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Summary

Quiescence regulation is essential for adult stem cell maintenance and sustained regeneration. 

Our studies uncovered that physiological changes in mitochondrial shape regulate the quiescent 

state of adult muscle stem cells (MuSCs). We show that MuSC mitochondria rapidly fragment 

upon an activation stimulus, via systemic HGF/mTOR, to drive the exit from deep quiescence. 

Deletion of the mitochondrial fusion protein OPA1 and mitochondrial fragmentation transitions 
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MuSCs into G-alert quiescence causing premature activation and depletion upon a stimulus. OPA1 

loss activates a glutathione (GSH)-redox signaling pathway promoting cell-cycle progression, 

myogenic gene expression and commitment. MuSCs with chronic OPA1 loss, leading to 

mitochondrial dysfunction, continue to reside in G-alert but acquire severe cell cycle defects. 

Additionally, we provide evidence that OPA1 decline and impaired mitochondrial dynamics 

contribute to age-related MuSC dysfunction. These findings reveal a fundamental role for OPA1 

and mitochondrial dynamics in establishing the quiescent state and activation potential of adult 

stem cells.

Introduction

Resident adult stem cells are essential for tissue homeostasis. Consequently, loss or 

dysfunction of adult stem cells is a unifying feature of many degenerative conditions and 

aging across many cell types (Almada and Wagers, 2016; Feige et al., 2018; Oh et al., 

2014; Signer and Morrison, 2013). A unique and essential feature of adult stem cells is their 

existence in a reversible quiescent state (Blanpain et al., 2004; van Velthoven and Rando, 

2019). Quiescence is fundamental to the preservation and longevity of stem cells (Cho et 

al., 2019; Tümpel and Rudolph, 2019; van Velthoven and Rando, 2019). As such, stem cell 

populations, including skeletal muscle stem cells (MuSCs), reside in a quiescent state until 

prompted by a stimulus to become activated, re-enter the cell cycle and mediate regeneration 

of adult tissue (van Velthoven and Rando, 2019). Moreover, the balance by which adult 

stem cells can reside in a quiescent state while retaining the ability to rapidly respond to 

activation cues is critical for long-term maintenance and an efficient regenerative potential 

(van Velthoven and Rando, 2019). Stem cell activation is mediated by well-established 

extrinsic and intrinsic molecular mechanisms that involve the stem cell niche, growth factors 

and key signaling pathways (Cheung and Rando, 2013; Cho et al., 2019; Dumont et al., 

2015). How these mechanisms are coordinated and a potential central hub mediating this 

crosstalk are not fully understood.

An emerging characteristic defining the progressive stages of stem cell quiescence, 

activation or commitment is their metabolic and mitochondrial states (Chandel et al., 2016; 

Maryanovich et al., 2015; Ryall et al., 2015; Yucel et al., 2019). Excessive mitochondrial 

fragmentation and decreased expression of the mitochondrial fusion protein OPA1 is 

observed in aged or pathological conditions (Amartuvshin et al., 2020; Sebastián et 

al., 2017; Song et al., 2017; Tezze et al., 2017), which often encompass compromised 

stem cell quiescence and maintenance. Here we uncovered that OPA1 and mitochondrial 

dynamics regulate the quiescent state of adult MuSCs. Our study reveals that mitochondria 

undergo physiological and transient fragmentation, in response to an extrinsic activation 

stimulus, and transmit information intracellularly to establish the depth of quiescence and 

activation potential of MuSCs. Meanwhile, OPA1 deletion and unbalanced mitochondrial 

fragmentation, similar to pathological conditions and aging, places MuSCs in a G-alert state, 

with hypersensitive activation, rapid cell cycle re-entry and loss of stem cell maintenance.
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Results

Loss of OPA1 impairs muscle stem cell maintenance following injury

Mitochondrial morphology was examined in MuSCs using an in vitro model of single 

EDL myofiber cultures at defined time points post-dissection representing the stages of 

activation (Pax7+ cells between 0 and 24hrs), commitment (MyoD+ cells at T=48hrs), 

and differentiation (MyoD+ and MyoG+ cells at T=72 and 96hrs, respectively) (Brun et 

al., 2018; Pasut et al., 2013). Mitochondria in MuSCs undergo pronounced and transient 

changes in structure at different phases (Figure 1A). A striking increase in mitochondrial 

fragmentation, assessed by mitochondrial length and volume, was observed during the 

activation and commitment stages (Figure 1A-C), followed by mitochondrial elongation and 

increased mitochondrial mass during differentiation (Figure 1A-C and Figure S1A). This 

suggested that mitochondrial structural plasticity may play a role in MuSC function.

To understand the role of fragmentation in adult MuSCs, we generated an adult MuSC 

specific knockout of the essential mitochondrial fusion gene OPA1 (OPA1-Pax7CreERT2, 

referred to as OPA1-MKO) (Figure 1D,E and Figure S1B, see STAR methods). Short-term 

loss (3 days following last TAM administration) of OPA1 in MuSCs did not reveal any 

detectable effect on global ATP levels (Figure S1C). Yet, OPA1 loss caused mitochondrial 

fragmentation in Pax7+ MuSCs (Figure 1F,G) and impaired the dynamic changes in 

mitochondrial shape, such that OPA1-MKO mitochondria were maintained in a fragmented 

state (Figure 1H). Upon initial examination, no detectable muscle phenotype was observed 

3 days after OPA1 deletion. The size and number of existing myofibers, and the number 

of Pax7+ MuSCs were similar to the wild-type littermate controls (Figure 1I-K and Figure 

S1D-F). To observe whether OPA1 loss impacts MuSC function, a cardiotoxin (CTX) 

injury into the Tibialis Anterior (TA) muscle was performed 3 days after the last TAM 

administration and harvested at 21 days post-injury (DPI) (see paradigm in Figure S1G). 

OPA1-MKO exhibited a striking defect in muscle regeneration (Figure 1I and Figure S1H,I). 

Importantly, there was a severe depletion of the Pax7+ MuSC pool (Figure 1J,L and Figure 

S1J), indicating an impairment in self-renewal. These data show for the first time that OPA1 

and potentially mitochondrial dynamics are essential for MuSC maintenance and function.

In the absence of OPA1 muscle stem cells are primed for activation and commitment

Short-term OPA1 loss revealed a decline in Pax7+ cells in OPA1-MKO TA muscle that 

began early in the regeneration process (4DPI) (Figure 2A-C and Figure S2A). The decline 

in Pax7+ cells in OPA1-MKO was not due to a general failure in MuSC activation and 

cell-cycle re-entry (EdU+ cells) or proliferation (Ki67+ cells) (Figure 2D-F). OPA1 loss 

did not induce muscle atrophy genes (Atrogin1, Murf1) or circulating mitokines (GDF15, 

FGF21), shown to cause MuSC depletion (Figure S2B,C) (Tezze et al., 2017). There was no 

indication of energy deficits in OPA1-MKO MuSCs under basal (uninjured) conditions or 

following injury (7DPI), as global and oligomycin-sensitive ATP (mitochondrial-generated 

ATP) levels were comparable to controls (Figure 2G). Metabolic analysis did not reveal any 

detectable difference in overall mitochondrial respiration (OCR) or glycolytic metabolism 

(ECAR) in freshly isolated MuSCs (Figure 2H,I). In addition, short-term loss of OPA1 

did not alter cristae width or number (Figure S2D-G) and did not induce cell death or 
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Cytochrome C release (Figure S2P-R). However, we observed a concomitant increase in the 

number of committing and differentiating cells (MyoD+ and MyoG+ cells) at 4DPI (Figure 

2J,K and Figure S2H-K) that was not due to any significant increase in proliferation (Figure 

S2L,M). This suggested that OPA1 deletion drives MuSC commitment, in line with previous 

studies showing that mitochondrial fragmentation promotes stem cell commitment (Buck et 

al., 2016; Civenni et al., 2019; Forni et al., 2016; Khacho et al., 2016; Zhong et al., 2019). 

Thus, myofibers were cultured over a period of 72hrs to observe MuSC characteristics 

and fate decisions in vitro. First, there was no difference in the number of Pax7+ MuSCs 

on freshly isolated myofibers (T=0hrs) from OPA1-MKO or after 24hrs in culture (Figure 

S2N,O), and no differences in cluster size (Figure S2S). Following 72hrs, OPA1-MKO 

MuSCs had a greater propensity to commit to a myoblast fate (MyoD+ and MyoG+ cells) 

at the expense of self-renewal (Pax7+ cells) (Figure 2L-N). Together these data validate that 

OPA1-MKO MuSCs have an increased capacity to commit and indicate an important role for 

OPA1 and mitochondrial dynamics in MuSC maintenance and fate decisions.

During tissue analysis from the CTX injury experiments, we unexpectedly discovered that 

OPA1-MKO animals also exhibit a decline in Pax7+ cells in the uninjured contralateral limb 

(Figure 2O), which was accompanied by a small increase in MyoD+ cells (Figure 2P). The 

increased propensity of distal OPA1-MKO MuSCs commit was also observed in myofibers 

isolated from the contralateral limb at 21DPI following a CTX injury (Figure 2Q,R). Thus, 

OPA1 loss may hypersensitize MuSCs to an activation stimulus causing distal MuSCs to 

undergo premature activation and cell cycle re-entry. Furthermore, Pax7+ MuSCs on the 

contralateral limb had increased EdU incorporation and Ki67 expression in OPA1-MKO 

(Figure 2S,T). We also detected MyoD+ cells that incorporated EdU or expressed Ki67 in 

the contralateral limb (Figure 2U) indicating that distal MuSCs were highly responsive in 

OPA1-MKOs, resulting in premature activation. The resemblance of this phenotype to the 

G-alert quiescent state, which lies between a deep quiescence (G0) and an activated state 

(G1) identified by Rogers et al. (Rodgers et al., 2014), led us to question whether OPA1 is a 

regulator of stem cell quiescence.

Mitochondria undergo transient morphological changes during the transition from 
quiescence to activation in MuSCs

We sought to understand the kinetics and initial timing of mitochondrial fragmentation in 

a wild-type setting. Using the in vitro single EDL myofiber culture model, mitochondrial 

fragmentation was detectable at the onset of MuSC activation (4hrs in culture) (Figure 

S3A) and remained fragmented at 12-24hrs (Figure 3A-C and Figure S3B). Importantly, the 

timing of mitochondrial fragmentation far precedes proliferation or Ki67 expression, which 

is only detected at 24hrs (Figure S3C)(Miller et al., 2018). Next, we asked if mitochondrial 

fragmentation occurs during MuSC activation in vivo. Myofibers isolated from the 

contralateral limb following a CTX injury showed evident mitochondrial fragmentation in 

MuSCs at the onset of MuSC activation in vivo (2DPI), prior to major proliferation at 4DPI 

(Figure 3D) (Murphy et al., 2011). In addition, freshly isolated MuSCs at 2DPI showed a 

significant decrease in OPA1 expression (Figure 3E). Decreased OPA1 protein expression 

was also observed in activated MuSCs in vitro (Figure S3D). These data are consistent with 
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a potential physiological role for decreased OPA1 and changes in mitochondrial dynamics 

during MuSC exit from quiescence and switch towards the activated state.

Of note, mitochondria resume an elongated morphology beginning at 48hrs (Figure 3B,C) 

and more prominently by 72 and 96hrs (Figure 1A-C and Figure S1A). In general, by 

48hrs Pax7+ cells have divided and the resulting daughter cells represent a heterogenous 

population of self-renewing MuSCs (Pax7-high cells) and committed myoblasts (Pax7-low 

cells) (Rocheteau et al., 2012). Therefore, quantification of mitochondrial length based on 

Pax7 expression level showed that mitochondrial elongation is re-instigated in the Pax7-high 

cells (Figure S3E,F), suggesting that MuSCs resuming a quiescent state (ie. self-renew) may 

re-establish the initial elongated mitochondrial morphology observed at T=0hrs.

Disruption of OPA1 and mitochondrial dynamics alters the quiescent state of MuSCs

Data thus far present a potentially unique role for OPA1 and mitochondrial dynamics in the 

regulation of stem cell quiescence and activation. We reasoned that OPA1-MKO MuSCs, 

which exhibit mitochondrial fragmentation in intact muscle (Figure S3G), may already exist 

in a G-alert quiescent state in vivo and would rapidly enter the cell cycle upon a stimulus. 

