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SUMMARY

The lipid droplet (LD) is a central hub for fatty acid metabolism in cells. Here we define

the dynamics and explore the role of LDs in skeletal muscle satellite cells (SCs), a stem

cell population responsible for muscle regeneration. In newly divided SCs, LDs are unequally
distributed in sister cells exhibiting asymmetric cell fates, as the LDL-W cell self-renews

while the LDHI9" cell commits to differentiation. When transplanted into regenerating muscles,
LDLoW cells outperform LDH9" cells in self-renewal and regeneration /n vivo. Pharmacological
inhibition of LD biogenesis or genetic inhibition of LD catabolism through knockout of PrplaZ
(encoding ATGL, the rate-limiting enzyme for lipolysis) disrupts cell fate homeostasis and impairs
the regenerative capacity of SCs. Dysfunction of Pnpla2-null SCs is associated with energy
insufficiency and oxidative stress that can be partially rescued by antioxidant (N-acetylcysteine)
treatment. These results establish a direct link between LD dynamics and stem cell fate
determination.
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In brief

Yue et al. identify a role for lipid droplets (LDs) in fate determination and regeneration of satellite
cells (SCs). LD distribution in newly divided SCs underlies cell fate, as LD cells self-renew
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while LDHi9 cells commit to differentiation. Inhibiting LD biogenesis or catabolism alters SC fate

and impairs regeneration.

INTRODUCTION

Lipid droplets (LDs) are dynamic intracellular organelles characterized by a unique
architecture with an interface between the dispersed oil phase and the aqueous cytosol
(Thiam et al., 2013). LDs are responsible for storing extra cellular fatty acids (FAS) in

the forms of triacylglycerol (TAG) as an energy source while minimizing the substantial

lipotoxicity (Walther and Farese, 2012). In addition, the degradation of LDs provides

reservoirs of lipids for membrane synthesis (Atilla-Gokcumen et al., 2014) and supplies

precursors for many signaling mediators (Zechner et al., 2012). Not surprisingly, the

dysregulation of LD biogenesis and degradation underlies various pathological conditions
and metabolic diseases, such as obesity, neutral lipid storage diseases, and liver and neuron

diseases (Krahmer et al., 2013; Liu et al., 2015b; Olzmann and Carvalho, 2019).

Emerging studies have implicated a role for LD metabolism in stem cell behavior. In a

mouse model of Alzheimer’s disease, LDs accumulated in adjacent ependymal cells affect

the proliferation of forebrain neural stem cells (NSCs) (Hamilton et al., 2015). During
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Drosophila development, LDs that formed in the glial cell niche preserve the proliferation
of NSCs under conditions of oxidative stress by limiting the reactive oxygen species (ROS)
(Bailey et al., 2015). These studies highlight a non-cell-autonomous role of LDs in niche
supporting cells in regulating stem cell function. Within stem cells, abnormal LD biogenesis
was proposed as an effector for the loss of male germline stem cells (GSCs) that caused by
daMin deletion (Demarco et al., 2019). Beyond this study, our knowledge about how LDs
function in stem cells is still limited, and a role for LDs in stem cell fate decision has yet to
be defined.

Skeletal muscle satellite cells (SCs) are tissue resident stem cells responsible for muscle
growth and regeneration. SCs typically reside in a hypoxic microenvironment under the
basal lamina and maintain a mitotically quiescent state under homeostatic conditions. In
response to muscle injury, they are activated to enter the cell cycle either to self-renew to
replenish the stem cell pool or to differentiate to repair the damaged myofiber (Kuang et al.,
2008). SCs are self-renewed through symmetric and asymmetric divisions, where symmetric
divisions give rise to two daughter cells of identical fate and asymmetric divisions give

rise to a stem cell and a committed cell (Kuang et al., 2007). Recent work has elucidated
various extrinsic and intrinsic signaling pathways regulating SC fate decisions (Feige et al.,
2018; Relaix et al., 2021). Particularly, emerging studies have shed light on the metabolic
adaptions of SCs during fate transitions (Pala et al., 2018; Ryall et al., 2015; Yucel et al.,
2019), but whether and how cellular metabolism regulates the self-renewal and commitment
of SCs remain largely unknown.

In the present study, we report the dynamics of LDs in SCs are linked to cell fates and
function. Committed SCs that express Myf5 accumulate abundant LDs during cell division,
while self-renewing SCs rarely have LDs. Using pharmacological and genetic tools, we
identify that LD homeostasis is required for SC fate decisions. These findings define an
indispensable role of LDs in metabolic regulation of stem cell fate.

LDs are highly dynamic at various states of SCs

While studying PAX7* SC dynamics on cultured single myofibers, we discovered abundant
LDs (marked by Bodipy) in the doublets of newly divided SCs but not in quiescent SCs
(QSCs) (Figure S1A; Videos S1 and S2). Time-course imaging showed that LDs appeared
in 31% of SCs as early as 12 h in culture, shortly after SC activation marked by MyoD
expression (Figures 1A and 1B). The frequency of LD-containing SCs continually increased
and reached 97% by 48 h, when nearly all SCs have undergone one round of cell division
(Figures 1A and 1B). The number of LDs per SC also increased during activation and
division, from 1.0 to 4.9 LDs at 20 h and 48 h (Figure 1C).

We also examined LDs /n vivo before and after cardiotoxin (CTX)-induced activation of
SCs, LDs were abundant in activated SCs (ASCs, PAX7*MyoD™*, 60%) at 7 days post injury
(dpi), but were rare in QSCs (PAX7*MyoD™, 2.8%) before muscle injury (0 dpi) or in
self-renewed SCs (SSCs, PAX7*MyoD™, 5.4%) at 30 dpi when regeneration was completed
(Figures 1D and 1E). To validate these results, we isolated SCs from Pax7"CFF mice, stained
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with Nile red to label neutral lipids, and performed flow cytometry analysis. Nile red
fluorescence was stronger at 5 dpi compared with 0 and 10 dpi (Figures 1F and S1B). We
further examined LDs in SCs by transmission electron microscopy. No LDs were visible in
QSCs or SSCs at 0 and 30 dpi, whereas LDs were observed in SCs, often in close proximity
to mitochondria, at 5 dpi (Figure 1G). Together, our results reveal previously unappreciated
LD dynamics in SCs during myogenesis.

Exogenous FAs contribute to LD biogenesis in SCs

To determine the source of LDs in SCs, we first examined the contribution of protein and
fatty acid-rich fetal bovine serum (FBS) to LDs in SC-derived primary myoblasts. LDs were
abundant in myoblasts cultured with 10%—20% FBS, but were reduced in 5% FBS cultures
and rapidly depleted when FBS was deprived (Figure S1C). In contrast, the abundance of
LDs was not affected by media glucose levels (Figure S1D). Live-cell imaging of Pax77CFF
SCs with BODIPY558/568-labeled FAs (C12 Red) on extensor digitorum longus (EDL)
myofibers showed that red signal was not detected in QSCs, but appeared as clear droplets
in ASCs (12-24 h), and became abundant in proliferating SCs (36—48 h) (Figure S1E).

The lack of labeled LDs in SCs before 12 h was not due to slow C12 penetration, as C12
penetrated cells within 10 min of pulse in primary myoblasts and appeared inside LDs

by 4 h (Figure S1F). These data point to FAs as the source of LDs and suggest that LD
metabolism is highly active in proliferating SCs.

LD abundance specifies SC fates

Using the myofiber explant model, we noted that a fraction of newly divided doublet

SCs cultured for 42 h exhibited unequal LD distribution (LD-2W/Hig) petween sister cells
(Figure 2A), where one cell contained obviously more LDs (average = 5.1, defined as
LDHigN than the other cell (average = 1.2, defined as LD-2W) (Figure 2B). We thus
investigated whether the abundance of LDs is associated with the fate choice of newly
divided SCs. We found that sister cells exhibiting asymmetric LD-W/High distribution were
predominantly in apical-basal orientation while sister cells with symmetric LD distribution
(LDHigh/High or | pLow/Lowy were mostly planarly oriented (Figure 2C). As the orientation of
SC division determines cell fates (Feige et al., 2018; Kuang et al., 2007), these observations
implicate an association of LDs with SC fate determination. In support of this, self-renewed
(PAX7* MyoD~) SCs had less LD accumulation than proliferating (PAX7* MyoD™) and
differentiating (PAX7-MyoD") cells at 72 h on cultured myofibers (Figures 2D and 2E).
Similarly, on CTX-injured EDL myofibers at 7 dpi, numerous LDs were observed in

a majority of proliferating and differentiating SCs in contrast with the few LDs in self-
renewing SCs (Figures 2F and 2G). Thus, LD abundance is correlated with the cell fate
status of SCs.

