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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 expressesMeg3 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 II 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 I, IIa, and IIb 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 numerousMyod1+ nuclei in both sedentary and exercise-trained muscles, with a preference

for type II MyHC+ clusters, especially the IIb cluster; this is consistent with previous studies demonstrating

Myod1 expression bias for type II 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-trainedmuscle compared

with the sedentary control. Myog+ nuclei are found in the type I myonuclear clusters, consistent with

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, andMyog,

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.
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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.
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