As expected, there was increased EdU incorporation and Ki67 co-labelling with Pax7+ cells 

at 2DPI in the injured limb of OPA1-MKO mice (Figure 3F), prior to generalized MuSC 

proliferation at 4DPI. OPA1-MKO myofibers, isolated from the contralateral limb, also had 

increased Pax7/Ki67+ cells already at time of fixation (T=0hrs), with a cell cycle entry 

kinetics that exceeded that of OPA1-WT (Figure 3G). Similarly, OPA1-MKO myofibers 

not subjected to any injury (intact) had increased Pax7/Ki67+ cells over time compared to 

OPA1-WT (Figure 3G). In addition, OPA1-MKO MuSCs had a larger cell diameter and 

higher propensity to express pS6 protein (Figure 3H,I and Figure S3H,I), consistent with 

hallmarks of G-alert quiescence (Rodgers et al., 2014; van Velthoven and Rando, 2019). 

The nuclear morphology of Pax7+ MuSCs from OPA1-MKO myofibers isolated from both 

intact (uninjured) or contralateral limbs following an injury had a higher proportion with 

a rounded nuclear morphology of activated cells and a smaller proportion with planar 

elongated nuclei consistent with more quiescent cells (Eliazer et al., 2019) (Figure 3J and 

Figure S3J). By 24hrs the majority of OPA1-WT MuSCs had reached the activated state, 

while OPA1-MKO MuSC had surpassed this phase, reaching a late activation or early 

committed state represented by larger nuclei (Figure S3J) (Heo et al., 2016). These data 

demonstrate that in the absence of OPA1, MuSCs exist in a G-alert quiescent state and can 

more readily undergo activation and cell cycle re-entry upon a stimulus.

Consistent with these data, freshly isolated MuSCs from intact OPA1-MKO muscle showed 

a significant decrease in quiescence and self-renewal genes, including Pax7, CD34, and 

Hes1 (Figure 3K and Figure S3K,L). To get a global outlook, RNAseq analysis was 

performed on freshly FACS sorted MuSCs from OPA1-MKO and OPA1-WT muscle 3 days 

following last TAM administration. This revealed about 70 differentially regulated genes 

(with a log2FC of ≥1.0 or ≤−1.0; padj values ≤0.05) (Figure 3L,M), with gene ontology 

(GO) terms relating to cell cycle, proliferation, chromosome changes and myogenesis 

(Figure 3N,O). These genes included cell cycle regulators (Cdk1, Rgcc), myogenesis 

regulators (MyoG, Mymk) and genes that promote proliferation, chromosome changes and 
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spindle morphology (Ncaph, Spc25) (Figure 3P and Figure S3M). The seemingly direct 

effects on such gene classes provides some mechanistic insight into the ability of OPA1 loss 

to rapidly alter the state of MuSCs.

Next, we investigated the role of mitochondrial dynamics in regulating the quiescent state of 

MuSCs by pharmacological manipulation using a low dose (2μM) of the DRP1-mediated 

mitochondrial fission inhibitor Mdivi-1 (see Figure S3N and Figure S5M). Treatment 

of wild-type myofibers with Mdivi-1 prevented the natural course of mitochondrial 

fragmentation observed in MuSCs at 4hrs (Figure 3Q). Consequently, Mdivi-1 treatment 

caused a significant delay in Ki67 expression and overall less Pax7/Ki67+ cells (Figure 3R). 

Furthermore, MuSCs treated with Mdivi-1 retained a planar elongated nuclear morphology 

(Figure 3S) in line with a more quiescent state (Eliazer et al., 2019). Mdivi-1 also altered 

MuSC cell fate with a shift towards self-renewal (Pax7+ cells) (Figure 3T). Importantly, 

Mdivi-1 restored the activation kinetics of OPA1-MKO MuSCs to wild-type levels (Figure 

3U) and reestablished the balance of fate decisions towards self-renewal (Pax7+/MyoD− 

cells) (Figure 3U). These results provide evidence that manipulation of mitochondrial 

structure can regulate the quiescent state of MuSCs and demonstrate an important role for 

mitochondrial dynamics in MuSC maintenance.

Mitochondrial shape changes occur in response to external stimuli to regulate the 
quiescent state of MuSCs

We hypothesized that systemic signaling may be an upstream mechanism to promote 

physiological mitochondrial fragmentation in MuSCs. Release of the systemic hepatocyte 

growth factor activator (HGFA) upon injury and cleavage to its active form HGF (aHGF) 

activates mTORC1 to induce G-alert in MuSCs (Rodgers et al., 2017). Consistent with 

previous reports, treatment with exogenous aHGF or HGFA promoted Ki67 expression 

(cell cycle entry) in Pax7+ cells, while mTOR inhibition with Rapamycin had the opposite 

effect (Figure 4A). Next, exogenous aHGF or HGFA caused a modest but further increase 

in mitochondrial fragmentation starting at 4hrs (Figure 4B-D and Figure S4A-D). EDL 

myofiber media already contains HGF that could mask the effects of additional exogenous 

aHGF or HGFA, thus myofibers were cultured without any HGF for a short period (4hrs). 

As expected, there was no detectable signs of mitochondrial fragmentation in the absence 

of HGF in the media (Figure 4E-G). Meanwhile, a decreased dose of HGF (25% HGF) 

led to partial mitochondrial fragmentation (Figure 4E,F). Importantly, reintroduction of 

exogenous aHGF to the media completely restored mitochondrial fragmentation (Figure 

4E-G). However, addition of exogenous aHGF in the presence of Mdivi-1 prevented these 

changes (Figure 4N,O). Furthermore, in vivo administration of recombinant HGFA, which 

activated the mTOR pathway (increased Pax7/pS6+ cells) and enhanced MuSC activation 

(Figure 4H,I,J and Figure S4E), showed a striking level of mitochondrial fragmentation 

in MuSCs (Figure 4K,L and Figure S4F). Next, inhibition of mTOR with Rapamycin or 

Torin-1 prevented mitochondrial fragmentation in culture, to the same degree as Mdivi-1 

(Figure 4B,C,M and Figure S4A-D). Furthermore, addition of exogenous aHGF together 

with Rapamycin also prevented mitochondrial fragmentation in MuSCs (Figure 4N,O). 

These data validate the requirement for mTOR and demonstrate the ability of mitochondria 
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to sense external stimuli and relay the HGF/mTOR-mediated signal for the exit of MuSCs 

from a quiescent state.

Mitochondrial fragmentation mediates myogenic commitment of MuSCs through changes 
in glutathione/redox states

Thus far we present a multi-faceted and stage-dependent function for mitochondrial 

fragmentation, in regulating MuSC quiescence/activation (Figure 3) and promoting 

commitment (Figure 2). To unravel downstream signaling mechanisms, metabolic and 

redox assessments were performed. Short-term loss of OPA1 in MuSCs did not reveal 

any detectable energy deficits (Figure S1C and Figure 2G,H). There was no detectable 

differences in the metabolic shift following transition from quiescence to activation (Ryall et 

al., 2015), as measured by ATP levels, OCR and ECAR at 24hrs in culture (Figure S5A-C). 

Next, we examined mitochondrial ROS (mtROS) given the importance of redox signaling 

in other stem cell systems (Khacho et al., 2016; Paul et al., 2014; Tormos et al., 2011). 

Analysis with MitoSOX showed a small but significant increase in mtROS in OPA1-MKO 

MuSCs (Figure 5A and Figure S5D,E,F). In addition, OPA1-MKO MuSCs had decreased 

gene expression of mtROS regulators SOD2 and UCP2, and increased levels of the redox 

marker SLC7a11 (Xct) (Figure 5B).

Increased expression of SLC7a11, a direct target of the NRF2 redox response pathway 

for glutathione (GSH) biosynthesis (Shin et al., 2017), and a recent link between OPA1 

and GSH (Patten et al., 2021) prompted further investigation. Expression of glutathione 

synthetase (GSS) and glutamate cysteine ligase (GLCL) were upregulated in freshly 

isolated MuSCs from OPA1-MKO (Figure 5B). Interestingly, similar changes were 

detected comparing wild-type MuSCs to myoblasts (Figure 5C,D and Figure S5G). Thus, 

mitochondrial fragmentation may mediate changes in MuSC properties by a GSH/redox 

mechanism. Given the scarcity of the MuSC population it was not possible to examine 

GSH levels using HPLC. Yet, preliminary metabolomics analysis showed higher GSH levels 

in myoblasts compared to MuSCs (Figure S5H). Thus, using an antibody approach to 

detect the GSH status in MuSCs, we observed that wild-type MuSCs accumulate staining 

following activation (24hrs in culture) (Figure 5E). Importantly, OPA1-MKO MuSC already 

exhibit higher GSH status upon isolation (T=0hrs) that remain high during the activation 

process (Figure 5E and Figure S5L).

We questioned whether GSH, in this context, may relay mitochondrial- and mtROS-

mediated effects in MuSCs. Treatment of cultured myoblasts with low dose Rotenone 

(10 nM), to mimic a small increase in mtROS levels (Figure S5O) (Murphy, 2009), led 

to increased intracellular levels of reduced and oxidized GSH/GSSG measured by HPLC 

(Figure S5I) and elevated expression of all components of the GSH biosynthesis pathway 

(Figure S5J). Increased mtROS (Figure S5O,P) also increased GSH staining in MuSCs 

(Figure S5K). This led us to hypothesize that increased mtROS and GSH redox status 

may be responsible, in part, for the OPA1-MKO MuSCs phenotype. Indeed, treatment 

of myofibers in culture with the mtROS antioxidant mitoTEMPO (Hu and Li, 2016) or 

the inhibitor of GSH synthesis BSO (Tagde et al., 2014) (Figure S5L,M) reversed the 

cell cycle entry kinetics of OPA1-MKO MuSCs (Figure 5F). mitoTEMPO also reversed 
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the expression changes of cell cycle genes altered in OPA1-MKO MuSCs (Figure 5G). 

Furthermore, reducing mtROS or GSH restored the self-renewal capacity of OPA1-MKO 

MuSCs (Figure 5H). In addition, in vivo treatment of OPA1-MKO mice with mitoTEMPO 

(Figure S5N) partially restored the kinetics of cell cycle re-entry and the G-alert phenotype 

of OPA1-MKO MuSCs to wild-type levels (Figure 5I-K).

To test if mtROS/GSH states can impact wild-type MuSC activation and/or commitment, 

myofibers were cultured with compounds that alter mtROS and GSH levels. Low dose 

Rotenone or mito-Paraquat, and exogenous GSH or cysteine significantly enhanced MuSC 

cell cycle entry (Figure 5L and Figure S5Q) and commitment (Figure 5M and Figure 

S5R,S). In contrast, dampening mtROS levels (mitoTEMPO) or intracellular GSH (BSO) 

resulted in delayed Ki67 expression (Figure 5L), enhanced self-renewal (Figure 5M) and 

a nuclear morphology consistent with a more quiescent state (Figure S5S). Furthermore, 

Rotenone and GSH decreased Pax7 and CD34 gene expression (Figure 5N,P), while 

increasing MyoD and MyoG (Figure 5 O,P). In addition, Rotenone treatment increased 

expression of cell cycle regulatory genes identified by RNAseq to be upregulated in 

OPA1-MKO MuSCs (Figure 5O). Meanwhile, treatment of cells with Rotenone in the 

presence of BSO prevented the increased expression of MyoD and MyoG (Figure 5Q 

and Figure S5T). Importantly, Mdivi-1 suppressed the expression of MyoD and MyoG, 

suggesting that mitochondrial fragmentation may be the upstream controlling mechanism 

(Figure 5Q). Together these data indicate that changes in GSH, which is elevated by OPA1 

loss and increased mtROS, may serve as a downstream signal to promote MuSC activation/

commitment.

Chronic loss of OPA1 and persistent mitochondrial fragmentation leads to severe MuSC 
defects

Next, we asked whether prolonged OPA1 loss and chronic mitochondrial fragmentation 

could further impact MuSC function. We developed a chronic model of OPA1 loss (1- 

and 3-month OPA1-MKO, see STAR methods). MuSCs with sustained loss of OPA1 and 

mitochondrial fragmentation (Figure S6A,B) showed detectable signs ATP decline and 

impaired mitochondrial respiration (OCR) (Figure 6A,B and Figure S6C,D). Thus, within 

this chronic model, as opposed to the acute OPA1-MKO model, MuSCs exhibit signs of 

mitochondrial dysfunction.