To further confirm this notion, we established Myf5¢"e; Rosa26-SL-STGFF/* reporter mice to
track non-committed (GFP™) and committed (GFP*) SCs in newly divided SC doublets on
myofiber culture (Kuang et al., 2007). At 48 h, the vast majority (~80%) of GFP* doublets
was LDHIgHigh \yhereas most (~70%) GFP~ doublets were LDLOW/LoW (Figures 2H and
21). Consistent results were observed when individual GFP* and GFP~ SCs were quantified
(Figures S2A and S2B). Moreover, the levels of QSC genes (Pax7and Spry) were higher in
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LDLoW than in LDHi9" SCs, but the levels of myogenic and LD-specific genes were higher
in LDHI9N than in LDLOW SCs (Figure 2J). These data further support the notion that the
abundance of LDs specifies the fate status of SCs.

We also evaluated the function of LDHi9" and LDLW SCs /i vivo through transplantation of
fluorescence activated cell sorting (FACS)-isolated tdT+ LDLW and tdT* LDHi9" cells from
regenerating muscles of Pax7¢"eER: Rosa26t70mato mice hased on LipidSpot610 labelling
(Figures S2C-S2E). The indelible tdT marks the lineage of transplanted cells. At 14 d
post-transplantation, LD SCs consistently gave rise to approximately two times more
tdT* myofibers than did LDH19" SCs in both NRG and max recipient mice (Figures 2K,

2L, S2F, and S2G). In addition, more dystrophin™ myofibers were observed in max muscles
transplanted with LD-OW SCs (Figures S2F and S2H). Moreover, more tdT+ SCs were found
in muscles transplanted with LD-°W compared with LDHI9" SCs in both NRG and madx mice
(Figures 2M, 2N, S2I, and S2J). These results demonstrate that LD SCs are superior to
LDHigh SCs in self-renewal and regenerative capacity.

SC fate progression is coupled with changes in neutral lipid metabolism

To explore the molecular mechanisms underlying LD dynamics during SC fate transitions,
we performed single-cell RNA-sequencing (scRNA-seq) of Pax7* SCs at 0 (non-injured),
5, and 10 dpi (Figure S3A). We obtained high-quality transcriptional profiles of 3,995 SCs
(250, 2,835, and 910 at 0, 5, and 10 dpi, respectively) (Figure 3A). Unsupervised clustering
identified six unique clusters (Figure 3B), labeled as QSCs, SSCs (self-renewal), ASCs,
proliferating SCs (PSCs), committed SCs (CSCs), and differentiating SCs (DSCs) based
on the top-10 gene signatures of each cluster (Figure S3B). Violin plots highlighted the
enrichment of Pax7in QSCs, SSCs, ASCs, and PSCs, with complementary expression of
differentiation markers (Myog, Tnnt2, and Acta2) in CSCs and DSCs (Figures 3C and
S3C). Hence, our collection of cells encompass the known heterogeneity and recapitulate the
dynamics of SC fate transitions during muscle regeneration (Oprescu et al., 2020).

We then analyzed the lipid metabolic pathways enriched in the six clusters, and found that
genes annotated as gene ontology (GO) terms LD, LD formation, neutral lipid, TAG, and
glycerolipid biosynthetic processes were sequentially enriched in QSC/SSC, ASCs, PSCs,
CSCs, and DSCs (Figures 3D, 3E, and S3D). Functional enrichment density plot further
confirmed the clear enrichment of LD and neutral lipid biosynthetic genes in CSCs and
DSCs (Figure 3F). A violin plot revealed that the expression of TAG synthesis related genes
Agpat3, Lpgatl, and Plpp1 was apparently upregulated in CSCs and DSCs compared with
other cell clusters, while Pjpp2and LD membrane related gene P/in2were expressed in
ASCs and PSCs, but rarely detected in QSCs or DSCs (Figure 3G).

In contrast with the lipid biosynthetic process, mitochondrial FA beta-oxidation (FAO,
underlying lipid catabolic process) related genes were sequentially enriched in line with
myogenic commitment (Figure S3E). In addition, several genes encoding TAG lipolytic
enzymes such as Prplal, PIb1, and Dahd2were upregulated in PSCs and CSCs, respectively
(Figure S3F). Notably, the expression of PrplaZ, encoding the initial and rate-limiting
enzyme in TAG hydrolysis, was increased in DSCs compared with QSCs and SSCs (Figure
S3F), although only detected in a fraction of DSCs (Figure S3G). The scRNA-seq results

Cell Rep. Author manuscript; available in PMC 2022 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 6

suggest that both the biosynthesis and catabolism of LD are activated progressively during
myogenic commitment of QSCs and deactivated in SSCs upon completion of muscle
regeneration.

Inhibition of LD biosynthesis promotes SC quiescence without affecting differentiation

We next examined whether the disruption of LD biosynthesis affects SC fate and function.
The pharmacological inhibition of DGAT1 and DGAT?2 (hereafter referred to as DGATIn),
two enzymes catalyzing the last step of TAG synthesis for LD formation, effectively
decreased the accumulation of LDs in PSCs on cultured myofibers (Figure 3H). In parallel,
the number of PAX7 cells was significantly decreased by 30.1% in DGATin compared with
the control groups (Figure 31). The decrease in PAX7* cells was mainly due to an increase
in SC quiescence (PAX7*MyoD") and a slight decrease in proliferation (PAX7*MyoD™)
(Figures 3J and 3K). Although DGATin tended to decrease the number of MyoG™* cells
(Figures 3L and 3M), it did not directly affect myogenic differentiation when administered
to differentiating myoblasts (Figures S3H and S3I). These results indicate that the blockade
of LD biogenesis promotes quiescence without affecting differentiation.

ATGL deficiency disrupts LD dynamics in SCs and causes abnormal LD accumulation

As LD dynamics are coordinated by a balance of lipid biosynthesis and catabolism
(Olzmann and Carvalho, 2019), we also examined whether blocking LD catabolism affects
SC fate and function. We focused on ATGL (encoded by the PnplaZ gene, upregulated

in DSCs), the rate-limiting enzyme for LD catabolism (Zechner et al., 2012). ATGL was
undetectable in QSCs, but expressed in ASCs and higher in PSCs (Figures S4A and S4B),
while its expression further increased during differentiation of primary myoblasts (Figure
S4B), echoing the dynamics of LDs in SCs (Figure 1A). Although the ATGL level was
indistinguishable between sister SCs (Figure S4C), we observed a substantial fraction of
subcellular ATGL puncta that co-localized with LDs in dividing SCs (Figures S4D and
S4E), suggesting that ATGL plays a key role in regulating LD metabolism in PSCs.

To explore the role of ATGL-dependent lipolysis in SCs, we generated tamoxifen (TMX)-
inducible SC-specific Prp/a2 knockout mice (Pax7CTeERT: prpla2fox/flox referred to as
Pnpla2PKO). TMX-induced deletion the PrplaZ allele and loss of the ATGL protein was
verified by immunofluorescence and immunoblot (Figures S4F and S4G). Prpla2’kO led
to the excessive accumulation of LDs in cultured SCs on myofiber and primary myoblasts
(Figures 4A and S4H), whereas an overexpression of ATGL eliminated LDs in primary
myoblasts (Figure S41). Consistently, the total cellular TAG content was 2.8-fold in Priplaz-
null compared with wild-type (WT) myoblasts (Figure 4B). TAG catabolism can be induced
by serum starvation and monitored by release of glycerol. Prp/aZ-null myoblasts failed to
breakdown LDs and released significantly less glycerol than did WT (Figures S4J-S4L).
Thus, ATGL functions to target LDs in PSCs for lipolysis and loss of ATGL impairs LD
mobilization in SCs.

Loss of ATGL perturbs cell fate homeostasis of SCs

We next examined how the disruption of LD metabolism affects SC fate transitions in
Pnpla2’KO mice. The loss of ATGL in Prpla2”k© mice did not alter the number of PAX7*
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QSCs in non-injured muscles (Figures S5A and S5B). However, after 72 h in culture,

there were significantly fewer PAX7* cells on Prp/a2’KO myofibers than on WT myofibers
(Figures 4C and 4D). We also sorted and cultured SCs from WT and Pnp/a2<© mice and
found that the loss of ATGL impaired myoblast proliferation (Figures 4E and S5C). This
was further corroborated by a significant decrease in SC numbers in Prp/a2’K0 muscles at
both 3.5 and 5.5 dpi (Figures S5D and S5E). These data suggest that ATGL is required for
SC expansion both /n vitroand in vivo.

The impaired proliferation of PnplaZ-null SCs prompted us to ask whether these cells have
a propensity for a specific fate. We examined the orientation of newly divided SC doublets
on ex vivo myofibers. With the excessive LD accumulation, Prp/a2’kO significantly
decreased the percentage of apicalbasally oriented doublets, while increasing planarly
oriented doublets (Figures 4F and 4G). Consistently, fewer QSCs (PAX7* MyoD™) but
more DSCs (PAX7~MyoD*) were observed on Prpla2<© than on WT myofibers (Figures
4H and 41). Similar results were observed in FACS-isolated SCs cultured for 7 days (Figure
S5F). We treated Myf5¢"€: Rosa265"GFP myofibers with a potent ATGL inhibitor Atglistatin
in culture and found that the percentage of PAX7*GFP~ SCs was significantly lower in
Atglistatin-treated myofibers (3.4%), comparing with controls (5.9%) (Figures 4J and 4K).
These data indicate that inhibition of ATGL impairs self-renewal.

