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Figure 3. Satellite cells in the exercised muscle activate within the first 24 h of the end of the last bout of exercise

(A) Expression heatmap projected onto UMAP coordinates for satellite cell marker gene, Pax7, and key myogenic regulator factors, Myf5, Myod1, and Myog,
in sedentary and exercised soleus muscles in the presence (SC+) and absence (SC-) of satellite cells.

(B) Number of nuclei with expression of key genes in A.

(C) Number of nuclei in sedentary and satellite cell replete exercised soleus muscles with expression of Pax7, Myf5, or both, representing quiescent or
activated satellite cells.

(D) Box and whisker plot showing signal entropy estimates for the nuclei in the satellite cell clusters of sedentary and exercised satellite cell replete soleus
muscles calculated using discordance between transcript levels in each nucleus and known protein-protein interaction network. Higher signal entropy
suggests higher progenitor potential (i.e., stem cell potential). The whiskers indicate 1.5 times the interquartile range above and below the upper and the
lower quartiles, respectively. Each dot represents the signal entropy value for a single nucleus. 4wk trained samples come from animals subjected to 4 weeks
of daily voluntary weighted-wheel running. 4 and 24 h post indicate the amount of time after the wheel was locked at the end of the last bout of running. SC+
and SC- represent satellite cell replete and depleted muscle, respectively.

adult skeletal muscle MyHC genes (main myonuclear clusters) comprise most of the nuclei and only small
populations (<5%) of myonuclei are specialized in the expression of genes necessary for processes in the
post-synaptic regions and myo-tendinous junctions. Further sub-clustering of the diffusely clustered myo-
tendinous junction myonuclei revealed heterogeneity partially consistent with the previous findings by Kim
and colleagues, who recently reported distinct sub-clusters of MTJ myonuclei in the tibialis anterior (TA)
muscle with and without injury (Kim et al., 2020). The MTJ-2 sub-cluster in our data shares similar marker
genes (Tigd4, Itgb1, and Pdzd2) as the MTJ-A in their report; however, the three other sub-clusters we
have found in the soleus and plantaris appear to be distinct from those found in the TA and may represent
differences among muscles. In addition, we found three subpopulations of unclassified myonuclei, one of
which expresses Meg3 and may be related to one of the four myonuclear subpopulations reported by Kim
and colleagues in the TA referred to as the “Rian+" cluster; however, the sizes of the unclassified subpop-
ulations in our dataset were small, totaling less than 5% of all the myonuclei.

Although the main myonuclear clusters mostly express the same genes in sedentary mice, there is a subset
of type Il myonuclei that express genes encoding components of the ribosome and electron transport
chain at a higher level compared with sarcomeric and cytoskeletal components or kinases. This observation
raises the possibility that myonuclei in the syncytium may coordinate division of labor by implementing
transcriptional programs to achieve specific functional outputs. In addition, GO terms for gene markers
of the main type |, lla, and llb clusters were enriched but had relatively low significance scores (-log10 of
adjusted p value <4). Thus, sedentary myonuclear transcription is relatively homogeneous, which supports
coordinated gene expression within the syncytium as previously reported (Dos Santos et al., 2020; Kim
et al., 2020; Petrany et al., 2020).

