBST and stained with 2 pg/mL a-BTX
followed by DAPI. Topological AChRs aggregates were visualised using DMi8 inverted
microscope (Leica Microsystems). Quantifications of AChRs clusters were carried out

with help of Fiji software.

Statistics

In this study, all of the bioinformatic analyses related to sc-/shnRNA-seq data processing
were described in detail in the Methods and corresponding figure legends. For all of the
plots in the study, number of biological repeats, detailed statistical methods and

significance were stated in the Methods and corresponding figure legends.

Data availability

The processed data objects generated within this study are available for browsing and
inspection by the editors and reviewers at the following website
https://www.muscleageingcellatlas.org. Raw sequencing data for the newly generated
libraries will be deposited to Array Express and accession codes will be available before
publication. The publicly available human skeletal muscle scRNA-seq data were
downloaded from the GSE143704 and DRYAD (https://doi.org/10.7272/Q65X273X)
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repositories while mouse scRNA-seq samples were obtained from GSE110878,
GSE138707, GSE134540, GSE143476, GSE149590, GSE 142480 repositories.

Code availability

All code scripts and notebooks used in the study are available upon request and will be

deposited at GitHub repository before publication.
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Figure Legends

Fig. 1 | A single-cell and single-nucleus transcriptomic atlas of human skeletal
muscle ageing. a, Visual overview of experimental design and main directions of
investigations. Human intercostal muscles were collected between the 2™ to the 3™ rib,
while mouse muscle samples were obtained from the whole hindlimbs. b, Timescale
displaying human muscle sampling across ages for sc/snRNA-seq (n = 8 for young vs. n
= 7 for aged) and for myofiber subtyping (n = 7 for young vs. n = 5 for aged). yo, years
old. ¢, Uniform manifold approximation and projection (UMAP) visualisation of annotated
cells in muscle ageing cell atlas. MF-I and MF-II, type | and type Il myofiber; MF-Isn (fg)
and MF-lIsn (fg), type | and type Il myofiber fragment from snRNA-seq; MF-Isc (fg) and
MF-lIsc (fg), type | and type Il myofiber fragment from scRNA-seq; Specialised MF,
specialised myonuclei (NMJ, NMJ accessory, MTJ) and myocyte (RASA4*, MYH8")
populations (to be described at Fig. 3); MuSC, muscle stem cell; FB, fibroblast; EnFB,
endoneurial fibroblast; PnFB, perineurial fibroblast; mSchwann, myelinating Schwann
cell; nmSchwann, non-myelinating Schwann cell; B-plasma, plasma cell; cDC1 and
cDC2, conventional dendritic cell 1 and 2; ArtEC, arterial endothelial cell; VenEC,
venous endothelial cell; CapEC, capillary endothelial cell; LymphEC, lymphatic
endothelial cell; SMC, smooth muscle cell. d, The log, (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 confounding factors
(Methods). LTSR represents a significance measure indicating the local true sign rate.
Significantly differentially abundant populations are highlighted with red edges
(Methods).


https://doi.org/10.1101/2022.05.24.493094
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.24.493094; this version posted May 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Fig. 2 | Mechanistic insights into human MuSC ageing. a, UMAP visualisation of
15,606 MuSCs, displaying main subpopulations identified from scRNA-seq (left) using
marker genes from the dot plot (right). Size of the dot represents the proportion of cells
expressing each gene, colour denotes the mean scaled expression level in each cluster.
b, Tree visualisation of the clusters of Gene Ontology (GO) terms enriched among
marker genes for every MuSC subpopulation (denoted with the colour of the branches)
using Metascape (see Methods). Nodes represent GO terms, which are grouped into
clusters based on semantic similarity (only top 10 clusters per each MuSC population
and top 5 enriched terms within each cluster are shown). The most enriched GO term
within a cluster is also chosen as a parent node, all parent nodes are connected to one
arbitrary root. Size of the node denotes GO term size. Colour denotes log10 of P value.
c, Beeswarm Milo plot (see Methods) showing the distribution of log,-fold change (x
axis) in cell abundance with age across neighbourhoods of MuSC subtypes (y axis).
Neighbourhoods displaying significant differential abundance at SpatialFDR 10% are
coloured. d, Bar plot visualisation of ribosome biogenesis enrichment score among four
MuSC subpopulations in young vs. aged human individuals. P values were obtained
using a one-way ANOVA test. *, P < 0.05; **, P < 0.01. e, Dot plot illustrating ageing
changes in the ribosome biogenesis genes and genes comprising RNA polymerase |
complexes in each of the four MuSC subpopulations. Size of the dot represents the
proportion of aged cells expressing the gene, colour denotes log, (FC) in aged vs. young
gene expression. Significantly up-regulated genes are highlighted with red and
down-regulated with blue edges. f, g, FACS-based scatter plots (n = 4 for young vs. n =
4 for aged) of ICA® MuSC (f) and quantitative real-time PCR (n = 3) validations based on
its marker genes including ICAM1, CXCL2, IER3 and NFKBIZ. (g). P values were
obtained using unpaired two-tailed t-test. *, P < 0.05; **, P < 0.01. h, Violin plots display
distribution of gene expression levels and their ageing changes for CCL2, TNFAIP3 and
NFKBIZ in ICA" MuSC population from scRNA-seq data. i, Schematic diagram
explaining the pro-inflammatory mechanism mediated by elevated NF-kB-CCL2
signalling pathway in ICA* MuSC ageing. All data presented in (d, g) are expressed as