We also examined differentiation /7 vivo, and observed fewer MyoG™ cells in regenerating
muscles at 3.5 dpi in Prpla2’KO compared with WT (Figure S5G), but a higher ratio of
MyoG* to PAXT7* cells (Figure S5H), suggesting that the differentiation per se is accelerated
at the expense of self-renewal in Prp/a2”%O mice. This was further supported by the
decreased number of SSCs but increased DSCs in Prpla2’kC transverse abdominis (TA)
muscles at 14 dpi /n vivo (Figures 4L-40), which eventually resulted in a significantly lower
ratio of PAX7* to MyoD™ cells (Figure 4P). Thus, the loss of ATGL disrupts SC cell fate
homeostasis by diminishing proliferation and self-renewal and promoting differentiation.

We further examined the effect of Prp/a2°kO on differentiation and fusion directly. When
FACS-isolated SCs were immediately induced to differentiate without initial expansion,
the percentage of MyHC* myocytes (differentiation index) was slightly higher, whereas
the fusion index (quantified by the number of myotubes with >2 nuclei) was significantly
lower, resulting in fewer and shorter myotubes in Pnpla2-nufl/than in WT cultures (Figures
S51-S5K). Intriguingly, in Pnpla2-null cultures, MyHC™ cells containing abnormal LDs
were rarely fused to form myotubes (Figure S5L). Similar results were observed when
FACS-isolated SCs were differentiated after cultured for 7 days (Figure SSM—-S50). These
observations suggest that, in the absence of ATGL, SCs differentiate prematurely but fail to
fuse efficiently. Taken together, these data indicate that ATGL-mediated LD metabolism is
essential for SC fate homeostasis by affecting proliferation, self-renewal, and differentiation.

ATGL-dependent lipolysis is necessary for the regenerative function of SCs

To define the physiological role of ATGL-dependent LD mobilization /in vivo, we evaluated
muscle regeneration using a CTX injury model (Figure 5A). At 5.5 dpi, Prpla2” O TA
muscles seemed to be smaller, accumulated more Evans blue dye indicative of membrane
leakage, and had significantly lower muscle recovery rates compared with WT (Figures 5B
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and 5C). Histological analyses showed that Prp/a2”<© muscles had smaller regenerated area
and a decreased number and size of newly formed myofibers at 3.5, 5.5, and 10 dpi (Figure
5D). Immunofluorescence staining further revealed a delayed regeneration in Prp/a2’ko
muscles, as indicated by the reduced nascent (eMyHC*) and mature (dystrophin™) myofiber
number at early (3.5 dpi) and late (10 dpi) stages of regeneration, respectively (Figure

5E). Specifically, the regenerated area in Prp/a2”k© muscle was 18.2% in comparison with
63.1% for WT muscle (Figure 5F). The number and cross-sectional area (CSA) of nascent
myofibers in Prpla2”k© muscles were decreased by 74% and 42.3%, respectively, compared
with their WT counterparts at 3.5 dpi (Figures 5G and 5H). Similarly, the number of mature
myofibers was also decreased by 62% in Prpla2’KO muscles compared with WT at 5.5 dpi
(Figure 51). The regenerated Prpla2”<O myofibers remained smaller than WT counterparts
at 30 dpi, when regeneration is completed (Figure 5E). Compared with WT at 10 dpi and 30
dpi, the average CSA of Prpla2’kO myofiber was significantly reduced by 28% and 24.5%
in line with a clear left-shift of the CSA distribution (Figures 5J-5M). These observations
demonstrate that ATGL-dependent lipolysis is required for the regenerative capacity of SCs.

ATGL deficiency diminishes FAO flux and leads to cellular oxidative stress in SCs

We next sought to determine the biochemical basis underlying the observed defects in
PnplaZ-null SCs. ATGL-dependent lipolysis yields FAs that are released from LDs and
subsequently oxidized for energy production in mitochondria (Ahmadian et al., 2011;
Zechner et al., 2012). We evaluated the bioenergetics of FACS-isolated Pnpla2-null SCs
using Seahorse bioanalyzer. Compared with WT cells, the Pnp/a2-null myoblasts had
significantly lower oxygen consumption rates (OCR) corresponding to basal respiration,
adenosine triphosphate (ATP) production, and non-mitochondrial respiration (Figures 6A
and S6A), indicating the decreased overall respiratory activity. To determine the effects on
FAO, we treated those myoblasts with Etomoxir, an irreversible pharmacological inhibitor
of the rate-limiting enzyme for FAO, carnitine palmitoyltransferase 1. We quantified the
endogenous FAO level by subtracting the oxygen consumption rates under Etomoxir
treatment from that of vehicle control, and found a remarkable decrease in the basal and
maximal FAQO capacity in Prip/aZ-null myaoblasts (Figure 6B), indicative of impaired FAO
flux and energy production. In support of this, the levels of cellular acetyl-coenzyme A
(CoA) and ATP were both reduced significantly in PnplaZ-null myoblasts (Figures 6C
and 6D). Thus, the loss of ATGL diminishes the metabolic flux and energy production of
primary myoblasts.

To gain further insights into how the impaired metabolic flux affects the function of Prplaz-
null primary myoblasts, we performed RNA sequencing on FACS-isolated WT and Prip/aZ-
null primary myoblasts. Among the 857 differentially expressed genes (adjusted p < 0.05),
152 genes were downregulated and 705 genes were upregulated in Prp/aZ-null relative

to WT myoblasts (Figure S6B, Table S1), suggesting that Prp/a2’<© mainly activates

gene expression in myoblasts. Of note, we found that the expression of MyodI messenger
RNA (MRNA) was significantly upregulated (2.5-fold) in Prp/a2”<© myoblasts, while the
expression of SC maker gene /fga7and Pax7, and Notch1 (a master regulatory signaling for
SC self-renewal) was significantly downregulated or tends to decrease (Figure S6C). These
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transcriptomic results support our in vivoand ex vivo results demonstrating a role for ATGL
in SC fate regulation.

A GO analysis unraveled that the expression of genes involved in lipid localization and
metabolism was significantly upregulated in Prp/a2-null myoblasts, whereas the expression
of genes related to actin cytoskeleton and spindle was significantly downregulated (Figures
S6D and S6E), which is consistent with the impaired proliferation and fusion of PnplaZ-null
myoblasts. The expression of genes associated with oxidoreductase and electron transfer
activities, and nicotinamide adenine dinucleotide binding was increased compared with

the WT (Figure S6F), suggesting a potential feedback regulation of cellular respiration to
compensate for the insufficient energy production in Pnpla2-null myaoblasts. Notably, genes
related to biological processes including cellular responses to acid chemical, decreased
oxygen levels, and oxidative stress and ROS metabolic process were significantly enriched
in PrplaZ-null myoblasts (Figures 6E and 6F), indicating a disruption of cellular redox
homeostasis.

To validate the RNA-seq results, we assessed the intracellular ROS level by CellROX
staining. While a basal amount of intracellular ROS was detected in WT myoblasts, Prplaz-
null myoblasts exhibited a 2.2-fold increase in ROS signal compared with WT (Figures

6G and 6H), indicating that impaired lipolysis leads to cellular oxidative stress in primary
myoblasts. Moreover, a weakly fluorescent signal of pHrodo (a pH indicator) was detected
in WT myoblasts, suggesting the neutral pH condition, whereas the signal was markedly
elevated in PrplaZ-null myoblasts (Figures 61 and 6J), reflecting the drop of intracellular pH
and acidification. Thus, ATGL-dependent LD catabolism is essential for maintaining energy
homeostasis and redox balance in SCs.

Reducing ROS by N-acetyl cysteine restores SC homeostasis and regenerative function

Redox balance between ROS generation and scavenging is essential for stem cell
homeostasis (Bigarella et al., 2014). We then tested if decreasing ROS levels would
decrease oxidative stress and restore the function of Prp/a2-null myaoblasts. To this end,
FACS-isolated WT and PnplaZ-null SCs were incubated with N-acetyl cysteine (NAC) for

2 days after plating. We found that NAC had no effects on abundance of LDs in WT and
Pnpla2PKO cells (Figure S7A). However, compared with vehicle controls, NAC treatment
significantly decreased the ROS content in both WT and Prip/az-null myoblasts (Figures 7A
and 7B), and normalized proliferation of Prp/aZ-null myoblasts (Figures 7C and 7D).