Examination of 3-month OPA1-MKO animals under basal conditions showed no detectable 

difference in myofiber size and numbers (Figure S6E,F) or number of Pax7+ MuSCs 

(Figure 6C,D). However, MuSCs examination following injury or upon isolation revealed 

an extensive level of dysfunction, that was more pronounced and occurred earlier than in the 

acute OPA1-MKO model. At 7DPI following CTX injury in one limb, 3-month OPA1-MKO 

animals had impaired muscle regeneration (Figure S6E,G), an almost complete loss of 

Pax7+ MuSCs in the injured limb (Figure 6C,E) and MuSC depletion in the contralateral 

limb (Figure 6C,F). Freshly isolated myofibers (T=0hrs) from 1- and 3-month OPA1-MKO 

mice had significantly higher Pax7+ cells expressing the G-alert marker pS6 (Figure 6G 

and Figure S6H), a nuclear morphology consistent with activated MuSCs (Figure S6I,J) and 

enhanced activation kinetics as assessed by MyoD expression (Figure 6H and S6K). Freshly 
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isolated MuSCs showed decreased expression of Pax7 and CD34 in 3-month OPA1-MKO 

(Figure 6I), similar to acute OPA1 loss (Figure 3K). These data provide evidence that 

MuSCs reside in a G-alert state when OPA1 is deleted both acutely and chronically.

Despite enhanced activation (Figure 6H and S6K), individual MuSCs in 3-month OPA1-

MKO did not appear to undergo cell division (Figure 6J,K). This was apparent at 1-

month (Figure S6L) but became more severe with age, such that 3-month OPA1-MKO 

MuSCs had an average cluster size of one cell over 72hrs in culture (Figure 6J,K), and 

failed to express Ki67 (Figure 6L and Figure S6L). In addition, 3-month OPA1-MKO 

MuSCs could not pass the G1 cell cycle restriction point (R-point), as determined by 

expression of phosphorylated retinoblastoma protein (pRb) (Figure 6M). Regardless of the 

cell cycle defect, each individual MuSC from 3-month OPA1-MKO underwent activation/

commitment, as all cells expressed MyoD (Figure 6K,N). The preferential commitment of 

MuSC was also observed in 1-month OPA1-MKO (Figure S6M), similar to the acute model. 

We reasoned that the additional proliferation defects by chronic OPA1 loss may be due to 

mitochondrial dysfunction (Figure 6A,B and Figure S6C,D). Indeed, impairing OXPHOS 

in MuSCs caused a significant decline in MuSC proliferative capacity (Figure S6N,O). 

Together, these data further solidify that OPA1 and mitochondrial fragmentation regulate 

MuSCs quiescent state and activation potential independent of mitochondrial OXPHOS 

function.

In contrast to acute OPA1 loss, MuSCs from 3-month OPA1-MKO exhibited decreased 

levels of SLC7a11, GLCL and GSS mRNA (Figure 6O), suggesting a potential depletion of 

the GSH pool. Interestingly, GSH depletion using high dose BSO (50 μM) also prevented 

MuSC proliferation in a wild-type setting (Figure S6N,O). Thus, we tested whether addition 

of GSH or cysteine/glycine (cys/gly), to increase GSH levels, could reverse any MuSC 

dysfunction in 3-month OPA1-MKO and found that this restored the expression of Ki67 

and the number of MuSCs capable of passing the R-point (Figure 6P,Q). However, it did 

not promote MuSC cell division and increase cluster size (Figure 6R), suggesting additional 

GSH-independent cell cycle defects in 3-month OPA1-MKO MuSCs. Nonetheless, cell fate 

analysis showed that increasing GSH levels can potentially restore the number of Pax7+ 

cells in 3-month OPA1-MKO MuSCs (Figure 6S).

Decreased OPA1 and impaired mitochondrial dynamics are observed during physiological 
MuSC aging and impact MuSC function

Excessive mitochondrial fragmentation and redox imbalance are often implicated in the 

pathogenesis of degenerative diseases and aging. A decline in OPA1 has been observed in 

aging muscle and contributes to skeletal muscle degeneration (Tezze et al., 2017). However, 

mitochondrial dynamics and OPA1 have not been examined in aged MuSCs. Using available 

gene micro-array data (Liu et al., 2013) comparing MuSCs from young (2 month) and 

old (24 month) mice, we found decreased OPA1 expression during aging (Figure 7A). 

Furthermore, selecting genes based on gene ontology (GO) terms related to mitochondrial 

dynamics and function, and redox regulation revealed that aged MuSCs exhibit changes in 

genes involved in mitochondrial organization and OPA1 processing (Pari, Phb) (Anderson et 

al., 2020; Ishihara et al., 2006), oxidative phosphorylation (OXPHOS Complex-1, -III and 
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-V subunits), redox and glutathione homeostasis (Figure 7A and Figure S7A). Alterations 

in OPA1 and other mitochondrial dynamics genes were also found in aged MuSCs during 

injury-induced activation in a dataset from Shchedrin et al. (Shcherbina et al., 2020)(Figure 

S7B,C). We compared micro-array data by Alonso-Martin et al. (Alonso-Martin et al., 

2016) using 2 and 18 month (aged) MuSCs, to determine if changes are present earlier 

in the aging process. This showed 1042 common genes significantly altered in the Liu et 
al. and Alonso-Martin et al. datasets (based on Log2FC >1.0 and <−1.0, and padj values 

<0.05) (Figure S7D), with 111 (10.9%) being related to mitochondria and 40 (3.9%) genes 

implicated in redox homeostasis (Figure S7E). Thus, OPA1, mitochondrial dynamics and 

GSH/redox may be implicated in age-associated MuSC impairment.

Since the aging process may begin during middle-age (Del Campo et al., 2018; Price et 

al., 2014; Sayed et al., 2016), a three-way comparative analysis was performed between 

altered genes at 18 and 24 months (from Liu et al. and Alonso-Martin et al.) with data from 

Sinha et al. (Sinha et al., 2014) comparing 2- and 12-month MuSCs. This did not reveal 

many common significantly changed genes in 12-month MuSCs (Figure S7F), but a curated 

search showed similar trends in gene expression changes to those at 18 and 24 months 

(padj >0.05) (Figure 7B). For example, the Log2FC of OPA1 revealed a potential early 

onset down-regulation (Figure 7B). Similar trends are observed for mitochondrial dynamics 

genes (DRP1, MFF), OPA1 related genes (Yme1l1, Parl, Phbs) and GSH/redox related 

genes (SOD2, NRF2, SLC7a11, Glcl) (Figure 7B). To gain a global perspective of this trend, 

the 24-month curated gene list (Figure 7A and Figure S7A) was compared with the 12- 

and 18-month datasets (Figure 7C and Figure S7G). All selected genes showed similar or 

trending Log2FC values with increasing significance (padj values) upon approaching old age 

(Figure 7C and Figure S7G). Together, these data suggest that expression changes for genes 

related to mitochondrial dynamics, function and redox homeostasis may begin as early as 

middle-age.

To test if mitochondrial dynamics are disrupted early during MuSC aging, we used 12-16 

month mice (intermediate aging) that already show decreased Pax7 gene expression (Figure 

7D) and modest yet significant MuSC (Pax7+) depletion basally and 7DPI following a CTX 

injury (Figure 7E) (Blau et al., 2015; Price et al., 2014). OPA1 expression was significantly 

declined in MuSCs at this age (Figure 7D), with variable changes in other mitochondrial 

dynamics genes (Figure 7D). There was also increased mitochondrial fragmentation in 

aging MuSCs (Figure 7F-H). Furthermore, MuSCs from aging mice showed increased 

commitment at the expense of self-renewal (Figure 7I) without any difference in cluster 

size (Figure 7J), and a nuclear morphology consistent with a more activated state (Figure 

7K), similar to OPA1-MKO. Importantly, Mdivi-1 prevented mitochondrial fragmentation 

(Figure 7L) and restored MuSC fate (Figure 7M). Lastly, we asked whether increased levels 

of OPA1 can preserve MuSCs during aging. Transgenic OPA1-OE mice, with enhanced 

OPA1 expression (Figure 7N and STAR methods) and elongated mitochondria (Figure 

7O) in MuSCs, were aged for 12 months and subjected to a triple CTX injury, to test 

MuSC maintenance capacity (Figure S7H). OPA1-OE mice had significantly higher Pax7+ 

cells (Figure 7P). Since MuSC preservation in OPA1-OE may be due to the whole-body 

over-expression of OPA1, in vitro experiments were performed. MuSCs from 12-14 months 

OPA1-OE had slower kinetics of cell cycle re-entry (Figure 7Q,R), suggesting that OPA1-
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OE potentially reside in a deeper quiescent state. In addition, OPA1-OE exhibited a greater 

proportion of Pax7+ MuSCs, suggesting an enhanced self-renewal capacity (Figure 7S). 

These data provide evidence that OPA1 and mitochondrial dynamics may play an important 

role in MuSC maintenance during aging.

Discussion

Our study reveals that OPA1 and mitochondrial structural plasticity serve as a physiological 

rheostat that controls the depth of quiescence and activation potential of MuSCs. This puts 

forth a view of mitochondria as regulators of stem cell quiescence and internal sensors 

of environmental stimuli that transmit stem cell activation signals. These findings provide 

important insights into the contribution of mitochondrial disruptions to adult stem cell 

dysfunctions in pathological conditions and aging, (see Figure S7I summary model)

Quiescence is a graded phase, whereby the promptness of stem cell activation is gauged by 

the depth of quiescence in which they exist (Rodgers et al., 2014; Rodgers et al., 2017; van 

Velthoven and Rando, 2019). The depth of quiescence of MuSCs is regulated by crosstalk 

between the microenvironment and cell intrinsic mechanisms (Rodgers et al., 2014; Rodgers 

et al., 2017). Our findings reveal that changes in mitochondrial structure serve to integrate 

and transmit the crosstalk between the environmental message and intrinsic cellular response 

mechanism. Intriguingly, the extent of mitochondrial fragmentation is determined by the 

strength of the systemic activation signal. This presents a scenario whereby a strong 

activation stimulus (or high systemic factor) at the injury site would generate a more 

fragmented phenotype required to drive stem cells out of quiescence. Meanwhile, stem 

cells at a distal location receive enough stimulus to induce only moderate fragmentation 

rendering a G-alert state that serves as a priming implement. We propose that elevated levels 

of systemic factors, observed during aging or diseases (Brack et al., 2007; Carlson et al., 

2008; Chakkalakal et al., 2012; Gopinath and Rando, 2008), may contribute to aberrant 

mitochondrial fragmentation and altered MuSC quiescence. Altogether, this demonstrates 

a fundamental role for mitochondrial dynamics in modulating the graded G0 to G-alert 

quiescent states of adult stem cells.

Our study uncovers that GSH is a downstream redox signaling molecule in adult MuSCs. 

While it is well established that ROS are potent signaling molecules that promote stem cell 

commitment (Ansó et al., 2017; Khacho et al., 2016; Lyublinskaya et al., 2015), this study 

shows the coordination of both mtROS and GSH in the modulation of MuSC activation, cell 

cycle progression and fate decisions, at least in part by eliciting changes in nuclear gene 

expression. To our knowledge, this represents a previously unappreciated and essential role 

for GSH as a signaling molecule, beyond its role in antioxidant defense, that significantly 

influences stem cell biology.

Our model of chronic OPA1 ablation and prolonged mitochondrial fragmentation in MuSCs 

embodies an accelerated aging model with the classical hallmarks of stem cell aging 

(Chakkalakal et al., 2012). This work also identifies defects in mitochondrial dynamics and 

redox homeostasis early in MuSC aging. Since any dysfunction to mitochondrial dynamics 

would lead to substantial impairments in many aspects of stem cell functions, excessive 
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fragmentation in pathological conditions or aging may represent an etiological factor in 

stem cell dysfunction. Thus, the ability to target mitochondrial dynamics before the onset 

of major stem cell dysfunction or senescence during aging and diseases presents a potential 

therapeutic strategy in regenerative medicine.

Limitations of the Study

Our work used genetic models of OPA1 loss or overexpression. Thus, the precise role 

for mitochondrial dynamics remains open. This was investigated using pharmacologically 

with Mdivi-1, but was limited to in vitro experiments. The role of mitochondrial dynamics 

in quiescence will be better delineated using genetic manipulation of other mitochondrial 

dynamics proteins (i.e., DRP1 or MFN1/2 knockouts). The difficulty in capturing MuSCs 

in deep quiescence restricted our ability to observe mitochondrial morphology and other 

characteristics in a native state. Future work will utilize an in vivo fixation method, that 

maintains mitochondrial integrity, to study organellar morphology and gene expression 

in quiescent MuSCs. Finally, the measure of GSH in MuSCs was a challenge given 

the scarcity of MuSCs and HPLC-mediated quantification requires a large cell number. 

Though we attempted to overcome this issue using an antibody approach, this renders a 

semi-quantitative assessment of GSH status and does not provide a redox state (GSH vs 

GSSG). The use of sensitive metabolomics techniques will provide more insight into the role 

of GHS in stem cell homeostasis.

STAR Methods

RESOURCE AVAILABITLY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Mireille Khacho 

(mkhacho@uottawa.ca).