We identified numerous Myod1+ nuclei in both sedentary and exercise-trained muscles, with a preference
for type I MyHC+ clusters, especially the Ilb cluster; this is consistent with previous studies demonstrating
Myod1 expression bias for type Il fibers in adult muscle (Ekmark et al., 2007; Hughes et al., 1993, 1997).
Following 4 weeks of daily weighted wheel running in SC+ muscle there was an increase in Myod1+ nuclei
4 h after the last bout of exercise compared with sedentary control that was not seen in the SC- muscle.
Myod1 expression points to satellite cell activation, some of which could result in fusion to muscle fibers,
although myonuclear number is largely stabilized beyond 4 weeks of exercise training (Englund et al.,
2020a). By 24 h, we observed a 4-fold higher number of Pax7+ nuclei in SC+ muscle compared with the
sedentary control with a portion being Myf5-, suggesting a lack of myogenic lineage progression and re-
turn to quiescence. However, signal entropy for exercised satellite cells is elevated compared with seden-
tary control, providing some provocative evidence that quiescence in the exercise-trained muscle is
different, supporting the idea that exercise rejuvenates satellite cell progenitor potential as speculated
by some in the field (Chen et al., 2020). By cycling through activation and back into quiescence, satellite
cells may remove cellular waste and repair damage, thereby improving long-term viability (van Velthoven
and Rando, 2019). The transient activation of satellite cells may also facilitate their secretory communica-
tion to support exercise adaptation (Fry et al., 2017; Murach et al., 2020, 2021). We also observed higher
Pax7-/Myf5+ nuclei at 4 h post exercise with further increase at 24 h post exercise, which may be indicative
of lineage progression in some satellite cells. However, the low abundance of embryonic MyHC (Myh3)+
nuclei argues against a regenerative response. Very few Mymk+ nuclei in SC+ muscle further suggests
that fusion is not the main role for activated satellite cells at this stage of training, consistent with our recent
report (Englund et al., 2020a). Myog+ nuclei increased at 24 h in the SC- exercise-trained muscle compared
with the sedentary control. Myog+ nuclei are found in the type | myonuclear clusters, consistent with
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previous reports of its MyHC type affinity. Myogenin enrichment in myonuclei in SC- may represent a
compensatory role in promoting oxidative metabolism when myofibers fail to add new myonuclei (Hughes
et al., 1999; Meadows et al., 2008; Zhu et al., 2013).

In the absence of SCs, trajectory analysis predicted the emergence of mixed-identity nuclei that became
most prominent 24 h after the cessation of exercise. We termed these nuclei “cryptic” owing to their elusive
transcription profile. Although these nuclei likely represent myonuclei as indicated by the presence of adult
MyHC genes, as well as Neb and Dmd in the list of expressed genes that define this cluster, the origin and
function of this subpopulation of nuclei require further experimental verification. Although certain multipo-
tent cells, such as mesoangioblasts and pericytes, have been reported to possess myogenic potential (Au-
sems et al., 2019; Mavoungou et al., 2019; Messina et al., 2009), we are uncertain how much non-canonical
myogenesis occurs in the absence of SCs. We speculate that such contributions to the relatively large my-
onuclear population is limited considering the lack of evidence for high levels of fusion in our dataset and
minimal myonuclear addition in our exercise training model beyond the initial 4 weeks (Englund et al.,
2020a). Instead, a subset of the resident myonuclei may lose their canonical transcriptional identity as a
compensatory mechanism, part of a dynamic exercise cycle when satellite cells are absent. Anomalous my-
onuclear transcription could be indicative of myonuclear dysregulation or compensation in the absence of
satellite cells that could contribute to impaired long-term muscle adaptation (Englund et al., 2020b; Fry
et al., 2014, 2017). We observed an elevated density of nuclei in two FAP clusters of the exercised muscle
that is most prominent in the absence of satellite cells 24 h post exercise. This finding is consistent with our
previous work showing that activated satellite cells regulate the muscle microenvironment, independent of
fusion (Fry et al., 2017; Murach et al., 2018, 2020, 2021). Our data collectively support the idea that activated
satellite cells communicate with other cell types in skeletal muscle, including the myofiber, to facilitate an
optimal response to exercise.

Limitations of the study

The current study focused solely on nuclear transcription and does not represent changes at the protein
level. Therefore, our observations may represent transcriptional steady states or transient adaptations.
Owing to the endpoint nature of the analyses, we were unable to determine dynamic transcriptional
changes during exercise, and the time points post exercise we have chosen in the study may not be the
most optimal. Furthermore, the aberrant nuclear population that emerged after exercise training in the
absence of satellite cells appears to be heterogeneous and will require further experimental verification
of the RNA-seq data and detailed characterization to elucidate the function of this potentially novel nuclear
population.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL DETAILS
O Mice
O Mouse treatment, progressive exercise training, and tissue Collection
o METHOD DETAILS
O Nuclear isolation
O Library preparation and single-nucleus RNA sequencing
O Bioinformatic analysis pipeline
o QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2021.102838.