Intriguingly, supplementation of NAC promoted self-renewal of both WT and Pnplaz-

null myoblasts, as shown by the increase of PAX7*MyoD™ cells (Figures 7E and 7F).
NAC treatment also increased the percentage of PSCs (PAX7*MyoD*) and decreased the
percentage of differentiating (PAX7-MyoD™) cells in Prp/a2-null cultures (Figures 7E and
7F). Examination of the lineage commitment using “reserve” cell assay after induction of
differentiation (Shea et al., 2010; Yue et al., 2016) consistently showed that the number

of PAX7*MyoD™ cells was increased in both WT and Prp/aZ-null cultures in the presence
of NAC, but the fold increase was more robust in PnplaZ-null cultures (Figures 7G and
7H). Furthermore, NAC treatment significantly increased the fusion index of Prp/az-null
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myoblasts compared with vehicle control (FigureS7B). These results suggest that ROS
accumulation is at least partially responsible for the defects of Prp/aZ-null SCs.

Finally, we assessed whether NAC improves the regenerative defect of Prp/a2”<© muscles
in vivo. WT and Prpla2”k© mice were administrated NAC through drinking water starting at
3 days before CTX injury until sample collection (Figure 71). Histological analyses showed
that regeneration of Prpla2”<© muscles was improved by NAC (Figure S7C), as indicated
by the significant increase in the number and CSA of dystrophin* myofibers at 5.5 dpi
(Figures 7J-7L and S7D). NAC supplementation also restored the number PAX7* SCs in
Pnpla2PKO muscles to the WT level (Figure S7E). In contrast, NAC supplementation had no
effects on muscle regeneration in WT mice (Figures 7J-7L, S7C, and S7D). Taken together,
these observations indicate that ROS production disrupts SC homeostasis and function in in
Pnpla2PKO mice.

DISCUSSION

Emerging evidence has outlined a crucial role for metabolism-associated cellular organelles
or vesicles in the regulation of adult stem cell fate, including mitochondria (Zhang et al.,
2018), lysosomes (Leeman et al., 2018; Liang et al., 2020), and the autophagosome (Dong
et al., 2021; Garcia-Prat et al., 2016). However, despite the presence of LDs in many cell
types, the role of LDs in stem cell fate decision is unclear. We provide compelling evidence
that LD abundance can distinguish the self-renewing and CSCs during cell division. These
findings define an essential role of LDs in regulating SC homeostasis and outline a link
between LD metabolism and the fate decision of stem cells.

Our study suggests a sophisticatedly controlled process of LD biogenesis and degradation
during SC fate transitions. However, what the upstream factors coordinating these LD
dynamics with SC fates are remains unclear. Although various molecules are responsible
for the biogenesis of LDs at multiple steps (Walther et al., 2017), the enrichment of lipid
biosynthetic genes in CSCs suggest an active transcriptional regulation of LD biogenesis
in SCs. Nutrients and growth factors transcriptionally stimulate lipogenic genes through
transcription factors downstream of the PI3K/AKT/mTOR pathway (Wang et al., 2015).
Because the PI3BK/AKT/mTOR pathway is required for SC activation and fate decisions
(Rodgers et al., 2014; Wang et al., 2018; Yue et al., 2017), LD biogenesis might be an
essential effector downstream of the PI3K/AKT/mTOR pathway in regulating SC fate. This
notion is further agreed by the recent finding that the activation of mMTOR and downstream
Sterol regulatory element-binding protein (SREBP) was responsible for the abnormal LD
accumulation caused in Drosophilamale GSCs (Demarco et al., 2019). Nevertheless,
mechanistic details for the regulation of distinct LD biogenesis and degradation in self-
renewal and CSCs require further investigation.

The dynamic changes of LDs in SCs indicate distinct metabolic demands among different
SC fate states. It was proposed that FAO is the primary mode of metabolism in QSCs, which
is switched to glycolysis in ASCs (Ryall et al., 2015). However, extensive transcriptomic
analyses suggest that both FAO and glycolysis are upregulated upon the activation and
proliferation of QSCs (Pala et al., 2018). Our scRNA-seq results are more consistent with
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Pala et al. (2018) and demonstrate that mitochondrial FAQ is enriched in activated and
CSCs. As FAO can also be mediated peroxisomes, it is imperative to directly test the relative
role of peroxisomal and mitochondrial FAO in SCs.

The accumulation of LDs in cells is historically considered as a process that decreases ROS
production by sequestering FA from excessive oxidation (Kuramoto et al., 2012; Liu et al.,
2015bh, 2017). A study in Drosophilafound that LD accumulation in the microenvironment
protects NSCs from oxidative stress (Bailey et al., 2015). In contrast, our observations
showed that an abnormal accumulation of LDs also leads to oxidative stress. Consistent
with our observations, it was reported that silencing the coat protein complex I-Arf79F
complex, an essential component of trafficking machinery, attenuates the lipolysis pathway
in Drosophila intestinal stem cells and leads to the aberrant formation of LDs and increased
ROS production (Singh et al., 2016). Thus, LD accumulation resulting from perturbations in
cellular metabolism may act as a trigger for ROS generation and oxidative stress.

While the present study outlines a role for LDs in energy metabolism and ROS regulation,
functions beyond these warrants future investigation. LD metabolism may provide
precursors for bioactive lipid mediators such as phosphatidylinositol 4,5-bisphosphate and
prostaglandin E2 (Accioly et al., 2008; Welte and Gould, 2017), both of which are required
for the quiescence and maintenance of SCs (Ho et al., 2017; Wang et al., 2018; Yue et al.,
2017). It will be interesting to test whether specific signaling lipids determine whether SCs
undergo self-renewal or commitment, and whether the asymmetric segregation of signaling
lipids governs SC fates. Understanding these mechanisms will be critical for identifying
specific pathways that can restore stem cell function for tissue regeneration. In summary, our
findings unveil a key role of LDs in regulating SC fate and suggest a potential paradigm for
understanding how cellular metabolism regulates asymmetric stem cell divisions.

Limitations of the study

Our study revealed the dynamics of LD biogenesis and degradation during SC fate
transitions. However, the upstream factors coordinating the dynamics remain to be
elucidated. Our scRNA-seq data have established a foundation for future exploration

and validation of the regulatory network that governs LD dynamics during myogenic
progression of SCs. We further demonstrated that LD abundance correlates with SC fate and
perturbation of LD biogenesis or catabolism disrupts cell fate homeostasis, but it remains
to be determined how LDs mechanistically alter cell fate decisions. Although our results
point to a role of LD-associated energy and ROS production in SC fate homeostasis and
function, several other possibilities remain to be tested. For example, it is possible that
LDs-associated bioactive metabolites or phase separation drives SC fate segregation. Even
though the current study provided a compelling correlation between LD abundance and SC
fate determination, evidence supporting a direct causal relationship between LDs and cell
fate of SCs remain to be generated in future studies.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Shihuan Kuang, PhD,
skuang@purdue.edu.

Materials availability—Materials used in this study are commercially available. Reagents
and plasmids generated in this study are available on request.

Data and code availability

. RNA-seq data generated from this study are available at the following Gene
Expression Omnibus (GEO): GSE150632 (bulk RNA-seq) and GSE150366
(single-cell RNA-seq).

. No novel code was written for the analysis of the dataset.

. Any additional information required to reanalyze the data reported in this work
article is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Mouse lines used in this study were described as follows: Pax7CTeERT2
(#012476), Myf5CTe (#007893), Pax7CeERT2(Gaka) (#017763), Rosa26-5L-STGFP (#021039),
Rosa26-SL-tdTomato (4007909), Prpla2’oX/flox (#024278), and madx (#013141) mouse stocks
were purchased from the Jackson Laboratory; Pax77¢*” mouse was provided by Dr.
Shahragim Tajbakhsh (Institut Pasteur) (Sambasivan et al., 2013); immunodeficient NOD-
Rag1™ j1 2rg™ (NRG) mice were provided by Purdue University Biological Evaluation
Core Facility. Genotyping of the mouse was performed by genomic DNA isolated from

ear, and were screened by polymerase chain reaction (PCR) using primers and program
following the protocols provided by the supplier. The genotypes of experimental knockout
and corresponding control mice are as follows: Prpla2°KO (Pax7CTeERTZ, pppja2flox/flox) and
WT (Pnpla2ox/floxy Mice were housed and maintained in the animal facility with free
access to standard rodent chow and water. All procedures involving mice were approved by
the Purdue Animal Care and Use Committee. If not stated differently, 2- to 6-month-old
adult mice were used for all experiments. Male or female mice were used and always gender
matched for each specific experiment.