Materials availability—This study did not generate new unique reagents.

Data and code availability

• RNA-Seq data have been deposited in the NCBI Gene Expression Omnibus and 

are publicly available as of the date of publication. The accession number is 

listed in the key resources table. This paper analyzes existing, publicly available 

data. The accession numbers for the datasets are listed in the key resources table. 

All data reported in this paper will be shared by the lead contact upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Animal protocols were approved by the University of Ottawa’s Animal Care 

Ethics Committee and adhered to the guidelines of the Canadian Council on Animal Care. 

All mice were housed and maintained at the Animal Care and Veterinary Service (ACVS) 
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of the University of Ottawa. OPA1flox/flox mice (Zhang et al., 2011) (kindly provided by Dr. 

Ruth Slack at the University of Ottawa) were crossed with Pax7CreERT2 mice (Murphy 

et al., 2011) to develop a Tamoxifen inducible and conditional knockout of OPA1 in 

Pax7+ adult MuSCs (OPA1-Pax7CreERT2, referred to as OPA1-MKO), providing an adult 

muscle stem cell specific knockout of OPA1. Mice that were OPA1-floxed and expressed 

the CreERT2 recombinase were used as OPA1 MuSC knockout (OPA1-MKO) mice, and 

littermate mice that were OPA1-floxed but did not possess the CreERT2 recombinase were 

used as wild-type controls (OPA1-WT). At 7-9 weeks of age, all mice received Tamoxifen 

(200 mg/kg) (Sigma T5648, 50 mg/mL dissolved in corn oil) administration via oral gavage 

for five consecutive days, followed by three days rest before any subsequent procedures 

were carried out. Specificity of OPA1 deletion in MuSCs, and not muscle or other tissues, 

following Tamoxifen (TAM) administration (at 6-10 weeks of age) was validated by qPCR 

(Figure 1E and Figure S1B). A chronic model of OPA1 loss was developed by administering 

TAM at 8-10 weeks and allowing animals to age up to an additional 3 months (1-month 

and 3-month OPA1-MKO). See Figure S6A,B for validation of sustained OPA1 loss and 

mitochondrial fragmentation in 3-month OPA1 MKO. A mixture of both male and female 

mice were used for all experimental procedures. For experiments conducted with wild-type 

mice, C57Bl6J mice from the Pax7CreERT2 colony at age 7-10 weeks were used. For initial 

mitochondrial assessment in Figure 1A, 7-10 weeks old Pax7-GFP mice, kindly provided 

by Dr. Shahragim Tajbakhsh, were used (Sambasivan et al., 2009). For aging experiments 

12-16 month old C57Bl/6J mice were used. For OPA1 over-expression experiments in 

Figure 7N-S, transgenic mice with a targeted whole-body mild (1.5x) OPA1 overexpression 

(OPA1-OE) were utilized (Varanita et al., 2015). OPA1-OE mice were rederived from mice 

originally described in Varanita et al. 2015 (Varanita et al., 2015) and provided as a kind gift 

from Dr. Ruth Slack.

Muscle stem cell isolation and culture

Magnetic Activated Cell Sorting (MACS):  Muscle stem cells isolated using MACS 

isolation was carried out using an isolation kit purchased from Milteny Biotech (Porpiglia, 

E. & Blau, H.M. 2016). Following cervical dislocation, the Tibialis Anterior (TA), 

Extensor Digitorum Longus (EDL), gastrocnemius, soleus and quadriceps from the mouse 

hindlimb were harvested and minced. Next, 5 mL of digestion enzyme cocktail containing 

1% (w/v) Collagenase B (Roche 11088831001) and 0.4% (w/v) Dispase II (Roche 

04942078001) was added. Muscle tissue and enzyme mixture was placed in a C-Tube 

(Milteny Biotech130-093-237) and subjected to dissociation using the Milteny MACS Octo-

Dissociator with customized programs (SLICE_FACS), previously published by Sincennes 

et al. (Sincennes et al., 2017), that perform rapid mechanical and enzymatic dissociation 

within 27 min. The muscle slurry was then run through a 100 μm filter (Fisher Scientific 

22363549) and cells were spun down at 600xg for 10 min. The resulting pellet was treated 

with 400 μL of red blood cell lysis buffer (Sigma R7757) for 30 sec, followed by addition 

of 10 mL PBS and centrifugation at 600xg for 5 min. Muscle stem cells were subjected 

to negative selection using the Satellite Stem Cell Isolation Kit (Milteny 130-104-268), 

followed by an Anti-Alpha Integrin-7 muscle stem cell selection (Milteny 130-104-261) to 

obtain a relatively pure population of nearly quiescent muscle stem cells (cell population 

validation is shown in Figure S3G). See Figure S3K for validation of MuSC isolation 
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method. For culture conditions, MACS isolated MuSCs were cultured in a 24-well sterile 

plate, in 1mL of muscle stem cell culture media (FLAM’s F-10 1X media supplemented 

with 20% FBS (v/v), 1% penicillin-streptomycin (v/v) and 2.5ng/ μL bFGF). Cells were 

treated with 10nM Rotenone, 24 mM GSH or 10 μM mitoTEMPO for 24 hours and 

harvested for further analysis.

Fluorescence Activated Cell Sorting (FACS):  Mice aged 7-10 weeks were sacrificed 

by cervical dislocation and muscle tissue from the hindlimbs (see MACS section for 

list of hindlimb muscles) was harvested and digested in 1% (w/v) Collagenase-B (Roche 

11088831001) and 0.4% (w/v) Dispase II (Roche 04942078001) using the Milteny MACS 

Octo-dissociator SLICE_FACS program for 27 minutes (as described in the MACS section 

above). Following digestion, the muscle slurry was filtered using a 100 μm filter (Fisher 

Scientific 22363549) and spun at 600g for 10 minutes to obtain a cell pellet, which was 

then subjected to red blood cell lysis using 400 μL of red blood cell lysis buffer (Sigma 

R7757) for 30 sec, followed by a wash with 10 mL of FACS buffer (3mM EDTA, 10% 

(v/v) FBS in 1x PBS) and subsequently spun at 600xg for 5 min. The cell pellet was then 

resuspended in 1 mL of FACS buffer. PE-conjugated antibodies were added, including the 

Lin-antibodies: Sca-1 (BD Pharmingen, 553108), CD45 (BD Pharmingen, 553081), CD31 

(BD Pharmingen, 553373) and CD11b (eBiosciences, 12- 0112-82) to remove non-muscle 

stem cells present in the population. 647-conjugated α-integrin-7 (Ablab, 67- 0010-05) and 

PE-Cy7-conjugated VCAM (Biolegend, 105720) antibodies were used to positively select 

for muscle stem cells. Antibodies were incubated with the cell slurry for 15-25 min at 4°C, 

then topped up to 15mL with FACS buffer and spun at 600xg for 5 min. The pellet was 

resuspended in 2-3 mL of FACS buffer and filtered through a 40 μm Flowmi filter (Millipore 

Sigma BAH136800040) into a 5 mL polypropylene round-bottom tube (Falcon 352063). 

Samples were taken to the FACS sorter at the Flow Cytometry facility at the Ottawa Hospital 

Research Institute (OHRI).

Single EDL myofiber isolation and culture—Single myofibers were isolated as 

previously published by Brun el al (Brun et al., 2018), with some modifications to ensure 

rapid isolation and preservation of muscle stem cells at a nearly quiescent state for the 

set time point of T=0hrs (Figure S3A confirming only a minor level of activation as 

demonstrated by low percentage of MyoD+ cells at T=0hrs). Culturing of myofibers allows 

the natural process of MuSC activation (see Figure S3A for validation of MuSC activation 

as Pax7+/MyoD+ cells at 4hrs in culture). Briefly, the Extensor Digitorum Longus (EDL) 

muscle was harvested immediately following cervical dislocation and digested in 0.5% (w/v) 

Collagenase B (Roche 11088815001) for 35-40 minutes in a 37°C water bath. The EDL 

muscle was then gently triturated in wash media (Dulbecco’s Modified Eagle’s Medium 

(DMEM) containing 4.5 g/L glucose and 1% (v/v) penicillin-streptomycin) to release single 

myofibers. Single EDL myofibers were then washed twice in wash media to remove excess 

debris attached to the myofibers. Myofibers were allowed to rest for only 10 min to maintain 

a semi-quiescent state, before fixing in 2% (w/v) PFA (warmed to 37°C) for 10 min at 

room temperature. T=0hrs indicates the fixation of myofibers immediately after harvesting. 

Single EDL myofibers to be cultured were placed in a 24-well plate containing single EDL 

myofiber culture media (DMEM 4.5 g/L glucose, 20% (v/v) FBS, 1% (v/v) chicken embryo 
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extract, 1% (v/v) penicillin-streptomycin, 7.5 ng/mL bFGF). Cultured EDL myofibers were 

incubated in at 37°C, 5% CO2 between 4-96 hrs, depending on the experimental design. 

Single EDL myofibers were treated with 2 μM Mdivi-1 (Millipore Sigma; M0199), 10 

μM MitoTEMPO (Millipore Sigma; SML0737), 10 or 50 μM BSO (Millipore Sigma; 

B2515), 10 nM (low dose) or 50 μM Rotenone (Millipore Sigma; R8875), 25nM (low 

dose) mito-Paraquat (Abcam, ab146819), 1 mM L-Glutathione (GSH) (Millipore Sigma; 

G4251), 5 mM L-Cysteine (Millipore Sigma; 5360), 5 mM Glycine (Bio-Rad; 1610717), 50 

μM Antimycin A (Millipore Sigma; A8674), 5 μM Oligomycin (Millipore Sigma; O4876), 

20 nM Rapamycin (Invivogen; tlrl-rap), 10 nM Torin-1 (Invivogen; inh-tor1), 40 ng/mL 

Recombinant Mouse HGF-A (R&D Systems; 1200-SE) or 10 ng/mL Recombinant human 

active HGF (Abcam; Ab632), depending on experimental design. Low dose Rotenone 

(10nM) or mito-Paraquat (25nM) was used to increase mtROS; mitoTEMPO (10 μM) was 

used to decrease mtROS; exogenous reduced-GSH or the GSH precursor cysteine was used 

to increase intracellular GSH levels; BSO was used to reduce intracellular GSH levels 

(Figure S5E,K,O,P). High dose Rotenone (50 μM), Antimycin A (50 μM) and Oligomycin 

in Figure S6N,O were used to promote mitochondrial dysfunction by inhibiting ETC 

Complex-1, Complex-III or Complex-V, respectively.

Myoblast cell line and primary myoblast cultures—C2C12 murine myoblasts were 

cultured in Dulbecco’s Modified Eagle’s Medium containing 4.5 g/L glucose, supplemented 

with 10% FBS (v/v) and 1% penicillin-streptomycin (v/v). C2C12s at 50% confluency were 

treated with 10 nM Rotenone, 1 mM GSH, 10 μM BSO, or 10 μM Mdivi-1 for 24 hrs. 

Primary myoblasts used for mtROS assessment and gene expression analysis were cultured 

at 60% confluency in Ham’s F-10 containing 20% FBS (v/v), 1% penicillin-streptomycin 

(v/v) and 2.5ng/uL bFGF. See Figure S5G for validation of primary myoblast population.

Compounds Company/Cat no. Concentration

Mdivi-1 Sigma M0199 2 μM

MitoTEMPO Sigma SML0737 10 μM

L-Buthionine Sulphoxamine (BSO) Sigma B2515 10 μM

Rotenone Sigma R8875 10 nM-1 μM

mito-Paraquat (mitoPQ) Abcam ab146819 25 nM

L-Glutathione (GSH) Sigma G4251 1 mM

L-Cysteine Sigma 5360 5 mM

Glycine Bio-Rad 1610717 5 mM

Antimycin A Sigma A8674-50MG 50 μM

Oligomycin Sigma O4876-25MG 5 μM

Rapamycin Invivogen (tlrl-rap) 20 nM

Torin-1 Invivogen (inh-tor1) 10 nM

Recombinant Mouse HGF-A R&D Systems 1200-SE 40 ng/mL

Recombinant Human HGF Protein (Active form) Abcam/ Ab632 10 ng/mL
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METHOD DETAILS

Muscle injury—Mice were injected subcutaneously with Buprenorphine (0.1 mg/Kg) 

and anesthetized by gas inhalation 30 min prior to Cardiotoxin injection. 50 μL of 10 

μM Cardiotoxin diluted in phosphate buffered saline (PBS) was injected into the Tibialis 

Anterior (TA) muscle using a 28G-1/2 insulin syringe. The Cardiotoxin-injected limb was 

used as the injured muscle, while the contralateral limb received no injection and was 

used as the uninjured contralateral control. For triple CTX injury performed for OPA1-OE 

experiments, mice were subjected to three consecutive rounds of CTX-induced injury and 

repair to the TA muscle, to test the maintenance capacity of MuSCs in vivo (see Figure 

S7H for paradigm). For all CTX treatments, mice recovered in a cage with a heating pad 

and were monitored 24 hrs post-Cardiotoxin injection. Mice were euthanized by cervical 

dislocation and TA muscles were dissected and harvested immediately at the desired time-

point post-CTX injection. Uninjured mice were used for analysis of intact TA muscles. For 

the triple CTX experiments, analysis was performed following the last round of muscle 

repair (21DPI following last CTX injury).