¢? CellPress

OPEN ACCESS

iScience 24, 102838, August 20, 2021 9



https://doi.org/10.1016/j.isci.2021.102838

¢? CellPress

OPEN ACCESS

ACKNOWLEDGMENTS

iScience

The authors thank Dr. Eric T. Wang and Lance Denes at the University of Florida for sequencing expertise,
Jennifer Strange of the University of Kentucky Flow Cytometry Core and Dr. Doug Harrison of the University
of Kentucky Biology Department/Genetics and Genomics Imaging Center for their technical expertise with
fluorescent activated cell sorting and single cell RNA sequencing, respectively. Partial computational sup-
port was provided by The University of Kentucky High Performance Computing complex. This work was
supported by NIH grants from the National Institutes of Arthritis and Musculoskeletal and Skin Diseases
(AR060701 to C.A.P. and J.J.M., AR071753 to K.A.M, and AR075364 to D.A.E.) and National Institute on Ag-
ing (AG049086 to C.A.P. and J.J.M. and AG0639%4 to K.A.M). The graphical abstract was generated using

BioRender.

AUTHOR CONTRIBUTIONS

Y.W., D.AE., J.J.M., and C.A.P. conceived the project and designed study approach. Y.W. performed the
transcriptomic and computational analysis. D.A.E. and K.A.M. oversaw mouse experimentation. D.A.E.,
B.D.P., and K.A.M. performed nuclear isolation and processed samples for snRNA-seq. J.J.M. and
C.A.P. supervised and coordinated all aspects of the study, computational analysis, and manuscript writing.
The manuscript was written by Y.W. with input from D.A.E. and K.A.M. Figures were created by Y.W. and
K.A.M. All authors have critically revised the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: January 21, 2021
Revised: April 15, 2021
Accepted: July 8, 2021
Published: August 20, 2021

REFERENCES

Ausems, C.R.M., Raaijmakers, R.H.L., van den
Broek, W., Willemse, M., van Engelen, B.G.M,,
Wansink, D.G., and van Bokhoven, H. (2019).
Intrinsic myogenic potential of skeletal muscle-
derived pericytes from patients with myotonic
dystrophy type 1. Mol. Ther. Methods Clin. Dev.
15, 120-132.

Banerji, C.R., Miranda-Saavedra, D., Severini, S.,
Widschwendter, M., Enver, T., Zhou, J.X., and
Teschendorff, A.E. (2013). Cellular network
entropy as the energy potential in Waddington's
differentiation landscape. Sci. Rep. 3, 3039.

Bergen, V., Lange, M., Peidli, S., Wolf, F.A., and
Theis, F.J. (2020). Generalizing RNA velocity to
transient cell states through dynamical modeling.
Nat. Biotechnol. 38, 1408-1414.

Butler, A., Hoffman, P., Smibert, P., Papalexi, E.,
and Satija, R. (2018). Integrating single-cell
transcriptomic data across different conditions,
technologies, and species. Nat. Biotechnol. 36,
411-420.

Charles, J.P., Cappellari, O., Spence, AJ.,
Hutchinson, J.R., and Wells, D.J. (2016).
Musculoskeletal geometry, muscle architecture
and functional specialisations of the mouse
hindlimb. PLoS One 11, e0147669.

Chemello, F., Wang, Z., Li, H., McAnally, J.R., Liu,
N., Bassel-Duby, R., and Olson, E.N. (2020).
Degenerative and regenerative pathways
underlying Duchenne muscular dystrophy
revealed by single-nucleus RNA sequencing.
Proc. Natl. Acad. Sci. US A 117, 29691-29701.

10 iScience 24, 102838, August 20, 2021

Chen, W., Datzkiw, D., and Rudnicki, M.A. (2020).
Satellite cells in ageing: use it or lose it. Open
Biol. 10, 200048.

Correra, R.M,, Ollitrault, D., Valente, M., Mazzola,
A., Adalsteinsson, B.T., Ferguson-Smith, A.C.,
Marazzi, G., and Sassoon, D.A. (2018). The
imprinted gene Pw1/Peg3 regulates skeletal
muscle growth, satellite cell metabolic state, and
self-renewal. Sci. Rep. 8, 14649.

Coschi, C.H., Martens, A.L., Ritchie, K., Francis,
S.M., Chakrabarti, S., Berube, N.G., and Dick, F.A.
(2010). Mitotic chromosome condensation
mediated by the retinoblastoma protein is tumor-
suppressive. Genes Dev. 24, 1351-1363.

Cowling, B.S., McGrath, M.J., Nguyen, M.A.,
Cottle, D.L., Kee, AJ., Brown, S., Schessl, J., Zou,
Y., Joya, J., Bonnemann, C.G., et al. (2008).
Identification of FHL1 as a regulator of skeletal
muscle mass: implications for human myopathy.
J. Cell Biol. 183, 1033-1048.