mean = SE with individual data points shown.

Fig. 3 | Myofiber type-specific ageing mechanisms. a, A schematic diagram
illustrating myofiber ageing and main approaches used for its investigations. b-d, UMAP

visualisation of myofiber populations obtained from integrated sn- and scRNA-seq (c) as
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well as separate visualisations of populations recovered from sn- (b) and scRNA-seq
(d). e, Pie charts illustrating the difference in the average ratio of spliced and unspliced
transcripts in myofiber nuclei (from b) and cell populations (from d) as opposed to nuclei
and cells comprising other cell types (immune, stromal cells and others). f, Dot plot
showing marker genes for myonuclei and cell populations derived from sn- (blue) and
scRNA-seq (orange) data. Size of the dot represents the proportion of cells expressing a
gene. Colour denotes scaled expression level. g, Beeswarm Milo plot (see Methods)
showing the distribution of log,-fold change (x axis) in cell abundance with age across
neighbourhoods of myonuclei populations (y axis). Neighbourhoods displaying
significant  differential abundance at SpatialFDR 10% are coloured. h,
Immunofluorescence (IF, left panels) on teased human intercostal muscles shows
neuromuscular junction architecture and its morphological changes in ageing.
Acetylcholine receptors (AChRs) were stained with BTX (white), nuclei with DAPI (blue),
axons with anti-NEFH antibodies (green) and Schwann cells with anti-S100B antibodies
(violet). Changes in AChR clusters upon ageing were also statistically analysed (right
panel, n = 1 for young vs. n = 1 for aged). P value was obtained using unpaired
two-tailed t-test. Scale bar (left): 50 ym; Scale bar (right): 10 ym. ***, P < 0.001. i, IF
co-staining of AChRs with BTX (white) and NMJ accessory nuclei with anti-SORBS2
antibodies (green) in young and aged human intercostal muscles. Scale bar: 10 pm. j, k,
IF staining of AChRs with BTX (white) in cultured human myotubes before and after
siRNA-mediated knockdown of SORBS2 expression (j). Bar plots showing the number
of AChR clusters per myotube for three different stages of cluster formation (Dotted to
Plaque to Branched) before and after SORBS2 knockdown. Images were analysed by
Fiji (k, n = 15 fields for control vs. n = 9 fields for siSORBS2 group). P values were
obtained using unpaired two-tailed t-test with (Plaque and Branched) or without (Dotted)
Welch'’s correction. Scale bar: 50 ym. *, P < 0.05; ***, P < 0.001. I, Schematic diagram
showing NMJ accessory nuclei-mediated prosurvival mechanism against NMJ ageing.
All data presented in bar plots (h, k) are expressed as mean + SE with individual data

points shown.