SC and primary myoblast in vitro culture—FACS-sorted SCs or digested muscle cell
mixture were cultured in F-10 Ham’s medium supplemented with 20% FBS (HyClone),

4 ng/mL basic fibroblast growth factor (FGF, Promega), and 1% penicillin-streptomycin
(Sigma-Aldrich) on Matrigel-coated culture plates at 37°C, 5% CO». SC-derived primary
myoblasts were cultured on collagen-coated culture plates with the same conditions
described above. For myogenic differentiation, SCs or primary myoblasts were seeded

on Matrigel-coated culture plates and induced to differentiate with Dulbecco’s Modified
Eagle’s Medium (DMEM, Gibco) supplemented with 2% horse serum and 1% penicillin-
streptomycin for indicated days.
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Single myofiber ex vivo culture—Single EDL myofibers were cultured ex vivoin high
glucose DMEM (Gibco) supplemented with 20% FBS, 1% penicillin-streptomycin, and 4
ng/mL basic FGF on horse serum-coated culture plates at 37°C, 5% CO,. Myofibers were
collect for further analysis at indicated times.

METHOD DETAILS

TMX, NAC, and Evans blue administration—TMX (Calbiochem, cat#579000) was
prepared in corn oil at a concentration of 10 mg/mL. The experimental knockout mice and
their corresponding controls were injected intraperitoneally with 2 mg TMX per day per

20 g body weight for 5 consecutive days to induce Cre-mediated deletion, if not stated
differently. TMX injections were initiated on adult mice, and experimental mice were

used at the time indicated in the Figures and text. NAC (cat#A9165, Sigma-Aldrich) was
dissolved in drinking water at a concentration of 1% (Whitehead et al., 2008), adjusted to

a pH of 7.4, and filtrated with 0.22-pm filters to sterilize. NAC was administrated to mice
uninterruptedly via drinking water 3 days before muscle injury and maintained until the end
of experiment. Fresh NAC water is provided thrice weekly. Control animals received normal
drinking water. For Evans blue uptake, Evans blue (10 mg/mL in saline) was administered to
mice intraperitoneally by 40 uL per 10 g body weight 1 day before being euthanized.

Muscle injury—Muscle injury was induced by CTX injection. Adult mice were
anesthetized using a ketamine—xylazine cocktail and CTX (50 pL of 10 uM solution, Sigma-
Aldrich) was injected into the tibialis anterior muscles. Muscles were then harvested at the
stated time to assess the completion of regeneration and repair.

SC isolation and flow cytometry—SC isolation by flow cytometry was performed

as previously described (Liu et al., 2015a). Hind limb muscles from adult mice were
minced and digested with 700 U/mL type Il collagenase (Worthington) at 37°C for 1 h.
Samples were then centrifuged and digested with 100 U/mL type Il collagenase and 1
U/mL Dispase Il at 37°C for 30 min. Each sample was consecutively filtered through 70-um
cell strainers, and washed with F-10 Ham’s medium containing 10% horse serum. The

cell suspension was then centrifuged, treated with red blood cell lysis solution (Promega,
cat#23141), and washed with phosphate-buffered saline (PBS). For the experimental

Pax 7CTeERT2. pppja2flox/flox mice and their corresponding control Prpla2oxX/flox mice, cells
were stained with antibody cocktail including CD31-PE (BioLegend, cat#102408), CD45-
PE (BioLegend, cat#103106), Scal-Pacific Blue (BioLegend, cat#108120), and VCAM1-
APC (BioLegend, cat#105718) for 20 min at 4°C, prevent from light. SCs were identified
and purified by gating with CD31"CD45~Scal~ VCAM1* using a BD-FACS Aria Il FACS
system (BD Biosciences).

For single cell RNA-seq analysis, SCs were isolated from hind limb muscles of

Pax 7CreERT2(Gaka). posa 26 SL-STGFP reporter mice with or without injury at the stated time.
After digestion as described above, cells were stained with Zombie Violet Live/Dead

dye (Biolegend, cat#423113) and live GFP* SCs were sorted for single cell RNA-seq
analysis. For /in vivo LD content analysis, SCs were isolated from hind limb muscles of
Pax7"¢FP mice with or without injury at stated time. SCs were then stained with Nile
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red (100 ng/mL) and subjected to flow cytometry analysis. For in vivo transplantation
assay and gene expression analysis, SCs were isolated from hind limb muscles of

Pax 7CTeERT2(Gaka). posa26L-SL-tdTomato reporter mice at 5.5 dpi. Cells were stained with
LipidSpot610 (T0069, Biotium) for 30 min in PBS at room temperature, washed with PBS,
and subjected to FACS. LDOW and LDHI9" tdT+ SCs were sorted based on the fluorescent
intensity of LipidSpot610. Cells from non-injured muscles with LipidSpot610 staining and
injured muscles without staining were set as control for fluorescent compensation.

In vivo SC transplantation—Transplantation experiment was performed following the
procedures reported previously with minor modifications (Feige and Rudnicki, 2020;
Garcia-Prat et al., 2020; Scaramozza et al., 2019). Briefly, tibialis anterior muscles of
transplant recipient immune-deficient NRG and max mice were injured with CTX 1 day
before transplantation. FACS-isolated tdT* LDLW and tdT* LDHi9" SCs were centrifuged at
2,500 rpm for 5 min at 4°C. Cells were washed with saline and resuspended in cold saline
at the density of 20,000 per 10 pL. In a sterile environment, a previously injured mouse was
anesthetized with a ketamine-xylazine cocktail and 10 pL of cell suspension was injected
into pre-injured tibialis anterior muscles with a sterile 10-uL Hamilton syringe containing

a 28G needle. At 14 days after injury, muscles were harvested and fixed immediately in

4% paraformaldehyde for 30 min at 4°C, protected from light. After washing with PBS and
treatment with 100 mM glycine, muscles were dehydrated with 15% and 30% sucrose for
10 h at 4°C. Muscles were then frozen immediately in Optimal cutting temperature (OCT)
compound and subjected to further cross-sectional analysis and immunostaining to assess
the number of tdT* myofibers and tdT* SCs.

SC-derived primary myoblast isolation—SC-derived primary myoblasts were isolated
from hind limb muscles of mice at the age of 4-6 weeks. Muscles were minced and

digested in type Il collagenase and Dispase Il mixture for 24 min. The digestions were
stopped by adding F-10 Ham’s medium containing 20% FBS. Cells were filtered to remove
debris, then centrifuged and cultured in growth medium. For /n vitro genetic deletion, SC-
derived primary myoblasts isolated from Pax7CTeERTZ: pppja2fiox/flox mice were treated with
4-hydroxytamoxifen (4-OHT, 0.4 uM, Sigma-Aldrich) for 2 days to induce Cre-mediated
deletion, with methanol vehicle treatment as control.

Single myofiber isolation—Single muscle fibers were isolated from EDL muscles of
adult mice and cultured as previously described (Pasut et al., 2013). Whole EDL muscles
were dissected and digested with 2 mg/mL type | collagenase (Worthington) in DMEM
(Gibco) for 1 h at 37°C, with gentle rotation. Digestion was stopped by transferring EDL
muscles to a horse serum coated cell culture dish (60 mm) with 5 mL prewarmed DMEM.
Single myofibers were released by gently flushing muscles with large bore glass pipette.

In vitro cell treatments—For serum and glucose deprivation experiments, cultured SC-
derived primary myoblasts were switched to the F-10 Ham’s medium containing gradient
20%, 10%, 5%, or 0% FBS, or the DMEM medium containing 25 mM and 5 mM glucose.
Cells were washed and fixed for immunofluorescence staining after 24 h culture. For
5-ethynyl-2”-deoxyuridine (EdU) labelling experiments, sorted SCs were cultured for 6

Cell Rep. Author manuscript; available in PMC 2022 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yue et al.

Page 15

days and incubated with 4 uM EdU in culture medium for 10 h. SC samples with EdU
incorporation were fixed in 4% paraformaldehyde in PBS for 10 min. EdU was visualized
by the Click-iT method with red fluorescent dye tetramethylrhodamine azide (Invitrogen,
cat#T10182). Samples were then subjected to PAX7 staining and imaging. For NAC
treatment, SC cultures were treated with 5 mM NAC (pH 7.4, Sigma, cat#A9165) for 2

days and subjected to further experiment and analysis. For the inhibition of LD biogenesis,
single myofibers were cultured with 1 uM DGAT1 inhibitor (A922500, Sigma-Aldrich,
cat#A1737,) and 2.5 uM DGAT? inhibitor (PF-06424439, Sigma-Aldrich, cat#Pz0233) for
72 h, immediately after isolation. For inhibition of ATGL, single myofibers were cultured
with 50 pM Atglistatin (Cayman Chemical, cat#15284) for 48 h, immediately after isolation.

Fluorescent FA pulse assay—Single myofibers freshly isolated from Pax77¢” mice
were cultured with culture medium (DMEM with 20% FBS, 4 ng/mL basic FGF and

1% penicillin-streptomycin) containing 1 uM BODIPY558/568 C1, Red (Invitrogen,
cat#D3835). Myofibers were collected at the indicated time, washed with PBS for three
times, and placed on glass slide for live imaging. Hoechst33342 (Invitrogen, cat#H3570)
was added 5 min before the imaging for nucleic acid staining. For cultured SC-derived
primary myoblasts, 1 M BODIPY558/568 C1, Red was added in culture medium with
Hoechst33342 added 5 min before imaging. Cells were then washed with PBS three times
and subjected to live imaging.