Cutler, AA., Corbett, A H., and Pavlath, G.K.
(2017). Biochemical isolation of myonuclei from
mouse skeletal muscle tissue. Bio Protoc. 7,
e2654.

Dos Santos, M., Backer, S., Saintpierre, B., lzac, B.,
Andrieu, M., Letourneur, F., Relaix, F.,
Sotiropoulos, A., and Maire, P. (2020). Single-
nucleus RNA-seq and FISH identify coordinated
transcriptional activity in mammalian myofibers.
Nat. Commun. 11, 5102.

Dungan, C.M., Murach, K.A., Frick, K.K., Jones,
S.R., Crow, S.E., Englund, D.A., Vechetti, I.J., Jr.,
Figueiredo, V.C., Levitan, B.M., Satin, J., et al.
(2019). Elevated myonuclear density during
skeletal muscle hypertrophy in response to
training is reversed during detraining. Am. J.
Physiol. Cell Physiol. 316, C649-Cé54.

Ekmark, M., Rana, Z.A., Stewart, G., Hardie, D.G.,
and Gundersen, K. (2007). De-phosphorylation of
MyoD is linking nerve-evoked activity to fast
myosin heavy chain expression in rodent adult
skeletal muscle. J. Physiol. 584, 637-650.

Englund, D.A., Figueiredo, V.C., Dungan, C.M.,
Murach, KA., Peck, B.D., Petrosino, J.M.,
Brightwell, C.R., Dupont, A.M., Neal, A.C., Fry,
C.S., etal. (2020a). Satellite cell depletion disrupts
transcriptional coordination and muscle
adaptation to exercise. Function 2, zqaa033.

Englund, D.A., Murach, K.A., Dungan, C.M.,
Figueiredo, V.C., Vechetti, I.J., Jr., Dupont-
Versteegden, E.E., McCarthy, J.J., and Peterson,
C.A. (2020b). Depletion of resident muscle stem
cells negatively impacts running volume, physical
function, and muscle fiber hypertrophy in
response to lifelong physical activity. Am. J.
Physiol. Cell Physiol. 318, C1178-C1188.

Figueiredo, V.C., Wen, Y., Alkner, B., Fernandez-
Gonzalo, R., Norrbom, J., Vechetti, I.J., Jr.,
Valentino, T., Mobley, C.B., Zentner, G.E.,
Peterson, C.A., et al. (2021). Genetic and
epigenetic regulation of skeletal muscle
ribosome biogenesis with exercise. J. Physiol.
599, 3363-3384.


http://refhub.elsevier.com/S2589-0042(21)00806-3/sref1
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref1
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref1
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref1
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref1
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref1
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref1
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref2
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref2
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref2
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref2
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref2
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref3
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref3
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref3
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref3
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref4
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref4
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref4
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref4
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref4
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref5
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref5
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref5
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref5
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref5
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref6
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref6
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref6
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref6
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref6
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref6
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref7
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref7
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref7
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref8
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref8
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref8
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref8
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref8
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref8
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref9
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref9
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref9
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref9
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref9
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref10
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref10
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref10
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref10
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref10
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref10
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref11
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref11
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref11
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref11
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref12
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref12
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref12
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref12
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref12
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref12
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref13
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref13
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref13
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref13
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref13
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref13
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref13
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref14
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref14
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref14
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref14
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref14
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref15
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref15
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref15
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref15
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref15
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref15
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref16
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref16
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref16
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref16
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref16
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref16
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref16
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref16
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref17
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref17
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref17
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref17
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref17
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref17
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref17

iScience
Article

Fry, C.S., Kirby, T.J., Kosmac, K., McCarthy, J.J.,
and Peterson, C.A. (2017). Myogenic progenitor
cells control extracellular matrix production by
fibroblasts during skeletal muscle hypertrophy.
Cell Stem Cell 20, 56-69.

Fry, C.S., Lee, J.D., Jackson, J.R., Kirby, T.J.,
Stasko, S.A., Liu, H., Dupont-Versteegden, E.E.,
McCarthy, J.J., and Peterson, C.A. (2014).
Regulation of the muscle fiber microenvironment
by activated satellite cells during hypertrophy.
FASEB J. 28, 1654-1665.