Fig. 4 | Compensatory mechanisms against human fast-twitch myofiber
degeneration in ageing. a, Myofiber subtyping workflow and correspondence diagram
between myofiber (typing done by immunohistochemistry (IHC)) and myonuclei types

(typing done by snRNA-seq). b, IHC staining of different myofiber types in young and
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aged human individuals (n = 7 for young vs. n = 5 for aged). Anti-MYH7 antibody was
used to stain type | (blue), anti-MYH2 to stain type IIA (green) and anti-MYH1 to stain
type 11X (red) myofiber. Scale bar: 100 um. ¢, Distribution of myofiber cross-sectional
area (CSA, y axis) in young vs. aged (x axis) across different myofiber types. d, Paired
bar plots showing the proportion of each myofiber type in young vs. aged individuals.
Data were collected using automatic IHC image analysis (¢, d). P values were obtained
using unpaired two-tailed t-test with (¢) or without (d) Welch’s correction. **, P < 0.01;
*** P < 0.001. e, UMAP visualisations of myofiber nuclei in young and aged individuals
which were coloured according to myonuclei type. f, Paired bar plots showing the
proportion of each myonuclei type in young vs. aged which were calculated based on
data in (e). g, Dot plot illustrating age-related differential expression of glycolysis genes
across six main myofiber populations. The size of the dot represents the proportion of
aged cells expressing the gene. Colour denotes log, (FC) in aged vs. young upon gene
expression. Significant differentially expressed genes (DEGs) are highlighted with
coloured edges. h, Violin plots generated from scRNA-seq data show the distribution of
expression of slow-twitch and fast-twitch myofiber markers in MYH8" myocytes. i, Bar
plot showing the change in the proportion of MYH8" myocytes, relative to the total
myofiber cells obtained in scRNAseq, with age. j, IF on teased human intercostal
muscles (left) showing expression of MYH8 (green) in young vs. aged myofibers. Bar
plot illustrating corresponding percentage of MYH8" areas (right) in young (n = 6) vs.
aged (n = 6). P value was obtained using the unpaired two-tailed t-test. **, P < 0.01.
Scale bar: 100 ym. k, i, IHC staining shows MYH8 expression (red) on skeletal muscle
cross-sections in young vs aged in low (k, scale bar: 50 um) and high-resolution (i, left
panel, scale bar: 10 um). Type |, type IIA and nuclei are stained with anti-MYH7 (blue),
anti-MYH2 (green) antibodies and DAPI (white). Arrows point to MYH8" myofibers. |, Bar
plot (right panel) showing the corresponding proportion of MYH2" myofibers with
centralised nuclei in young (n = 5) vs. aged (n = 4) individuals. P value was obtained
using unpaired two-tailed t-test with Welch'’s correction. *, P < 0.05. All datain (¢, d, f, i,

j, I) are expressed as mean + SE with individual data points shown.

Fig. 5 | Cell type composition of human skeletal muscle microenvironment and
ageing regulation. a-c, UMAP plots showing annotated subpopulations of immune cells
(a), fibroblasts and Schwann cells (b), as well as endothelial and smooth muscle cells

(¢). Cycling cells: T_cyc, NK _cyc, B _cyc, Plasma_cyc, Mono_CD14* cyc, cDC2_cyc;
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Mono_CD14*, CD14" monocytes; Mono_CD16*, CD16" monocytes; M2_LYVE1", LYVE1
M2 macrophages; M¢_HLAIIhi, MHCIlI high macrophages; M¢_LAM, lipid-associated
macrophages; c¢DC1 and cDC2, conventional dendritic cell 1 and 2; Mast, mast cell;
pDC, plasmacytoid dendritic cell; ProNeu, pro-neutrophil; PreNeu, pre-neutrophil;
MatNeu, mature neutrophil; AdvFB, adventitial fibroblasts; InterFB, intermediate
fibroblasts; ParFB, parenchymal fibroblasts; MyoFB, myofibroblasts; EnFB_TAC1" and
EnFB_CDH19*, endoneurial fibroblast TAC1* and CDH19"; PnFB, perineurial fibroblast;
mSchwann, myelinating Schwann cell; nmSchwann, non-myelinating Schwann cell;
ArtEC, arterial endothelial cell; ArterioleEC, arteriole endothelial cell; VenEC, venous
endothelial cell; CapEC, capillary endothelial cell; Cap-VenEC, capillary venous
endothelial cell; LymphEC, lymphatic endothelial cell; SMC, smooth muscle cell;
SMC-PC, smooth muscle cell/pericyte cell. Cell populations marked in grey contained
very few cells or (and) were represented in 1-2 individuals, thus were excluded from
further analyses. d, Beeswarm Milo plot (see Methods) showing the distribution of
log,-fold change (y axis) in cell abundance with age across neighbourhoods of immune
cells (a), fibroblasts and Schwann cells (b), endothelial and smooth muscle cell subtypes
(c) (y axis). Neighbourhoods displaying significant differential abundance at SpatialFDR
10% are coloured. e, Dot plot illustrating ageing changes in the set of chemokines and
interleukins among muscle environment subpopulations. Size of the dot represents the
proportion of aged cells expressing the gene. Colour denotes log, (FC) in aged vs.
young upon gene expression. Significantly up-regulated genes are highlighted with red
and down-regulated with blue edges. f, Putative cell-cell interactions in the aged skeletal
muscle mediated via CCL2, CCL4 and CXCL8 chemokines, produced by
microenvironment cells. Emitter (leftmost) and receiver (rightmost) cell types are marked
with circles, which are colored according to a broad 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 level of the gene in cell type. Significantly differentially expressed genes
(Supplementary Table 3) are coloured. Dotted edges connect putative receptors and