Muscle tissue preparation—At the time of harvest, TA muscles was dissected following 

cervical dislocation and immediately dropped in 5 mL freshy prepared cold 2% (w/v) PFA 

(Sigma P6148) and fixed for 30 min, shaking on ice. Following fixation, TA muscles were 

washed twice with 5 mL of 1x PBS for 5 min, followed by two washes in 5 mL of 0.25 

M glycine (dissolved in 1x PBS) for 10 min. TA muscles were then submerged in 5 mL of 

5% (w/v) sucrose in a centrifuge tube for 2 hrs at 4°C. TA muscles were transferred to a 

1.5 mL centrifuge tube and submerged in 20% sucrose (w/v) for 2-3 days at 4°C. TA tissue 

was embedded in Optimal Cutting Temperature (OCT) compound (VWR CA95057-838) 

and frozen in isopentane, cooled using liquid nitrogen for 30 sec, and immediately stored at 

−80°C. Tissue was sectioned in a cross-sectional orientation at a thickness of 14 μm using 

the HM525NX Cryostat (University of Ottawa Histology Core) at −28°C onto a charged 

slide (Fisher Scientific 12-550-15). Slides were stored at −80°C until further processing.

Hematoxylin and Eosin Staining—Tissue sections were stained with Hematoxylin and 

Eosin (H&E) at the Histology Core Facility at the University of Ottawa. H&E stained 

tissue sections were imaged using the EVOS F1 Auto2 microscope. Images of entire 

tissue sections were obtained using a tiling function, whereby single images taken at 20x 

magnification were stitched together. Quantification of myofiber numbers and size (cross-

sectional area, CSA) were measured using the Fiji (ImageJ) software. For quantification 

of myofiber number following CTX-injury, the number of centrally-nucleated myofibers 

within a given region of interest (ROI) were counted and normalized to the ROI area (μm2). 

For myofiber quantifications in uninjured conditions, the number of peripherally-nucleated 

myofibers were counted. At least three ROIs were quantified for each section. For myofiber 

CSA, the myofiber perimeter was traced using the Fiji software drawing tool to measure the 

minimum Feret diameter. The following equation was used to calculate the CSA based on 

πr2, CSA=3.14*(minimum ferret diameter/2)2.
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Immunofluorescence

Tissue sections:  TA muscle tissue sections were subjected to antigen retrieval in sodium 

citrate buffer (10 mM sodium citrate, 0.05% Tween-20) at pH=6.0, followed by 1 hr 

blocking in 3% (w/v) BSA. Primary antibody was diluted in 3% BSA. 40 μL of diluted 

primary antibody was added to each tissue section and incubated overnight at 4°C. Primary 

antibodies include Pax7 (1:13, DHSB PAX7-S), MyoD (1:100, SantaCruz sc-32758), MyoG 

(1:100, DHSB FD5), Laminin (1:1000, Abcam Ab-11575), Ki67 (Ab-15580). Following 

primary antibody incubation, tissue slides were washed 5 times for 2 minutes in 40uL 

of 1xPBS. For primary antibodies raised in mouse, tissue sections were incubated for 

30 minutes at room temperature in Biotin (1:250, Jackson Immunoresearch, 115-065-205 

diluted in 3% BSA. Following Biotin incubation, tissue sections were washed 5 times for 

2 min in 40 μL of 1x PBS. Secondary antibody containing Strepdavidin conjugated Cy3 

(1:250 Jackson Immunoresearch, 016-160-084) for primary antibodies raised in mouse, 

and/or fluorescence-conjugated secondary antibody, including AlexaFluoro 488 (1:500 

Invitrogen A11008), and AlexaFluoro 594 (1:500, A11005), and DAPI (1:1000, Sigma 

D9542) were diluted in 3% BSA and added in 40 μL drops to sections and incubated for 15 

min at room temperature. Sections were washed 5 times for 2 min in 40 μL of 1x PBS and 

slides were mounted using Immu-mount (ThermoFisher 9990402). Immunostained slides 

were imaged (see microscopy section) and quantified using the Fiji (ImageJ) software. For 

quantifications of cell populations, the number of positive cells were quantified within a 

given region of interest (ROI) and normalized to the number of nuclei (DAPI) or the unit 

area (in μm2). A minimum of three ROIs were used for all quantifications.

Single EDL myofibers:  Single myofibers were permeabilized in 0.1% (v/v) Triton-X 

and 100 mM glycine, followed by blocking in blocking solution (5% (v/v) horse serum, 

2% (w/v) BSA and 0.1% (v/v) Triton-X in PBS) for 5 hours at room temperature. 

Primary antibody was diluted in blocking solution then added to myofibers at a volume 

of 100 μL and incubated overnight at 4°C. Primary antibodies include mouse Pax7 (1:13, 

DHSB PAX7-S), rabbitPax7 (1:100, Thermo Fisher Scientific Pa1-117), mouse MyoD 

(1:100, SantaCruz sc-32758), mouse MyoG (1:100, DHSB FD5), rabbit Ki67 (1:1000, 

ab15580), chicken GFP (1:1000 Abcam ab13790) to detect Pax7-GFP, rabbit Tom20 (1:500, 

ProteinTech 11802-1-AP), rabbit pS6 (1:1000, Cell Signalling Technology 4857S), mouse 

anti-GSH (1:75, Abcam ab19534), rabbit anti-GSH (1:100, Abcam ab9443), rabbit pRb 

(1:1000, Cell Signalling Technology 8516S), mouse Cytochrome C (1:500, BD Biosciences 

556432). Secondary antibodies, including Cy3 (1:1000, Jackson 715-165-150), AlexaFluoro 

488 (1:1000, Thermo Fisher Scientific A11001) were added for 1 hour at room temperature, 

and then EDL myofibers were mounted using Immumount (ThermoFisher, 9990402) on 

a charged glass slide (Fisher Scientific, 12-550-15). Glutathione staining intensity was 

measured by Corrected Total Cell Fluorescence (CTCF) using Fiji (ImageJ).

Antibody Name Company/Cat no. Dilution Assay

Pax7 (mouse) DHSB PAX7-S 1:13 IF Primary

Pax7 (rabbit) Thermo Fisher Scientific PA1-117 1:50 IF Primary
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Antibody Name Company/Cat no. Dilution Assay

Tom20 (rabbit) ProteinTech 11802-1-AP 1:500 IF Primary

MyoD (mouse) SantaCruz sc-32758 1:100 IF Primary

MyoG (mouse) DHSB FD5 1:100 IF Primary

Laminin (rabbit) Abcam AB-11575 1:1000 IF Primary

Ki67 (rabbit) Abcam AB-15580 1:1000 IF Primary

eMHC (mouse) DHSB F1.652-s 1:15 IF Primary

pS6 (rabbit) Cell Signalling Technology 4857S 1:1000 IF Primary

pRb (rabbit) Cell Signalling Technology 8516S 1:1000 IF Primary

Cytochrome C (mouse) BD Biosciences 1:500 IF Primary

GFP (chicken) Abcam ab13970 1:1000 IF Primary

GSH (mouse) Abcam ab19534 1:75 IF Primary

GSH (rabbit) Abcam ab9443 1:100 IF Primary

Alexa-Fluoro 488 Rabbit Molecular Probes A11008 *1:500-1:1000 IF Secondary

Alexa-Fluor 488 Mouse Thermo Fisher Scientific A11001 *1:500-1:1000 IF Secondary

Alexa-Fluor 488 Chicken Jackson 703-545-155 *1:500-1:1000 IF Secondary

Alexa-Fluor 647 Rabbit Abcam ab150075 *1:500-1:1000 IF Secondary

Alexa-Fluor 647 Mouse Abcam ab150107 *1:500-1:1000 IF Secondary

Alexa-Fluor 594 (Rabbit or Mouse) Thermo Fisher Scientific A11005 *1:500-1:1000 IF Secondary

Cy3 Rabbit Jackson 711-165-152 1:1000 IF Secondary

Cy3 Mouse Jackson 715-165-150 1:1000 IF Secondary

Biotin Jackson 115-065-205 1:250 IF Secondary

Cy3-Conjugated Streptavidin Jackson 016-160-084 1:250 IF Secondary

*
1:500 concentration is used for tissue immunofluorescence staining and 1:1000 is used for single EDL myofiber 

immunofluorescence staining.

TUNEL assay—Assessment and quantification of apoptosis based on labelling of 

DNA strand breaks was performed by TUNEL assay (Roche 11684795910) as per the 

manufacturer’s instructions. Briefly, EDL myofibers were isolated and fixed immediately 

(t=0h fibers) or cultured (t=48h) as previously described. EDL fibers were fixed in 2% 

PFA and permeabilized for 10 minutes and washed in PBS 3x5 minutes. Following 

permeabilization, the TUNEL reaction mixture was freshly prepared, and 50μl of reaction 

mixture was added to each well. The reaction then took place at 37 degrees Celsius for 60 

minutes in the dark. Following the reaction, fibers were washed twice in PBS for 5 minutes 

each. The fibers were then stained with mouse Pax7 antibodies as described. For negative 

control, prior to the TUNEL reaction, fibers were treated with 0.5μM DNAse solution 

(Qiagen 79254) for 10 minutes at room temperature.

Microscopy—Stained tissue sections and single EDL myofibers were imaged on an 

Epifluorescent microscope (Zeiss AxioObserver.Z1). For tissue section imaging, tile scans 

were used to obtain an image of the entire section. EDL myofibers cultured for 72 hours 

were imaged using z-stacks to obtain a complete image of cell clusters. EDL myofibers 
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stained for Tom20 (mitochondrial length measurements) were imaged on the LSM880 

Airyscan Confocal Microscope at the uOttawa Cell Biology Image Acquisition Core.

Electron microscopy (EM) analysis of muscle stem cells—Muscle stem cells were 

isolated by FACS and pelleted at 4200rpm for 2 minutes. Supernatant was removed and 

1mL of sterile PBS was added and cells were further pelleted at 1500rpm for 5 minutes. 

Supernatant was aspirated and 500μl of EM fixative (2.5% glutaraldehyde solution in 0.2M 

Sodium Cacodylate buffer) was added very carefully so as not to disturb the pellet. Cells 

were incubated with the EM fixative for 15 minutes at 4°C. Following incubation, cells were 

centrifuged at 5000rpm for 8 minutes. Supernatant was removed and another 500μl of EM 

fixative was added. Next, 4% agarose was prepared by adding 0.04g of low-melt agarose 

to 1mL of 1xTAE and was dissolved by mixing with a pipette and heating in a water bath 

at 67°C until the agarose was fully dissolved. Cell pellets were warmed in their centrifuge 

tubes to 37°C on a heating block. Next, 30μl of 4% agarose was quickly added to the 

cell pellet and was gently resuspended, before centrifuging at 2500rpm for 3 minutes. The 

agarose-embedded pellet was incubated at 4°C for 10 minutes. Following 10 minutes, 500μl 

of EM fixative was added to the tube, and the pellet was very carefully removed from the 

wall of the tube so that it remained free-floating. Agarose-embedded samples were then sent 

to the Facility for Electron Microscopy Research at McGill University for processing and 

sectioning. Sections were then imaged at the University of Ottawa TEM core facility using 

a EM-1400Plus TEM. Cristae analysis was performed using FIJI and a minimum of 100 

mitochondria were analysed. For each individual cristae, the average diameter was measured 

from three representative regions.

Mitochondrial length and volume measurements—Mitochondria were stained with 

the outer mitochondrial membrane protein Tom20 and imaged using Airyscan Confocal 

Microscopy at the Cell Biology Image Acquisition Core Faculty at uOttawa. Mitochondrial 

length was measured by creating 2D projections using Fiji (ImageJ) software and manually 

tracing the mitochondria. Mitochondrial length was either binned into different categories 

or taken as an average as previously described (Khacho et al., 2016). Distribution dot plots 

were generated in Prism and bars represent the mean of all data points. 3D mitochondrial 

images were reconstructed using the Imaris Filaments application, or captured using the 

Imaris 3D viewer. Individual mitochondrial volume measurements were performed using 

Prism by generating surface rendering

RNA isolation and qPCR—Total RNA was isolated from freshly isolated muscle stem 

cells using the PicoPure RNA isolation kit (ThermoFisher, KIT0214). Myoblast and whole 

muscle RNA was isolated using Trizol-based extraction (Trizol, ThermoFisher 15596026). 