Furtado, M.B., Costa, M.\W., Pranoto, E.A.,
Salimova, E., Pinto, AR., Lam, N.T., Park, A.,
Snider, P., Chandran, A., Harvey, R.P., etal. (2014).
Cardiogenic genes expressed in cardiac
fibroblasts contribute to heart development and
repair. Circ. Res. 114, 1422-1434.

Hafemeister, C., and Satija, R. (2019).
Normalization and variance stabilization of
single-cell RNA-seq data using regularized
negative binomial regression. Genome Biol. 20,
296.

Hughes, S.M., Chi, M.M., Lowry, O.H., and
Gundersen, K. (1999). Myogenin induces a shift of
enzyme activity from glycolytic to oxidative
metabolism in muscles of transgenic mice. J. Cell
Biol. 145, 633-642.

Hughes, S.M., Koishi, K., Rudnicki, M., and
Maggs, A.M. (1997). MyoD protein is differentially
accumulated in fast and slow skeletal muscle
fibres and required for normal fibre type balance
in rodents. Mech. Dev. 67, 151-163.

Hughes, S.M., Taylor, J.M., Tapscott, S.J., Gurley,
C.M.,, Carter, W.J., and Peterson, C.A. (1993).
Selective accumulation of MyoD and myogenin
mRNAs in fast and slow adult skeletal muscle is
controlled by innervation and hormones.
Development 118, 1137-1147.

lwata, M., Englund, D.A., Wen, Y., Dungan, C.M.,
Murach, K.A., Vechetti, I.J., Jr., Mobley, C.B.,
Peterson, C.A., and McCarthy, J.J. (2018). A novel
tetracycline-responsive transgenic mouse strain
for skeletal muscle-specific gene expression.
Skelet. Muscle 8, 33.

Kim, M., Franke, V., Brandt, B., Lowenstein, E.D.,
Schowel, V., Spuler, S., Akalin, A., and Birchmeier,
C. (2020). Single-nucleus transcriptomics reveals
functional compartmentalization in syncytial
skeletal muscle cells. Nat. Commun. 11, 6375.

Kirby, T.J., Patel, R-M., McClintock, T.S., Dupont-
Versteegden, E.E., Peterson, C.A., and McCarthy,
J.J. (2016). Myonuclear transcription is responsive
to mechanical load and DNA content but
uncoupled from cell size during hypertrophy.
Mol. Biol. Cell 27, 788-798.

Korsunsky, I., Millard, N., Fan, J., Slowikowski, K.,
Zhang, F., Weij, K., Baglaenko, Y., Brenner, M.,
Loh, P.R., and Raychaudhuri, S. (2019). Fast,
sensitive and accurate integration of single-cell
data with Harmony. Nat. Methods 16, 1289-1296.

La Manno, G., Soldatov, R., Zeisel, A., Braun, E.,
Hochgemer, H., Petukhov, V., Lidschreiber, K.,
Kastriti, M.E., Lonnerberg, P., Furlan, A., et al.
(2018). RNA velocity of single cells. Nature 560,
494-498.

Londhe, P., and Davie, J.K. (2011). Sequential
association of myogenic regulatory factors and E

proteins at muscle-specific genes. Skelet. Muscle
1,14,

Masschelein, E., D'Hulst, G., Zvick, J., Hinte, L.,
Soro-Arnaiz, |., Gorski, T., von Meyenn, F., Bar-
Nur, O., and De Bock, K. (2020). Exercise
promotes satellite cell contribution to myofibers
in a load-dependent manner. Skelet. Muscle 10,
21.

Mavoungou, L.O., Neuenschwander, S., Pham,
U., lyer, P.S., and Mermod, N. (2019).
Characterization of mesoangioblast cell fate and
improved promyogenic potential of a satellite
cell-like subpopulation upon transplantation in
dystrophic murine muscles. Stem Cell Res. 47,
101619.

McCarthy, J.J., Mula, J., Miyazaki, M., Erfani, R.,
Garrison, K., Farooqui, A.B., Srikuea, R., Lawson,
B.A., Grimes, B., Keller, C., et al. (2011). Effective
fiber hypertrophy in satellite cell-depleted
skeletal muscle. Development 138, 3657-3666.