their ligands.

Fig. 6 | Integrated human-mouse skeletal muscle ageing atlas at single-cell
resolution. a, UMAP plot showing main cell populations in the integrated human and

mouse skeletal muscle dataset of 346,296 cells, including our muscle ageing atlas as


https://doi.org/10.1101/2022.05.24.493094
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.24.493094; this version posted May 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

well as 6 other publicly available resources. Insert shows UMAP plot coloured according
to species. MF-Isc (fg) and MF-lIsc (fg), type | and type Il myofiber fragment from
scRNA-seq; MuSC, muscle stem cell; FB, fibroblast; EnFB, endoneurial fibroblast;
PnFB, perineurial fibroblast; mSchwann, myelinating Schwann cell; nmSchwann,
non-myelinating Schwann cell; B-plasma, plasma cell; ArtEC, arterial endothelial cell;
VenEC, venous endothelial cell; LymphEC, lymphatic endothelial cell; SMC, smooth
muscle cell. b, The log, (FC) in the abundance of cell clusters with age (first column),
and enrichment in human vs. mouse dataset (second and third columns), taking into
account confounding factors. LTSR represents a significance measure indicating the
local true sign rate. Significantly differentially abundant populations are highlighted with
red edges (Methods). ¢, Barplot visualisation showing number of up- and
down-regulated DEGs (x axis) in mouse and human across different cell types (y axis).
d, Heatmap showing consistency in the DEGs between the same cell type in human and
mouse for up- (on the left) and down-regulated genes (on the right). Consistency was
calculated using Jaccard similarity index, immune cells are highlighted in red. e,
Scatterplot illustrating number of cell types (y axis) which show simultaneous human and
mouse age-related enrichment in the given KEGG pathway (x axis). Cell types showing
enrichment in up-regulated genes are shown on the top (y > 0) vs. ones showing
enrichment in down-regulated genes are displayed at the bottom (y < 0). KEGG
pathways are ordered according to the number of cell types. f, Dot plot showing
species-common and -specific ageing DEGs in human and mouse. Size of the dot
represents the proportion of aged cells expressing the gene. Colour denotes log, (FC) in
aged vs. young upon gene expression. Significantly up-regulated genes are highlighted

with red and down-regulated with blue edges.

Extended Data Figure Legends

Extended Data Fig. 1 | A single-cell and single-nucleus transcriptomic atlas of
human skeletal muscle ageing. a, Dot plot showing marker genes for major cell types
in human skeletal muscle ageing atlas. Size of the dot represents the proportion of cells
expressing a gene. Colour denotes scaled expression level. b, ¢, UMAP visualisation of
human ageing cell atlas coloured according to age (young vs. aged, b) and data type
(scRNA-seq vs. snRNA-seq, c). d, f, g, UMAP plot illustrating 96,529 cells/nuclei from

mouse skeletal muscle across age with major cell types(d), age group (young vs. aged,
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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 ageing atlas. Size of the dot represents the

proportion of cells expressing a gene. Colour denotes scaled expression level.