RNA extractions were performed under RNAse free conditions and preserved at −80 

°C. RNA was quantified using the Nanodrop 2000 spectrophotometer. qPCR was then 

performed using the Rotor-Gene SYBR RT-QPCR kit (Qiagen, 204174). Each sample was 

run in triplicate using the following thermal cycler programming: 55°C for 10 minutes, 95°C 

for 5 minutes, cycling of 95°C for 5 seconds and 60°C for 10 seconds for 40 repeat cycles, 

melting from 60-95°C with a 1°C rise each step with 90 seconds of pre-melt conditioning on 

the first step and 5 seconds for each subsequent step, as previously described (Khacho et al., 
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2016). Every qPCR run was performed alongside a housekeeping gene (GAPDH, β-Actin 

and/or β-Tubulin) for normalization. See Figure S3L for validation of qPCR normalization 

using β-Actin and β-Tubulin as housekeeping genes. Each gene was fitted to the appropriate 

standard curve and subsequently analysed. All qPCR analysis was normalized to GAPDH 

unless otherwise stated.

Immunoblot—For total cell lysates, cells were washed with phosphate-buffered saline 

(PBS), lysed with 4% SDS in PBS, boiled for 5 minutes and the DNA was sheared 

by passage through a 26- gauge needle. Primary antibodies recognizing OPA1 (Abcam; 

ab42364) and GAPDH (Abcam; ab8245) were used. Ponceau staining was used to ensure 

equal protein loading for lysates derivied from MuSCs. A secondary antibody conjugated 

to horseradish peroxidase (Jackson ImmunoResearch) was used and detected by Western 

Lightning Chemiluminescence Reagent Plus (Perkin Elmer).

ATP Assay—Muscle stem cells were plated in suspension in a 96-well black transparent 

F-bottom microplate (LifeSciences, 781611) and treated with or without 20 μM Oligomycin 

for 30 min to block the activity of ATP synthase and thus mitochondrial oxidative 

phosphorylation (to observe OXPHOS-dependent ATP generation). ATP levels were 

then detected using the CellTiterGlo cell viability assay kit (Promega, G9241). ATP 

concentrations were retrieved based on a standard curve analysis. Cell counts and viability 

were performed to allow for normalization of data using a hematocytometer and Trypan 

Blue to identify dead cells.

Oxygen Consumption (OCR) and Extracellular Acidification Rate (ECAR)—The 

Seahorse XF96 Extracellular Flux Analyzer (Seahorse Biosciences) was used to measure 

oxygen consumption and extracellular acidification rate in cells. Briefly, MACS isolated 

muscle stem cells from OPA1-WT and OPA1-MKO animals were seeded onto Matrigel 

coated 96-well Seahorse plates at a density of 1.5x105 cells/well. For measurements 

performed immediately after isolation (T=0 hours), cells were seeded in 175 L of Seahorse 

media (4.15g DMEM powder, 0.925g NaCl, 2.25 g glucose, 5 mL of 200 mM L-glutamine, 

5 mL of 100 mM Na-pyruvate, 490 mL H2O, pH 7.4) and plates were immediately spun at 

200 x g for 1 minute and allowed to stop without brakes. For measurements performed at 

T=24 hours, muscle stem cells were cultured for 24 hours in 150 μL muscle stem cell culture 

media and kept in normal cell-incubation conditions. Prior to the assay, cells were washed 

twice in 1x PBS and placed in 175 μL of Seahorse Media. Plates were placed in a CO2 free 

incubator, at 37 °C for 1 hour prior to loading into the XF Analyzer. Following measurement 

of basal respiration, cells were treated sequentially with oligomycin (1.0 μM), FCCP (2 

μM) and of Rotenone and Antimycin A (0.5 μM). Each measurement was taken over a 

3-minute interval followed by 3 minutes of mixing. Three measurements were taken for 

each respiratory state. Immediately following completion of the assay, media from wells was 

removed and cells were washed in 1xPBS. 50 μL of RIPA buffer was added to each well and 

plates were frozen at −20°C overnight. Protein concentration was subsequently measured 

using a BCA assay. All Seahorse values were normalized to the appropriate protein levels 

and quantified.
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MitoSOX staining—Mitochondrial ROS (mtROS) in muscle stem cells was measured 

using the MitoSOX assay as previously published (Khacho et al., 2016; Thumiah-Mootoo 

et al., 2021). Briefly, muscle stem cells were isolated by MACS. Before staining, 50 μM 

Rotenone was added for 10 min at 37°C to induce mtROS as a positive control. 5 μM 

MitoSOX Red (Thermo Fisher Scientific M36008) was added to each sample and incubated 

for 15 min at 37°C. Samples were washed in PBS buffer and then resuspended in 300 μL 

of PBS and mtROS was measured by Flow Cytometry at the Flow Cytometry Core Facility 

at the University of Ottawa. Data were analyzed as mean fluorescence intensity using the 

FlowJo Software. For MitoSOX on MuSCs residing on myofibers, single EDL myofibers 

were isolated as previously described and placed in EDL culture media. 5 μM MitoSOX Red 

was added to each sample and incubated for 15 minutes at 37°C. Samples were washed in 

1xPBS containing 1 μM Hoescht 33342. EDL myofibers were mounted using Immumount 

(ThermoFisher 9990402) on a charged glass slide. Data were analyzed as corrected total 

cell fluorescence (CTCF) using Fiji (ImageJ) (CTCF= IntDen – (Area of selected cell X 

Mean fluorescence of background readings). See Figure S5D,E for validation of mtROS 

assessment by MitoSOX in MuSCs by Flow cytometry and microscopy, respectively.

In vivo EdU injection—EdU was prepared (Baseclick EdU, BCN-001-500) and injected 

15 hours prior to muscle harvest. EdU detection in vivo was performed using the BaseClick 

EdU detection kit (Sigma, BCK647-IV-IM-M). For in vivo EdU experiments in Figure 

2S,T,U, OPA1-WT and OPA1-MKO animals were injured in one limb, followed by an EdU 

injection 15hrs before harvesting TA muscle from the contralateral limb at 4DPI, to label 

cells that enter the cell cycle. For experiments in Figure 2D and Figure 3F, OPA1-WT 

and OPA1-MKO animals were subjected to injury in the TA muscle, followed by an EdU 

injection 15hrs before harvesting the injured TA muscle at 2DPI or 4DPI.

In vitro EdU pulse—Single EDL fibers were isolated as previously described and cultured 

in EDL culture media for 24 hours. 1 hour prior to harvest, 500 μL of culture was removed 

from each well, and 500 μL of pre-warmed culture media containing 20 μM EdU dissolved 

in DMSO was added, at a final concentration of 10 μM EdU per well. Fibers were left to 

incubate with 10 μM EdU for 1 hour and the harvested and fixed in 2% PFA. Fibers were 

then permeabilized and blocked as previously described. Prior to primary antibody staining, 

the EdU detection reaction was carried out using the BaseClick EdU detection kit (Sigma, 

BCK647-IV-IM-M) following the manufacturer's protocol. Briefly, 500 μLof the reaction 

cocktail was added to each well and the reaction took place on a rocker protected from 

darkness at room temperature for 30 minutes. Following this, fibers were washed in PBS 3x5 

minutes and proceeded to primary antibody staining.

In vivo HGFA Injections—Recombinant HGFA (R&D Systems; 1200-SE) was 

administered to mice at a dose of 1 μg diluted in 200 μL PBS via tail vein injection as 

previously published (Rodgers et al., 2017). Vehicle control injections were administered by 

tail vein injection using 200 μL of PBS. Mice were sacrificed two days following HGFA 

injection and the EDL muscle was isolated to assess muscle stem cells on single EDL 

myofibers.
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In Vivo mitoTEMPO treatments—For in vivo rescue of OPA1-MKO phenotype 

with mitoTEMPO, 7-8 week old OPA1-WT and OPA1-MKO were used. mitoTEMPO 

was administered to OPA1-MKO mice at a dose of lmg/kg/day, diluted in 1xPBS, via 

intraperitoneal (IP) injection. Equal volumes of 1xPBS were IP injected into OPA1-WT and 

OPA1-MKO mice to serve as saline control. See Figure S5N for the experimental paradigm. 

Briefly, mitoTEMPO injections began at the start of Tamoxifen treatment and persisted until 

animals were sacrificed. 3 days after the cessation of Tamoxifen treatment, OPA1-WT and 

OPA1-MKO mice underwent CTX injury to one limb. 15hrs prior to tissue collection, EdU 

was administered to all mice (see above for in vivo EdU injection details). Tissue collection 

occurred at 2DPI. Injured TA muscles were harvested for cross-section immunofluorescence 

analysis, whereas the EDL muscle from the contralateral limbs was isolated and fixed 

immediately (T=0hrs) for further analysis.

GDF-15 and FGF-21 ELISA—Blood was extracted from mice prior to sacrifice by 

ventricular puncture and immediately placed in EDTA-coated tubes (Sarstedt, 41.1395.105). 

Blood was then spun at 2000g for 15 minutes at room temperature. The supernatant 

(plasma) was carefully removed, placed in a 1.5mL tube and stored at −80°C until further 

analysis. GDF-15 levels in plasma were measured via Abcam Mouse GDF-15 SimpleStep 

ELISA Kit (Ab216947) and FGF-21 levels in plasma were measured via Millipore Rat/

Mouse Fibroblast Growth Factor-21 ELISA Kit (EZRMFGF21-26K) according to the 

manufacturer’s instructions.

RNAseq analysis—Muscle stem cells were isolated by FACS from acute OPA1-WT 

and OPA1-MKO animals (3 days after last TAM administration) and pelleted at 4200rpm 

for 2 minutes. Total RNA was isolated from freshly isolated muscle stem cells using the 

PicoPure RNA isolation kit (ThermoFisher, KIT0214). RNA extractions were performed 

under RNAse free conditions and preserved at −80 °C. RNA was quantified using the 

Nanodrop 2000 spectrophotometer and RNA quality assessment was performed by fragment 

anlaysis at the Ottawa Hospital StemCore Facility. Only samples with RIN > 8 were utilized. 

RNAseq library preparation and sequencing were conducted by the he Centre for Applied 

Genomics at The Hospital for Sick Children (Toronto, Canada). From each sample, about 

40-50 million reads were obtained using NovaSeq. To identify differentially expressed 

genes, high stringency parameters were used whereby 1) we removed all genes where 3 or 

more samples had FPKM values <1, and 2) only transcripts with log fold change values 

≥1 or ≤−1 and adjusted P value ≤ 0.05 were included in the analysis. GO analysis of the 

significantly changed genes was performed using the DAVID database. Heat maps were 

generated using Morpheus-Broad Institute.

Data mining—Available micro-array and RNAseq datasets were retrieved from the public 

Gene Expression Omnibus (GEO) repository (http://www.ncbi.nlm.nih.gov/geo) website 

under Accession Numbers GSE47177 (Liu et al., 2013), GSE63860 (Alonso-Martin et al., 

2016), GSE50821 (Sinha et al., 2014) and GSE121589 (Shcherbina et al., 2020). GEO2R 

was used to compute the data sets and obtain Log2FC and adj.p-values. Gene Ontology 

terms for differentially expressed genes was acquired using the NIH DAVID database. 
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MolBioTools was used for comparative analysis of differentially expressed genes from the 

different acquired datasets. Heat maps were generated using Morpheus.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analyses—Statistical tests were determined and computed with Excel 

(Student’s paired and unpaired t-tests) or Prism GraphPad (one-way, two-way or repeated 

measure ANOVAs with respective Post-HOC analyses). All statistics are presented with the 

following significance: p<0.05 *, p<0.01 **, p<0.001 ***.

• Figure 1, statistical analysis was performed using Two-way ANOVA with 

Neuman-Keuls Post-HOC Test (Figure 1B,C) and Student’s t-test (Figure 

1E,G,L).

• Figure 2, statistical analysis was performed using Student’s t-test.

• Figure 3, statistical analysis was performed using Student’s t-test for all with 

the following exception: Two-way ANOVA with Neuman-Keuls post-HOC test 

(Figure 3B,G), or Tukey’s (Figure 3S) Post-HOC test.