Plasmid transfection—SC-derived primary myoblasts were seeded on cover slip in 12-
well culture plate and cultured in growth medium. Growth medium was replaced with
Opti-MEM media (Gibco) when cells reached to 60% confluence. After incubation for

6 h, pKMyc-ATGL plasmid (gift from Dr. Jun Liu in Mayo Clinic) (Xie et al., 2014)

was transfected into cells by lipofectamine 2000 Reagent following the protocol from
manufacture. Opti-MEM media was replaced with growth medium after 6 h and cells were
cultured for 36 h after transfection and fixed for further analysis.

Transmission electron microscopy—SC-derived primary myoblasts isolated from
Pax 7CTeERTZ. ppp[a 2i10X/floX mice were treated with 4-OHT (0.4 uM, Calbiochem) to induce
genetic deletion. Cultured primary myoblasts and isolated tibialis anterior muscles were
fixed in a fixative buffer (2.5% glutaraldehyde, 1.5% paraformaldehyde in 0.1M sodium
cacodylate buffer) and scraped for collection. Samples were rinsed in deionized water
followed by fixation in 2% osmium tetroxide for 1 h. Then, the samples were washed

in deionized wat water followed by fixation in 1% uranyl acetate for 15 minutes. After
washing with deionized wat water, the samples were dehydrated with series of graded
ethanol followed by dehydration in acetonitrile and then were embedded (EMbed 812:
DDSA: NMA 5:4:2; 0.22 DMP-30). Ultrathin sections (longitudinal sections) were cut at 70
nm and stained with uranyl acetate and lead citrate. Stained sections were examined under
Tecnai T12 transmission electron microscope attached with a Gatan imaging system under
6,000% and 260,00x magnifications.

Hematoxylin and eosin and immunofluorescence staining—Whole muscle tissues
were dissected and frozen immediately in an OCT compound. Frozen muscles were cross-
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sectioned at 10 pm thickness using a Leica CM1850 cryostat. For hematoxylin and eosin
staining, the slides were first stained in hematoxylin for 15 min, rinsed in running tap
water and then stained in eosin for 1-2 min. Slides were dehydrated in graded ethanol and
xylene, and then covered using Permount. For immunofluorescence staining, cross-sections,
single myofibers, or cultured cells were fixed in 4% paraformaldehyde in PBS for 10

min, quenched with 100 mM glycine for 10 min, and incubated in blocking buffer (5%
goat serum, 2% bovine serum albumin, 0.1% Triton X-100, and 0.1% sodium azide in
PBS) for at least 1 h, followed by 1 hour of blocking in a mouse-on-mouse blocking

buffer containing mouse 1gG blocking reagent (Vector lab, cat#MKB-2213). Samples were
then incubated with primary antibodies diluted in blocking buffer overnight at 4°C. After
washing with PBS, samples were incubated with secondary antibodies and DAPI for 1

h at room temperature. LDs were stained with Bodipy 493/503 (Invitrogen, cat#D3922)

or LipidTOX Deep Red (Invitrogen, cat#H34477) dye as indicated. Antibodies used for
immunofluorescence staining are listed in Table S2.

All hematoxylin and eosin staining images were captured using a Nikon D90 digital
camera mounted on a microscope with a 20x objective. All immunofluorescent images
were captured using a Leica DM 6000B microscope with a 20x objective, Zeiss LSM 700
Confocal with a 63x objective, or Nikon A1R-MP Confocal with a 40x objective. Images
for experimental and associated control samples were captured using identical parameters.
Confocal Z-stacks were projected as maximum intensity images for each channel and
merged into a single image.

Single cell RNA-seq analysis—FACS-sorted SCs from tibias anterior muscles of
non-injured, 5.5 and 10 dpi with CTX in Pax7CeERT2(Gaka): Rosa 26-SL-STGFF mice (n =

3 male pooled mice/timepoint) were re-counted and loaded onto the 10x Chromium v3

3’ expression platform for single-cell RNA-sequencing. Samples were processed per the
manufacturer’s instructions and sequenced on a NovaSeq to target 50,000 reads per cell. All
samples were processed together on the same day.

For data analysis, barcodes and reads were mapped to Grem38/mm210 (Mus Musculus)
using Cell Ranger v3.1 with default settings. The resulting expression/barcode matrix
was imported into R Studio (RStudio Team, 2015) for analysis with Seurat v3.1 (Satija
et al., 2015; Stuart et al., 2019). Since each timepoint contained one sample and all
samples were processed together, all data were merged together before analysis. Cells
with more than 15% mitochondrial reads and feature counts greater than 6,000 or fewer
than 400 were filtered out. Seurat’s SCTransform was used for data normalization and
the top 10 principal components were used for Louvain clustering and Uniform manifold
approximation and projection (UMAP) embedding. Clustering results were analyzed to
determine if there was any contamination from non-SCs. Cells in Lyz2* clusters were
removed, as these represented contaminating immune cells from both 5.5 and 10 dpi.
Data were then re-analyzed using Seurat’s SCTransform, selecting the top 10 PCs for
Louvain clustering (resolution of 0.05) and subsequent UMAP embedding. FindAllMarkers
function was used to evaluate gene expression enriched in each cluster with a p value

of less than 0.05 (Wilcoxon rank-sum test) and ranked by avglLog2Fold-change. The top
10 markers were then visualized via Heatmap to determine specificity and aide with
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nomenclature for cluster identities. Further mapping of known SC markers at various stages
of quiescence, proliferation, activation, and differentiation were also evaluated to aide with
cluster annotation. These markers included Pax7, Myog, Mki67, TnntZ, and Acta’.

For GO term analysis, gene lists for LD (GO: 0005811), LD formation (GO: 0140042),
glycerolipid biosynthetic process (GO: 0045017), neutral lipid biosynthetic process (GO:
0046460), triglyceride biosynthetic process (GO: 0019432), triglyceride catabolic process
(GO: 0019433), and FAO (GO: 0006635) were downloaded from MGI. Genes annotated
with either positive or negative regulatory roles were excluded from the GO term pathway
to avoid contradiction. To provide higher confidence or greater specificity of genes for
each GO term, GO annotation evidenced by an experimental evidence code was restricted
for the analysis, instead of similarity evidence codes. In addition, genes characterized into
peroxisomal FAQO in GO: 0006635 were analyzed separately from mitochondrial FAO to
better compare the two pathways. Density plots were generated to visualize gene sets for GO
terms using AddModuleScore function in Seurat, with the control features set as all genes
expressed and then plotted using the RidgePlot function.

Bulk cell RNA-seq analysis—FACS-sorted SCs were cultured for 7 days in growth
medium and switched to DMEM with 2% horse serum for 16 h. Total RNA was extracted
using TRIzol reagent according to the manufacturer’s instructions, and subjected to RNA-
seq analysis. Briefly, RNA quality analysis was performed by agarose gel electrophoresis
and Agilent 2100. A complementary DNA library was then constructed using poly(A)
selected RNA, and sequencing was performed according to the Illumina HiSeq standard
protocol. Raw reads from RNA-seq libraries are filtered to remove reads containing adapters
or with low quality. Statistics analysis of data production and quality was performed

to confirm the sequencing quality. Reference genome and gene annotation files were
downloaded from a genome website browser (NCBI/UCSC/Ensembl). TopHat2 (Kim et
al., 2013) was used for mapping the filtered reads to the reference genome (Grcm38/mm110,
Mus Musculus). For the quantification of gene expression level, HTSeq V0.6.1 (Anders et
al., 2015) was used to analyze the read numbers mapped for each gene. The FPKM of each
gene was calculated based on the gene read counts mapped to genes or exons. A differential
expression analysis was performed using the DESeg2 R/EdgeR R package (Love et al.,
2014) with the threshold of significance set as adjusted a p value of less than 0.05.

Real-time PCR—FACS-isolated tdT*LDL" and tdT*LDHi9" SCs were centrifuged at
2,500 rpm for 5 min at 4°C. Total RNA was extracted from cells using PicoPure

RNA Isolation Kit (Applied Biosystems, cat#KI1T0204) according to the manufacturer’s
instructions. 300 ng of total RNA was reverse transcribed using random primers with
M-MLYV reverse transcriptase (Invitrogen, cat#28025021). Real-time PCR was carried out
in a Roche Lightcycler 96 Real time PCR system (Roche) with FastStart Essential DNA
Green Master (Roche, cat#06402712001) and gene-specific primers that listed in Table S3.
The 2722Ct method was used to analyze the relative changes in each gene’s expression
normalized against Gapdh mRNA expression.