Extended Data Fig. 2 | Mechanistic insights into human MuSC ageing. a, UMAP
plot of mouse MuSC subpopulations obtained via integration of 5 publicly available
mouse resources, annotation into quiescent and activated populations was borrowed
from corresponding datasets (see Methods). Marker genes corresponding to human
MuSC subpopulations are indicated. Size of the dot represents the proportion of cells
expressing a gene. Colour denotes scaled expression level. b, Gating strategy for
FACS-based MuSC sorting. ¢, Bar plot showing change in the proportion of
FACS-sorted human MuSC, relative to all isolated cells, with age (n = 4 for young vs. n =
4 for aged). P value was obtained using unpaired two-tailed t-test. **, P < 0.01. d, UMAP
plots showing expression of immune-related genes enriched in ICA®™ MuSC including
CCL2, CXCL2, IER3, TNFAIP3 and NFKBIZ. e, Bar plot showing proportion of ICA*
MuSC, relative to the total MuSC, in young vs. aged (n = 4 for young vs. n = 4 for aged).
P value was obtained using unpaired two-tailed t-test. f, Bar plots showing change in the
relative expression of CCL2, quantified with real-time PCR, in ICA* MuSC during human
ageing (n = 3 for young vs. n = 4 for aged). P value was obtained using unpaired t-test
with Welch’s correction two-tailed test. All data presented in bar plots (c, e, f) are

expressed as mean * SE with individual data points shown.

Extended Data Fig. 3 | Myofiber type-specific ageing mechanisms. 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 main
marker genes (right). Size of the dot represents the proportion of cells expressing a
gene. Colour denotes scaled expression level b, ¢, Bar plots illustrating percentage of
spliced and unspliced transcripts relative to the total for the main (b) and subtype (c)
myofiber populations. d, Dot plot showing selected gene sets and their enrichment in the
| and II-FAM, | and II-OTU, II-TNF and NMJ accessory populations based on gProfiler
over-representation analysis using populations’ marker genes (see Methods). Colour
denotes F score. Size of the dot represents -log,, of adjusted (adj.) P value, significant
values are marked with a red edge. e, Dot plot showing classical NMJ markers which

were rarely expressed in NMJ accessory nuclei as well as synapse-related genes
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specific to NMJ accessory nuclei. Size of the dot represents the proportion of cells

expressing a gene. Colour denotes scaled expression level.

Extended Data Fig. 4 | Compensatory mechanisms against human fast-twitch
myofiber degeneration in ageing. a, Table of parameters used for Cellpose myofiber
and nuclei segmentation (left) and example images from different stages of image
analysis workflow (right). b-d, Histogram illustrating distribution of the myofiber
cross-sectional area (CSA, x axis) and its change with age (n=7 for young vs. n=5 for
aged) for MYH7* (b), MYH2" (c) or MYH2*"MYH1"* (d) myofiber, respectively. Gaussian
curve fits were obtained using the nonlinear regression test. e, f, Paired bar plots
showing proportion of rare or unclassified myofiber (e) and myonuclei (f) types in young
vs. aged individuals. g, Dot plot illustrating age-associated changes in the mitochondrial
biogenesis genes for six main myofiber populations. Size of the dot represents the
proportion of aged cells expressing the gene. Colour denotes log, (FC) in gene
expression in aged vs. young individuals. Significantly up-regulated genes are
highlighted with red and down-regulated with blue edges. h, UMAP plot (left) shows
MuSCs and myofiber populations from scRNA-seq. Dot plot (right) shows their marker
genes, which are presented in the order of their appearance in the myogenesis
trajectory. Size of the dot represents the proportion of cells expressing a gene. Colour
denotes scaled expression level. i, Reduce dimensional space showing cellular
trajectory inferred by Monocle2 algorithm between MuSC and myofiber. All data
presented in bar plots (b-f) are expressed as mean + SE with individual data points

shown.

Extended Data Fig. 5 | Cell type composition of human skeletal muscle
microenvironment and ageing regulation. a-c, Dot plots illustrating marker genes
specific for subpopulations of immune cells (a), fibroblasts and Schwann cells (b) as well
as endothelial and smooth muscle cells (c). Size of the dot represents the proportion of
cells expressing a gene. Colour denotes scaled expression level. d, UMAP plot showing
specificity of nonmyelinating Schwann cells characterised by expression of CSPG4,
AJAP1, BCHE, COL20A1, FOXD3, NCAM1, NRXN1 and PDGFA. e, Putative cell-cell
interactions in the aged skeletal muscle mediated via CCL3 chemokine produced by

microenvironment cells (see Fig. 5f).
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Extended Data Fig. 6 | Integrated human-mouse skeletal muscle ageing atlas at
single-cell resolution. a, Overview of the publicly available datasets used to make the
human-mouse skeletal muscle ageing atlas. b, ¢, Dot plot showing species-common (b)
and -specific (¢) marker genes for each major cell type annotated in the human-mouse
skeletal muscle ageing atlas. Size of the dot represents the proportion of cells

expressing a gene. Colour denotes scaled expression level.
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