• Figure 4, statistical analysis was performed using Student’s t-test (Figure 

4H,I,K,L), One-Way ANOVAs with Dunnett’s (Figure 4A,C,D,M) or Tukey’s 

Post-HOC test (Figure 4E,F,N).

• Figure 5, statistical analysis was performed using Student’s t-test for all with 

the following exception: One-way ANOVAs with Tukey’s Post-HOC test (Figure 

5F,G,H,L,M,Q)

• Figure 6, statistical analysis was performed using Student’s t-test for all with 

the following exception: One-way ANOVAs with Tukey’s Post-HOC test (Figure 

6M,P-S).

• Figure 7, statistical analysis was performed using Student’s t-test for all with 

the following exception: One-way ANOVAs with Tukey’s Post-HOC test (Figure 

7M,S).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Loss of OPA1 impairs the maintenance and self-renewal of adult muscle stem cells 
following injury.
(A) Confocal 3D reconstruction images of mitochondria (Tom20) in MuSCs on myofibers.

(B,C) Mitochondrial length (B) and volume (C) in MuSCs on myofibers cultured for 0, 24, 

48 and 72hrs. n=≥ 100 mitochondria, 3 independent experiments (ind. exp.), mean ± SEM.

(D,E) Schematic of OPA1-MKO mouse model and TAM paradigm (D) and qPCR (E). n=5 

independent biological replicates (ind. biol. rep.), mean ± SD.

(F) 2D projected confocal images of mitochondria (Tom20) in MuSCs on myofibers at 

T=0hrs. Scale=3μm.

(G,H) Mitochondrial length in MuSCs at T=0hrs (G) or cultured for 0-72hrs (H). n= ≥3 ind. 

exp.; ≥100 mitochondria, mean ± SEM.

(I) H&E images of TA cross-sections from uninjured and 21DPI regenerated muscle. 

Scale=50μm.

(J) Immunofluorescence of Pax7 (MuSC), Laminin (muscle), and DAPI (nuclei) in 

uninjured TA cross-sections and 21DPI following CTX injury. Scale=50μm.

(K,L) Pax7+ cells in uninjured TA and 21DPI following CTX injury. n=4 ind. biol. rep., 

mean ± SD.

See also Figure S1

Baker et al. Page 28

Cell Stem Cell. Author manuscript; available in PMC 2023 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Loss of OPA1 primes the activation and commitment of muscle stem cells.
(A,B) Immunofluorescence of TA cross-sections at 4 and 7DPI following CTX injury. White 

arrows are Pax7+ cells. Scale=25μm.

(C) Pax7+ cells in TA cross-sections at 4 and 7DPI. n=6 4DPI; n=3 7DPI ind. biol. rep., 

mean ± SD.

(D) Pax7+ cells incorporating EdU in TA cross-sections at 4DPI. n=4 ind. biol. rep., mean ± 

SD.

(E) Immunofluorescence of TA cross-sections stained for Pax7, EdU, and Laminin at 4DPI. 

Arrows are Pax7/EdU+ cells. Scale=25μm.

(F) Pax7+ cells expressing Ki67 in TA cross-sections at 4DPI. n=4 ind. biol. rep., mean ± 

SD.

(G) ATP levels at steady state (black) and after 30min Oligomycin treatment (grey) in 

freshly isolated MuSCs from uninjured muscle and 7DPI following CTX. n=2-3 replicates 

from 1-2 ind. exp. mean ± SD.

(H,I) Oxygen consumption rate (OCR) and Extracellular acidification rate (ECAR) in 

freshly isolated MuSCs. n=4-6 ind. exp., mean ± SEM.

(J) Immunofluorescence of TA cross-sections at 4DPI. Scale=25μm.

(K) MyoD+ and MyoG+ cells in TA cross-sections at 4DPI. n=6 ind. biol. rep., mean ± SD.
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(L-N) Pax7+, MyoD+ and MyoG+ cells in clusters on myofibers cultured for 72hrs. n=3 ind. 

biol. rep., mean ± SD.

(O,P) Pax7+ (O) and MyoD+ (P) cells in TA cross-sections from the contralateral limb at 

the indicated times. n=≥3 (O), n=4 (P) ind. biol. rep., mean ± SD.

(Q,R) Pax7+ and MyoG+ cells in clusters on myofibers from 21DPI contralateral limbs 

following 72hrs in culture. n=3 ind. biol. rep., mean ± SD.

(S) Immunofluorescence of TA cross-sections from contralateral limbs at 4DPI. Red 

arrows are Pax7+ cells incorporated with EdU, white arrows are Pax7+ cells without EdU 

incorporation. Scale=50μm.

(T,U) Pax7+ and MyoD+ cells co-expressing EdU or Ki67 in TA cross-sections from 

contralateral limbs at 4DPI. n=4 ind. biol. rep., mean ± SD.

See also Figure S2
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Figure 3. Loss of OPA1 and mitochondrial fragmentation drives the quiescence exit and 
activation of muscle stem cells.
(A) Confocal 3D reconstruction images of mitochondria (Tom20) in Pax7+ cells during 

MuSC activation and commitment. Insets are zoomed views of dotted boxes. Scale=2μm.

(B) Mitochondrial length at different time points. n=≥ 100 mitochondria per time point, 

mean ± SEM.

(C) Distribution plot of mitochondrial length from (B). n=≥100 mitochondria per time point, 

data are individually plotted and bar is mean.

(D) Mitochondrial length in Pax7+ MuSCs on myofibers from uninjured or contralateral 

limbs at 2 and 4DPI, n=≥150 mitochondria per condition, mean ± SEM.

(E) qPCR in wild-type MuSCs from uninjured hind-limbs (quiescent-early activation) or 

injured TAs at 2DPI (activated). n=3 ind. biol. rep., mean ± SD.

(F) Pax7+ cells expressing Ki67 or EdU in TA cross-sections from contralateral limbs at 

2DPI. n=3 ind. biol. rep., mean ± SD.

(G) Pax7+ cells expressing Ki67 on myofibers from uninjured or 4DPI contralateral 

limbs cultured for the indicated times. n=7 ind. exp., mean ± SEM. Statistical symbols 

indicate the following comparisons; ●WT-Uninjured:WT-contralateral, *WT-uninjured:KO-

contralateral, ▲WT-contralateral:KO-uninjured, ◦WT-contralateral:KO-contralateral,✤KO-

uninjured:KO contralateral.
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(H) Cell diameter and transmitted light microscopy images of FACS isolated MuSCs. n=≥ 

30 cells per 4 ind. exp., data are mean ± SD.

(I) Quantification and images of Pax7+ MuSCs expressing pS6 on myofibers isolated and 

fixed immediately. n=3 ind. exp., mean ± SEM.

(J) Pax7+ cells on myofibers with the indicated nuclear morphologies at T=0hrs. 

Representative images are in Figure S3J. n=7 ind. exp., mean ± SEM.

(K) qPCR in freshly isolated MuSCs. OPA1 and Pax7 gene expression levels were also 

normalized to other housekeeping genes in Figure S3L to confirm results. n=3-6 ind. exp., 

mean ± SEM.

(L) Volcano plot of differentially expressed genes obtained from RNA-seq. Red and blue 

dots represent the genes with significantly increased (up) or decreased (down) expression, 

respectively (padj<0.05).

(M) Heat map of genes significantly up- or down-regulated from RNAseq in MuSCs from 

OPA1-MKO compared to OPA1-WT. n=3 ind. biol. rep.

(N,O) Gene Ontology (GO) enrichment analysis (N) and pie chart of enriched biological 

processes (O) from RNA-seq analysis. Values show number of genes significantly altered by 

padj values.

(P) Log2FC differential gene expression from RNA-seq analysis.

(Q) Confocal 3D projected images of mitochondria (Tom20) and mitochondrial length in 

MuCSs on myofibers treated with 2μM Mdivi-1 in culture for 4hrs. n=>50 mitochondria per 

condition, mean ± SEM. Scale=2μm

(R) Pax7+ cells expressing Ki67 on wild-type myofibers cultured for the indicated times 

without (untreated) or with Mdivi-1. n=5 ind. exp., mean ± SD.

(S) Pax7+ cells on myofibers with the indicated nuclear morphologies following treatment 

with Mdivi-1 for 24hrs. n=4 ind. exp., mean ± SD.

(T) Pax7+ and MyoD+ cell populations within clusters on wild-type myofibers cultured for 

72hrs with or without Mdivi-1. n=5 ind. exp., mean ± SD.

(U) Pax7+ cells expressing Ki67 in myofibers cultured for 24hrs in untreated or Mdivi-1 

conditions. n=5 ind. exp., mean ± SEM. Pax7+, MyoD+ and MyoG+ cells in clusters on 

myofibers cultured for 72hrs untreated or treated with Mdivi-1. n=6 ind. exp., mean ± SD.

See also Figure S3
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Figure 4. Mitochondrial fragmentation occurs in response to an external activating stimulus to 
regulate the quiescent state of muscle stem cells.
(A) Pax7+ cells expressing Ki67 on myofibers treated in culture for 24hrs. n=3 ind. exp., 

mean ± SEM.

(B) Confocal 3D reconstruction images of mitochondria (Tom20) in Pax7+ cells on 

myofibers treated for 4hrs. T=0hrs is a reference point of mitochondrial shape prior to 

major changes. Insets represent zoomed views of dotted boxes. Scale=2μm.

(C) Mitochondrial length in Pax7+ MuSCs on myofibers at T=0hrs (no treatment) or after 

4hrs in the indicated conditions. n=≥100 mitochondria per condition, mean ± SEM.

(D) Average length and distribution plots from (C). Dotted line is mean mitochondrial length 

at T=0hrs. n=≥100 mitochondria per condition, mean ± SEM, bar is mean.

(E) Mitochondrial length in Pax7+ MuSCs on myofibers at T=0hrs or cultured for 4hrs with 

varying HGF concentrations in the medium or supplemented with 10ng/mL recombinant 

aHGF, n=≥200 mitochondria per condition, mean ± SEM.

(F) Average length from (E). Dotted line is mean mitochondrial length at T=0hrs. n=≥200 

mitochondria per condition, mean ± SEM.

(G) Confocal 3D reconstruction images of mitochondria (Tom20) in Pax7+ cells at 4hrs 

under normal culture conditions (control), HGF deprived media (no HGF), or HGF deprived 
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media supplemented with 10ng/mL aHGF (no HGF + aHGF). Insets show zoomed view of 

mitochondria. Scale=2 μm

(H-J) Pax7+ cells expressing pS6 (H), Ki67 (I) or presenting with the indicated nuclear 

morphology (J) in wild-type myofibers with in vivo injection of vehicle control (PBS) or 

recombinant HGFA and fixed immediately (T=0hrs) after harvest or cultured for 24hrs. n=4 

ind. biol. rep., mean ± SEM.

(K) Mitochondrial length binning in Pax7+ cells on wild-type myofibers treated in vivo as in 

(H) and fixed immediately. n=≥50 mitochondria per condition, mean ± SEM.

(L) Mitochondrial length and distribution plot of data from (K). n=>3 ind. exp. with n=≥50 

mitochondria per condition, mean ± SEM, bar is mean.

(M) Mitochondrial length and distribution plots from (C) for Rapamycin, Torin and Mdivi-1 

treatments. Dotted line is mean mitochondrial length at T=0hrs. n=≥100 mitochondria per 

condition, mean ± SEM, bar is mean.

(N,O) Mitochondrial length and confocal 3D reconstruction images of mitochondria 

(Tom20) in Pax7+ cells on wild-type myofibers at T=0hrs or 4hrs. n=≥300 mitochondria 

per condition, mean ± SEM. Insets represent zoomed views of mitochondria. Scale=2μm.

See also Figure S4
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Figure 5. Mitochondrial fragmentation mediates myogenic commitment of muscle stem cells 
through changes in glutathione and redox states.
(A) MitoSOX mean fluorescence intensity (MFI) using flow cytometry gated on Int.α7+/

VCAM+MuSCs. n=4 ind. biol. rep., mean ± SD.

(B) qPCR in freshly isolated MuSCs. n=≥3 ind. biol. rep., mean ± SEM.

(C) MitoSOX MFI by flow cytometry on freshly isolated wild-type MuSCs or primary 

cultured myoblasts. n=3 ind. biol. rep., mean ± SD.

(D) qPCR in freshly isolated wild-type MuCSs or primary cultured myoblasts. n=≥3 ind. 

biol. rep., mean ± SEM.

(E) Quantification and representative images of GSH fluorescence in Pax7+ cells on 

myofibers at T=0hrs and 24hrs. n=4 ind. exp., data are mean ± SD.

(F) Pax7+ cells expressing Ki67 on myofibers treated for 24hrs in culture. n=≥4 ind. exp., 

mean ± SEM.