Protein extraction and Western blot analysis—Total protein was isolated from
cells using RIPA buffer containing 25 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1 mM
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EDTA, 0.5% NP-40, 0.5% sodium deoxycholate and, 0.1% sodium dodecyl sulfate

(SDS). Protein concentrations were determined using Pierce BCA Protein Assay Reagent
(Thermo Scientific, cat#23225). Proteins were separated by SDS-PAGE, transferred to a
polyvinylidene fluoride membrane, blocked in 5% fat-free milk for 1 h at room temperature
and then incubated with primary antibodies in 5% fat-free milk overnight at 4°C. The
membrane was then incubated with secondary antibody for 1 h at room temperature.
Antibodies used for Western blot analysis are listed in Table S2. Immunodetection

was performed using enhanced Western Blotting Chemiluminescence Luminol Reagent
(Santa Cruz Biotechnology, cat#sc-2048) and detected with a FluorChem R System
(Proteinsimple).

TAG measurement by lipidomics analysis—SC-derived primary myoblasts isolated
from Pax7CERTZ. ppla2flox/flox mice were treated with 4-OHT (0.4 uM, Calbiochem) for
2 days to induce genetic deletion. Cultured primary myoblasts were then collected by
centrifuge for lipid extraction and liquid chromatography/mass spectrometry. Lipids were
extracted using the Bligh and Dyer extraction method (Bligh and Dyer, 1959). Cell pellets
were lysed by adding 200 uL H,O and mixed with 250 pL of chloroform and 450 L

of methanol. After incubation at room temperature for 15 min, 250 pL of chloroform and
250 pL of water were added, and the sample was centrifuged for 10 min at 16,000%g.

The bottom organic phase containing lipids was transferred to a new tube and dried using
a speedvac centrifuge (Savant Speedvac, Thermo Scientific), and dried lipid extracts were
subjected to spectrometry analysis.

Targeted lipid profiling was performed using discovery multiple reaction monitoring (MRM)
profiling methods and instrumentation as described de Lima et al. (2018). Specifically, for
sample preparation, dried lipid extracts were diluted in 500 uL of methanol/chloroform

3:1 (v/v) (stock solution). The stock solution was further diluted 50% in injection solvent
(acetonitrile/methanol/ammonium acetate 300 mM 3:6.65:0.35 (v/v)) and 8 L of this
solution was used for the profiling analysis of each lipid class using a micro-autosampler
(G1377A) to the ESI source of an Agilent 6410 triple quadrupole mass spectrometer
(Agilent Technologies). A capillary pump was connected to the autosampler and operated at
a flow rate of 7 pL/min and pressure of 150 bar. Capillary voltage on the instrument was
3.5-5 kV and the gas flow 5.1 L/min at 300°C. For the mass spectrometry analysis, relative
amounts of ion abundances were used for statistics. The values of ion intensities for each of
the MRMs monitored were normalized by total ion intensity of all MRMs in the method for
a given sample. Fold change was calculated by dividing values of ion intensities for each of
the MRMs measured in each sample by the ion intensity of the corresponding MRM in the
blank.

Lipolysis assay—Lipolytic activity was measured by a PicoProbe Lipolysis Fluorometric
Assay Kit (BioVision Inc, cat#K578-100) according to the manufacturer’s instructions with
proper optimizations. FACS-sorted SCs were cultured in 48-well plate for 7 days and gently
washed with 150 pL of lipolysis wash buffer two times. After adding 200 L lipolysis

assay buffer into each well, cells were treated with isoproterenol (final concentration 100
nM) for 6 h to stimulate lipolysis. After stimulation, 50 pL of medium was collected and
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incubated with the reaction mix containing a glycerol assay buffer, PicoProbe, glycerol
enzyme mix, and glycerol developer for 60 min at room temperature, protected from light.
Diluted glycerol standards were included together with the samples to generate a standard
curve. The fluorescent intensity was then measured at EX/Em = 535/587 nm with a Spark
10M multimode microplate reader (TECAN), and the glycerol concentration was calculated
based on the standards following the manufacturer’s instructions. The remained cells were
lysed and cellular protein contents were measured to normalize the glycerol level in each
sample.

Cellular acetyl-CoA measurement—Cellular acetyl-CoA contents in SC-derived
primary myoblasts were measured by PicoProbe Acetyl-CoA Fluorometric Assay kit
(BioVision Inc, cat#K317) according to the manufacturer’s instructions. In brief, SC-derived
primary myoblasts were rinsed with cold PBS and lysed with 1x ice-cold cell lysis buffer
(20 mM Tris buffer with pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton
X-100, 2.5 mM sodium pyrophosphate, 1 mM Glycerol phosphate, 1 mM NazgVOy) plus 1
mM PMSEF. The cell lysate was deproteinized with 1 N perchloric acid and then neutralized
with 3 M KHCO3. Samples were quenched for erasing free CoA and cellular acetyl CoA
was converted to CoA by adding conversion enzyme. The CoA is reacted to form NADH
which interacts with PicoProbe to generate fluorescence. The fluorescence intensity was
measured at Ex/Em = 535/587 nm with Spark 10M multimode microplate reader (TECAN),
and the acetyl-CoA concentration was calculated based on the standards following the
manufacturer’s instructions.

Cellular ATP detection—Cellular ATP levels were measured using an ATP Detection
Assay Kit (Cayman Chemical, cat#700410). SC-derived primary myoblasts were rinsed with
cold PBS and lysed with ice-cold 1x ATP detection sample buffer. Cell lysates and standards
were plated into a 96-well plate. 100 pL of freshly prepared reaction mixture (1x ATP
detection sample buffer, p-luciferin, and luciferase) was added to each sample and the plate
was incubate at room temperature for 20 min, protected from light. Luminescence intensity
was detected by Spark 10M multimode microplate reader (TECAN), and ATP concertation
was calculated according to the manufacturer’s instructions.

Seahorse mitochondrial respiration analysis—Mitochondrial respiration was
measured with Seahorse XFe24 Analyzer (Agilent Technologies) according to the manual
of Seahorse XF Cell Mito Stress Test Kit (Agilent Technologies, cat#103015-100). Briefly,
SCs isolated by FACS were plated on Matrigel-coated XF24 cell culture microplate at a
density of 10,000 cells per well. Seahorse sensor cartridge was hydrated with calibrant

in a non-CO, incubator at 37°C for overnight 1 day before measurement. On the day

of measurements, cells were washed twice and switched to Seahorse XF base medium
(pH7.4, Agilent Technologies, cat#103334-100) supplemented with 1 mM sodium pyruvate,
1 mM L-glutamine, and 5 mM glucose. Cells were equilibrated at 37°C in a non-CO,
incubator for 1 hour. For FAQ inhibition, Etomoxir (Sigma-Aldrich, cat#E1905) were added
to cells at a final concentration of 50 UM 15 min before the measurement. The oxygen
consumption rate was monitored at the basal state and after sequential injection of the
mitochondrial compounds oligomycin (1.5 pM), FCCP (3 uM), and Rotenone/antimycin A
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(1 uM) to induce mitochondrial stress. All mitochondrial respiration rates were generated
and automatically calculated by the Seahorse Wave software with normalization to the
cellular protein contents.

Intracellular ROS detection—The cellular ROS level was detected by CellROX Deep
Red Reagent (Invitrogen, cat#C10422). FACS-sorted SCs were cultured in 24-well plate for
4 or 7 days. The culture medium was changed 12 h before the test. CellROX Deep Red
reagent was added into the cells at a final concentration of 5 uM, and incubates for 45 min at
37°C, protected from light. Cells were counterstained with Hoechst33342 and replaced with
new culture medium after washing, then subjected to the live imaging immediately.

Intracellular pH level detection—The cellular pH level was detected by pHrodo Red
AM Intracellular pH Indicator (Invitrogen, cat# P35372). FACS-sorted SCs were cultured in
24-well plate for 4 days. The culture medium was changed 12 h before the test. We mixed

1 uL pHrodo Red with 10 uL PowerLoad concentrate and added it to 1 mL culture medium.
Cells were incubated with pHrodo Red for 30 min at 37°C, protected from light. Cells were
counterstained with Hoechst33342 and replaced with new culture medium after wash, then
subjected to live imaging immediately.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experiments involving mice were performed with a minimum of three biological replicates.
All muscle histological analysis including the CSA of myofibers, and the percentage of
regenerated area, the number of regenerating, and regenerated myofibers, tdT* myofiber,
myogenic cells, and tdT* SCs per area were quantified by Fiji-lmageJ software with
MuscleJ plugin (Mayeuf-Louchart et al., 2018; Schindelin et al., 2012) or by Adobe
PhotoShop software. The differentiation index was quantified as the ratio of the nuclei
number in MyHC™* cultures to total nuclei number. The fusion index was quantified as the
ratio of the nuclei number in MyHC* myotubes (=2 nuclei) to the total nuclei number.