Meadows, E., Cho, J.H., Flynn, J.M., and Klein,
W.H. (2008). Myogenin regulates a distinct
genetic program in adult muscle stem cells. Dev.
Biol. 322, 406-414.

Messina, G., Sirabella, D., Monteverde, S.,
Galvez, B.G., Tonlorenzi, R., Schnapp, E., De
Angelis, L., Brunelli, S., Relaix, F., Buckingham,
M., et al. (2009). Skeletal muscle differentiation of
embryonic mesoangioblasts requires pax3
activity. Stem Cells 27, 157-164.

Millay, D.P., Gamage, D.G., Quinn, M.E., Min,
Y.L., Mitani, Y., Bassel-Duby, R., and Olson, E.N.
(2016). Structure-function analysis of myomaker
domains required for myoblast fusion. Proc. Natl.
Acad. Sci. US A 113, 2116-2121.

Millay, D.P., O'Rourke, J.R., Sutherland, L.B.,
Bezprozvannaya, S., Shelton, J.M., Bassel-Duby,
R., and Olson, E.N. (2013). Myomaker is a
membrane activator of myoblast fusion and
muscle formation. Nature 499, 301-305.

Millay, D.P., Sutherland, L.B., Bassel-Duby, R., and
Olson, E.N. (2014). Myomaker is essential for
muscle regeneration. Genes Dev. 28, 1641-1646.

Moretti, I., Ciciliot, S., Dyar, KA., Abraham, R.,
Murgia, M., Agatea, L., Akimoto, T., Bicciato, S.,
Forcato, M., Pierre, P., et al. (2016). MRF4
negatively regulates adult skeletal muscle growth
by repressing MEF2 activity. Nat. Commun. 7,
12397.

Mou, T., Deng, W., Gu, F., Pawitan, Y., and Vu,
T.N. (2019). Reproducibility of methods to detect
differentially expressed genes from single-cell
RNA sequencing. Front. Genet. 10, 1331.

Murach, KA., Dungan, C.M., Kosmac, K., Voigt,
T.B., Tourville, TW., Miller, M.S., Bamman, M.M.,
Peterson, C.A., and Toth, M.J. (2019). Fiber typing
human skeletal muscle with fluorescent
immunohistochemistry. J. Appl. Physiol. (1985)
127, 1632-1639.

Murach, KA., Fry, C.S., Kirby, T.J., Jackson, J.R.,
Lee, J.D., White, S.H., Dupont-Versteegden, E.E.,
McCarthy, J.J., and Peterson, C.A. (2018). Starring
or supporting role? Satellite cells and skeletal
muscle fiber size regulation. Physiology
(Bethesda) 33, 26-38.

¢? CellPress

OPEN ACCESS

Murach, KA., Peck, B.D., Policastro, R.A.,
Vechetti, I.J., Van Pelt, D.W., Dungan, C.M.,
Denes, L.T., Fu, X., Brightwell, C.R., Zentner,
G.E., et al. (2021). Early satellite cell
communication creates a permissive
environment for long-term muscle growth.
iScience 24, 102372.

Murach, K.A., Vechetti, I.J., Jr., Van Pelt, D.W.,
Crow, S.E., Dungan, C.M., Figueiredo, V.C.,
Kosmac, K., Fu, X, Richards, C.I., Fry, C.S.,

et al. (2020). Fusion-independent satellite cell
communication to muscle fibers during load-
induced hypertrophy. Function (Oxf) 1,
zgaa009.

Nam, H.S., and Benezra, R. (2009). High levels of
Id1 expression define B1 type adult neural stem
cells. Cell Stem Cell 5, 515-526.

Petrany, M.J., Swoboda, C.O., Sun, C., Chetal, K.,
Chen, X., Weirauch, M.T., Salomonis, N., and
Millay, D.P. (2020). Single-nucleus RNA-seq
identifies transcriptional heterogeneity in
multinucleated skeletal myofibers. Nat.
Commun. 11, 6374.

Ramirez-Martinez, A., Cenik, B.K,,
Bezprozvannaya, S., Chen, B., Bassel-Duby, R.,
Liu, N., and Olson, E.N. (2017). KLHL41 stabilizes
skeletal muscle sarcomeres by nonproteolytic
ubiquitination. Elife 6, €26439.