(G) qPCR in MuSCs treated for 24hrs. n=3 ind. biol. rep., mean ± SEM.

(H) Pax7+ and MyoD+ cells in clusters on myofibers cultured for 72hrs. n=5 ind. exp., mean 

± SEM.

(I,J) Quantifications and representative images of Pax7+ cells co-expressing Ki67 or have 

incorporated EdU in TA cross-sections at 2DPI from the injured limb of OPA1-WT and 

Baker et al. Page 35

Cell Stem Cell. Author manuscript; available in PMC 2023 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



OPA1-MKO mice treated with saline or mitoTEMPO (1mg/kg/day). n=3-4 ind. biol. rep., 

mean ± SEM.

(K) Pax7+ cells expressing pS6 in myofibers (contralateral limbs) treated as in experiments 

from (I,J) and fixed immediately (T=0hrs). n=3 ind. exp., mean ± SEM.

(L) Pax7+ cells expressing Ki67 on myofibers at T=0hrs or cultured for the indicated times. 

n=3 ind. exp., mean ± SEM.

(M) Pax7+ and MyoD+ cells in clusters on wild-type myofibers cultured for 72hrs in the 

indicated conditions. n=≥3 ind. exp., mean ± SEM.

(N) qPCR in MuSCs treated for 24hrs. n=4 ind. exp., mean ± SD.

(O) qPCR in wild-type MuSCs treated for 24hrs. n=3 ind. exp., mean ± SEM.

(P) qPCR in C2C12 myoblasts treated for 24hrs. Data are normalized to GAPDH. n=≥4 ind. 

exp., mean ± SEM.

(Q) qPCR in C2C12 myoblasts treated with Rotenone, GSH, Rotenone in the presence of 

BSO, and Mdivi-1. n=≥3 ind. exp., data are mean ± SEM.

See also Figure S5
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Figure 6. Chronic loss of OPA1 and persistent mitochondrial fragmentation leads to severe 
muscle stem cell defects.
(A) Total ATP concentration per cell in freshly isolated MuSCs at 3 months post-TAM. n=3 

ind. biol. rep., mean ± SD.

(B) Basal and ATP-linked respiration (OCR) in freshly isolated MuSCs at 3 months post-

TAM. n=8 OPA1-WT, n=4 OPA1-KO replicates, mean ± SEM.

(C) Immunofluorescence images of TA cross-sections of uninjured limbs or injured and 

contralateral limbs at 7DPI in 3-month mice. Arrows are Pax7+ cells. Scale=50μm.

(D-F) Pax7+ cells in TA muscle cross-sections of uninjured limbs (D) or injured (E) and 

contralateral (F) limbs at 7DPI following CTX injection in 3-month mice. n=3 ind. biol. rep., 

mean ± SD.

(G) Pax7+ cells expressing pS6 on freshly isolated myofibers from 3-month mice. n=3 ind. 

exp., mean ± SD.

(H) Pax7+ cells expressing MyoD on myofibers from 3-month mice at the indicated times. 

n=4 ind. exp., mean ± SD.

(I) qPCR in freshly isolated 3-month MuSCs. n=3 ind. biol. rep., mean ± SD.

(J) Cell number within a cluster on myofibers cultured from 0-72hrs. n=6 ind. biol. rep., 

mean ± SD.

(K) Images of Pax7+ cell clusters on 3-month myofibers cultured for 72hrs. Scale=3μm.
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(L,M) Pax7+ cells expressing Ki67 (L) or pRB (M) on 3-month myofibers at T=0hrs or 

cultured for the indicated times. n=6 (L) n=3 (M) ind. biol. rep., mean ± SD.

(N) Cell population per cluster on 3-month myofibers cultured for 72hrs. n=3 ind. biol. rep., 

mean ± SEM.

(O) qPCR in freshly isolated 3-month MuSCs. n=3-4 ind. biol. rep., mean ± SD.

(P) Pax7+ cells expressing Ki67 on 3-month myofibers cultured for 72hrs. n=6 ind. exp., 

mean ± SD.

(Q) Pax7+ cells expressing pRb on 3-month myofibers cultured for 24 and 48hrs. n=3 ind. 

exp., mean ± SD.

(R) Cells within each cluster on 3-month myofibers cultured for 72hrs. n=6 ind. biol. rep., 

mean ± SD.

(S) Cell populations on myofibers from the same as in (R). n=6 ind. biol. rep., mean ± SD.

See also Figure S6
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Figure 7. Decreased OPA1 and impaired mitochondrial dynamics are observed during 
physiological muscle stem cell aging and impact muscle stem cell function.
(A) Heat map of significantly altered genes. n=3 based on a publicly available dataset 

GSE47177 (Liu et al., 2013).

(B) Log2FC differential gene expression in MuSCs. Dashed bars are non-significant data 

(padj value <0.05).

(C) Multifactor heat map of altered genes (based on Log2FC). Level of significance is 

denoted by gradient scale based on padj values, min=high significance.

(D) qPCR in freshly isolated wild-type young (2 month) and aging (12-16 month) MuSCs. 

n≥3 ind. biol. rep., mean ± SEM.

(E) Pax7+ cells in TA cross-sections from young (2 month) and aging (12-16 month) mice in 

uninjured conditions or 7DPI following CTX injury. n=3 ind. biol. rep., mean ± SD.

(F) Representative confocal 3D reconstruction images of mitochondria (Tom20) in Pax7+ 

cells on myofibers from young (2 month) and aging (12-16 month) mice at T=0hrs. Insets 

are zoomed views of mitochondria. Scale=2μm.

(G,H) Mitochondrial length (G) and distribution plot (H) in Pax7+ cells on myofibers 

harvested the same as in (F). n=≥100 mitochondria per condition, mean ± SEM.

(I) Pax7+ and MyoD+ cells within clusters on myofibers from young (2 month) and aging 

(12-16 month) mice cultured for 72hrs. n=3 ind. biol. rep., mean ± SEM.
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(J) Cell number in a cluster on myofibers harvested the same as in (I). n=3 ind. biol. rep., 

mean ± SEM.

(K) Pax7+ cells with the indicated nuclear morphology in myofibers from young (2 months) 

and aging (12-16 month) mice at T=0hrs. n=3 ind. biol. rep., mean ± SEM.

(L) Length and representative confocal images of mitochondria (Tom20) in Pax7+ cells on 

myofibers from aging (12-16 month) mice in culture for 72hrs. n=≥100 mitochondria per 

condition, mean ± SD.

(M) Cell populations on myofibers from young (2 month) and aging (12-16 month) wild-

type mice cultured for 72hrs. n=6 ind. biol. rep., mean ± SD.

(N) qPCR in freshly isolated MuSCs from 12-14 months. n=4 ind. biol. rep., mean ± SD.

(O) Mitochondrial length and confocal images of mitochondria (Tom20) in Pax7+ cells on 

freshly isolated myofibers at 12-14 months. n=3 ind. exp., mean ± SD.

(P) Pax7+ cells in TA cross-sections at 21DPI following third round of CTX injections in 

aged (15 months) mice. n=4 ind. biol. rep., mean ± SD.

(Q and R) Pax7+ cells co-expressing Ki67 (Q) and EdU (R) on myofibers from aged (12-14 

months) mice cultured for 24 (Q,R) and 48hrs (Q). n=4 ind. biol. rep., mean ± SD.

(S) Cell populations in clusters on myofibers from aged (12-14 months) mice cultured for 

72hrs. n=4 ind. exp., mean ± SD.

See also Figure S7
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Key Resource Table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse Pax7 DHSB Cat# PAX7-S

Anti-rabbit Pax7 Thermo Fisher Scientific Cat# PA1-117; RRID:AB_2539886

Anti-rabbit Tom20 ProteinTech Cat# 11802-1-AP; RRID:AB_2207530

Anti-mouse MyoD Santa Cruz Cat# sc-32758; RRID:AB_627978

Anti-mouse MyoG DHSB Cat# FD5

Anti-rabbit Laminin Abcam Cat# ab11575; RRID:AB_298179

Anti-rabbit Ki67 Abcam Cat# ab15580; RRID:AB_443209

Anti-mouse eMHC DHSB Cat# F1.652-s

Anti-rabbit pS6 Cell Signaling Technology Cat# 4857S

Anti-rabbit pRb Cell Signaling Technology Cat# 8516S

Anti-rabbit OPA1 Abcam Cat# ab42364; RRID:AB_944549

Anti-mouse GAPDH Abcam Cat# ab8245; RRID:AB_2107448

Anti-chicken GFP Abcam Cat# ab13970; RRID:AB_300798

Anti-mouse Cytochrome C BD Biosciences Cat# 556432; RRID:AB_396416

Anti-mouse GSH Abcam Cat# ab19534; RRID:AB_880243

Anti-rabbit GSH Abcam Cat# ab9443; RRID:AB_307258

Alexa-Fluoro 488 anti rabbit IgG (H+L) Molecular Probes Cat# A11008; RRID:AB_143165

Alexa-Fluoro 488 anti mouse IgG (H+L) Thermo Fisher Scientific Cat# A11001; RRID:AB_2534069

Alexa-Fluoro 488 anti chicken IgY (IgG) (H+L) Jackson Cat# 703-545-155; RRID:AB_2340375

Alexa-Fluor 647 anti rabbit IgG (H+L) Abcam Cat# ab150075; RRID:AB_2752244

Alexa-Fluor 647 anti mouse IgG (H+L) Abcam Cat# ab150107; RRID:AB_2890037

Alexa-Fluor 594 anti mouse IgG (H+L) Thermo Fisher Scientific Cat# A11005; RRID:AB_2534073

Cy3 AffiniPure anti rabbit IgG (H+L) Jackson Cat# 711-165-152; RRID:AB_2307443

Cy3 AffiniPure anti mouse IgG (H+L) Jackson Cat# 715-165-150; RRID:AB_2340813

Cy3-Conjugated Strepdavidin Jackson Cat# 016-160-084; RRID:AB_2337244

Chemicals, peptides, and recombinant proteins

Biotin Jackson Cat# 115-065-205

Mdivi-1 Sigma Cat# M0199

MitoTEMPO Sigma Cat# SML0737

L-Buthionine Sulphoxamine (BSO) Sigma Cat# B2515

Rotenone Sigma Cat# R8875

mito-Paraquat (mitoPQ) Abcam Cat# ab146819

L-Glutathione (GSH) Sigma Cat# G4251

L-Cysteine Sigma Cat# 5360

Glycine Bio-Rad Cat# 1610717

Antimycin A Sigma Cat# A8674-50MG

Oligomycin Sigma Cat# O4876-25MG

Rapamycin Invivogen Cat# tlrl-rap

Torin-1 Invivogen Cat# inh-tor1
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant Mouse HGF-A R&D Systems Cat# 1200-SE

Recombinant Human HGF (Active form) Abcam Cat# Ab632

MitoSOX Red Thermo Fisher Scientific Cat# M36008

EdU (5-ethynyl-2’-deoxyuridine) Baseclick Cat# BCN-001-500

Critical commercial assays

CellTiterGlo Promega Cat# G9241

TUNEL assay Roche Cat# 11684795910

BaseClick EdU detection kit Sigma Cat# BCK647-IV-IM-M

PicoPure RNA isolation kit ThermoFisher Cat# KIT0214

Rat/Mouse Fibroblast Growth Factor-21 ELISA Kit Millipore Cat# EZRMFGF21-26K

Mouse GDF-15 ELISA Kit Abcam Cat# Ab216947

Deposited data

Raw RNA-Seq data This paper GEO: GSE208326

Microarray data (Liu et al., 2013) GSE47177

Microarray data (Alonso-Martin et al., 2016) GSE63860

Microarray data (Sinha et al., 2014) GSE50821

RNA-Seq data (Shcherbina et al., 2020) GSE121589

Experimental models: Cell lines

C2C12 ATCC Cat# CRL-1772; RRID:CVCL_0188

Primary myoblasts This paper N/A

Experimental models: Organisms/strains

Mouse: OPA1-floxed-Pax7CreERT2 This paper N/A

Mouse: Pax7CreERT2 (Murphy et al., 2011) RRID:IMSR_JAX:017763

Mouse: Pax7-GFP (Sambasivan et al., 2009) N/A

Mouse: OPA1tg (OPA1-OE) (Varanita et al., 2015) N/A

Oligonucleotides

Primers for qPCR, see Table S1 This paper N/A

Software and algorithms

FIJI NIH https://fiji.sc

Prism GraphPad GraphPad Software, Inc, 2016 https://www.graphpad.com/

Imaris Imaris Microscopy Imaging Software https://imaris.oxinst.com

Flowjo FlowJo, LLC 2013-2016 https://www.flowjo.com/
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