Rashid, M.M., Runci, A., Polletta, L., Carnevale,
I, Morgante, E., Foglio, E., Arcangeli, T.,
Sansone, L., Russo, M.A., and Tafani, M. (2015).
Muscle LIM protein/CSRP3: a mechanosensor
with a role in autophagy. Cell Death Discov. 1,
15014.

Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law,
C.W., Shi, W., and Smyth, G.K. (2015). Limma
powers differential expression analyses for RNA-
sequencing and microarray studies. Nucleic
Acids Res. 43, e47.

Seale, P., Sabourin, L.A., Girgis-Gabardo, A,
Mansouri, A., Gruss, P., and Rudnicki, M.A. (2000).
Pax7 is required for the specification of myogenic
satellite cells. Cell 102, 777-786.

Soneson, C., and Robinson, M.D. (2018). Bias,
robustness and scalability in single-cell
differential expression analysis. Nat. Methods 15,
255-261.

Teschendorff, A.E., and Enver, T. (2017). Single-
cell entropy for accurate estimation of
differentiation potency from a cell’s
transcriptome. Nat. Commun. 8, 15599.

Teschendorff, A.E., and Severini, S. (2010).
Increased entropy of signal transduction in the
cancer metastasis phenotype. BMC Syst. Biol. 4,
104.

Traag, V.A., Waltman, L., and van Eck, N.J. (2019).
From Louvain to Leiden: guaranteeing well-
connected communities. Sci. Rep. 9, 5233.

Trapnell, C., Cacchiarelli, D., Grimsby, J.,
Pokharel, P., Li, S., Morse, M., Lennon, N.J.,
Livak, K.J., Mikkelsen, T.S., and Rinn, J.L.
(2014). The dynamics and regulators of cell fate
decisions are revealed by pseudotemporal
ordering of single cells. Nat. Biotechnol. 32,
381-386.

iScience 24, 102838, August 20, 2021 11


http://refhub.elsevier.com/S2589-0042(21)00806-3/sref18
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref18
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref18
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref18
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref18
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref19
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref19
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref19
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref19
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref19
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref19
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref20
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref20
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref20
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref20
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref20
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref20
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref21
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref21
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref21
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref21
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref21
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref22
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref22
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref22
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref22
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref22
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref23
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref23
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref23
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref23
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref23
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref24
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref24
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref24
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref24
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref24
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref24
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref25
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref25
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref25
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref25
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref25
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref25
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref26
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref26
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref26
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref26
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref26
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref27
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref27
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref27
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref27
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref27
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref27
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref28
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref28
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref28
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref28
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref28
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref29
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref29
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref29
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref29
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref29
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref30
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref30
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref30
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref30
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref31
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref31
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref31
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref31
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref31
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref31
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref32
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref32
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref32
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref32
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref32
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref32
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref32
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref33
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref33
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref33
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref33
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref33
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref34
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref34
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref34
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref34
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref35
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref35
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref35
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref35
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref35
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref35
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref36
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref36
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref36
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref36
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref36
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref37
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref37
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref37
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref37
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref37
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref38
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref38
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref38
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref39
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref39
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref39
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref39
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref39
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref39
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref40
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref40
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref40
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref40
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref41
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref41
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref41
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref41
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref41
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref41
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref42
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref42
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref42
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref42
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref42
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref42
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref43
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref43
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref43
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref43
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref43
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref43
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref43
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref44
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref44
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref44
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref44
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref44
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref44
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref44
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref45
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref45
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref45
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref46
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref46
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref46
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref46
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref46
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref46
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref47
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref47
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref47
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref47
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref47
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref48
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref48
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref48
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref48
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref48
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref48
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref49
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref49
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref49
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref49
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref49
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref50
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref50
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref50
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref50
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref51
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref51
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref51
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref51
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref52
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref52
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref52
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref52
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref53
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref53
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref53
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref53
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref54
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref54
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref54
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref55
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref55
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref55
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref55
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref55
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref55
http://refhub.elsevier.com/S2589-0042(21)00806-3/sref55