The ROS intensity and the fluorescent signal of pHrodo Red in SCs was quantified by Fiji-
ImageJ software. Sample size or replicate number (designated as “n”) for each experiment
are indicated in the figure legends. Statistical analyses and graphing were performed using
GraphPad Prism 6.0 (GraphPad Software). All experimental data are represented as mean
+ standard deviation. Statistical significance was determined by the Student #test under
two-tailed. The p values are indicated as p < 0.05, p < 0.01, and p < 0.001, and a p value
of less than 0.05 was considered as significant, while a p value of greater than 0.05 was
considered as not significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
LDs are highly dynamic during myogenic progression of satellite cells

Satellite cells with few LDs hold higher self-renewal capacity than those with
many LDs

Inhibiting biogenesis or catabolism of LDs disrupts satellite cell fate
homeostasis

Excessive accumulation of LDs leads to energy insufficiency and oxidative
stress
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Figure 1. Dynamics of LDs during homeostasis of SCs
(A) Time course images showing progressive accumulation of LDs (labeled with

BODIPY493/503) during activation and division of SCs on cultured myofiber. Scale bar,

10 pm.

(B) Percentage of LD-carrying SCs on myofiber shown in (A) (n = 4 mice). An average of
736 SCs were analyzed at each time point.

(C) Quantification of the number of LDs per SC at various time points (n = 4 mice).

(D) Representative images of LD dynamics in SCs during muscle regeneration /in vivo. Scale
bar, 10 um.

(E) Percentage of LD-carrying SCs during muscle regeneration /n vivo (n = 4 mice). An
average of 402 SCs were analyzed at each time point.
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(F) LD contents in ASCs (day 5) compared with QSCs (day 0) and self-renewed SCs (day
10) during muscle regeneration. SCs were isolated from Pax7"GFF mouse and subjected to
Nile red staining and flow cytometry analysis (n = 3 mice). Unst, unstained.

(G) Transmission electron microscopy imaging of LDs in SCs resided in injured and non-
injured TA muscles. Red arrows indicate LDs. Mt, mitochondria. Scale bar, 500 nm.

Data are mean + standard deviation; Student’s t test. *p < 0.05, ***p < 0.001. See also
Figure S1.
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Figure 2. LDs in newly divided SCs specify differentiation versus self-renewal cell fate
(A and B) LD abundance (A) and the number of LDs per cell (B) in newly divided SC

doublets on fiber at 42 h in culture (n = 4 mice). Scale bar, 10 um.

(C) Percentages of LDLow/Low | plow/High anqg | pHigHigh SC doublets in apical-basal and
planar orientations (n = 3 mice). A total of 271 doublets were analyzed.

(D and E) Images showing LD abundance associated with SC fate (D) and quantification of
LDLoW and LDHig" cells among SC populations (E) on cultured myofibers at 72 h (n = 3
mice). A total of 227 cells were analyzed. Scale bar, 10 pm.

(F and G) Images showing heterogeneous LD abundance in SCs (F) and quantification of
LDLoW and LDHigN cells among quiescent, PSCs and CSCs (G) from injured EDL muscle. 7
= 4 mice. Scale bar, 10 ym.

(H and 1) Immunostaining of LDs in SC doublets (H) and percentages of LDLoW/Low,
LDHigh/Low 'ang | DHigHigh doyblets among self-renewing (GFP~~) and CSCs(GFP*/*) (1)
on myofibers isolated from Myf5Cre, Rosa265GFF mice at 48 h. n = 4 mice, 40 GFP~/~ and
131 GFP** doublets were analyzed. Scale bar, 10 um.

(J) Expression of genes related to myogenic commitment and LD biosynthesis in LDL2W and
LDHigh SCs FACS-isolated from Pax7CTeER. posaz6tdTomato myscles at 5.5 dpi. n = 3 mice.
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(K and L) Images showing tdT* myofibers (K) and quantification of the number of tdT*
myofibers (L) in regenerated muscles of NRG mice transplanted with FACS-isolated LD-W
and LDHI9" SCs at 14 dpi. n = 5 mice. Scale bar, 50 pym.

(M and N) Images showing tdT* SCs (M) and quantification of the number of tdT* SCs (N)
in transplanted muscles. n = 5 mice. Scale bar, 10 um.

Data are mean + SD; Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure
S2.
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Figure 3. SC fate progression is coupled with changes in neutral lipid metabolism
(A) UMAP embedding of scRNA-seq data on SCs isolated from non-injured muscles (n =

250) and injured muscles at 5 dpi (n = 2,835) and 10 dpi (n = 910), colored by isolation
time.

(B) UMAP embedding of scRNA-seq data colored by subpopulation identity.

(C) Violin plot showing the expression of SC markers informing cluster annotation.

(D and E) Heatmaps of the genes annotated in gene ontology (GO) term LD (GO:
0005811) and LD formation (GO: 0140042) (D), and neutral lipid (GO: 0046460) and TAG
biosynthetic process (GO: 0019432) and (E) in SC clusters.

(F) Density plot visualizing enrichment of genes in GO term LD and neutral lipid
biosynthetic process in SC clusters.

(G) Violin plot showing the expression of key LD biosynthesis-related genes.
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(H and 1) Inhibition of LD biogenesis in SCs with DGAT inhibitors (DGATin) (H) and
quantification of PAX7* SCs per cluster (1) on cultured single myofibersat 72 h (n=5
mice). Scale bar, 10 pm.

(J and K) Immunostaining PAX7 and MyoD (J) and quantification of SC population on 72 h
cultured single myofibers (K) (n = 5 mice). Scale bar, 10 um.

(L and M) Immunostaining of MyoG (L) and quantification of MyoG™ cells per myofiber
(M) with control and DGATIn treatment for 72 h (n = 3 mice). Scale bar, 20 um.

Data are mean + standard deviation; Student’s t test. **p < 0.01, ***p < 0.001. See also
Figure S3.
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Figure 4. Conditional deletion of ATGL leads to abnormal LD accumulation and perturbs cell

fate homeostasis of SCs

(A) LDs in SCs grown on WT and Pnpla2PKO myofibers cultured for 72 h. Scale bar, 20

um.

(B) Increased TAG content in Prp/a2’KO SC-derived primary myoblasts measured by lipid

profiling (n = 3 mice).

(C and D) Immunostaining of PAX7 (C) and quantification of PAX7* SCs per cluster (D) on
72 h cultured single myofibers (n = 3 mice). Scale bars, 50 um and 20 pm for inset.
(E) Growth rate of SCs isolated by FACS from WT and Prpla2’k0 resting muscles. WT: n =

6 mice; Pnpla2’kO. n = 7 mice.

(F and G) Immunostaining of PAX7 and LDs (F) and quantification of planar and apical-
basal dividing SC doublets (G) on 48 h cultured single myofibers (n = 5 mice). Scale bar, 10

um.

(H and 1) PAX7 and MyoD immunostaining (H) and quantification of SC population (1) on
72 h cultured single myofibers (n = 4 mice). Scale bar, 10 pm.
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(J and K) Representative images of SCs (J) and quantification of the number of GFP~ and
GFP™* SCs (K) on myofibers isolated from Myf5Cre; Rosa265"FF mice cultured 48 h with
ATGL inhibitor Atglistatin (50 uM). Scale bar, 10 um.

(L and M) PAX7 and Ki67 immunostaining (L) and quantification of self-renewed
(PAXT7*Ki677) SCs (M) in TA muscles at 14 dpi (n = 5 mice). Scale bar, 20 um.

(N and O) MyoD and Laminin immunostaining (N) and quantification of MyoD* SCs (O) in
TA muscles at 14 dpi (n = 5 mice). Scale bar, 20 um.

(P) Ratio of the PAX7*Ki67~ (self-renewed) to MyoD™ SCs from (M, O).

Data are mean + standard deviation; Student’s t test. *p < 0.05, **p < 0.001, ***p < 0.001.
See also Figures S4 and S5.
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Figure 5. ATGL-deficient SCs fail to regenerate muscle in response to acute injury
(A) Experimental scheme for WT and conditional knockout Prp/a2<© mice.

(B) Evans blue dye incorporation in TA muscles at 5.5 dpi.

(C) Recovery rate of TA muscle at 5.5 dpi (n = 14 mice).

(D and E) Hematoxylin and eosin (H&E) staining (D) and immunofluorescence (E) of TA

muscle cross-sections. Scale bars, 50 pm.

(F) Regenerated area of TA muscle cross-sections at 5.5 dpi (n = 8).

(G and H) Number (G) and CSA (H) of eMyHC™* myofibers in TA muscle cross-sections at
3.5 dpi (n = 6 mice).

(1) Number of dystrophin* myofibers in TA muscle cross-sections at 5.5 dpi (n = 10 mice).
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(J and K) Average CSA (J) and CSA distribution (K) of dystrophin* myofibers in TA muscle
cross-sections at 10 dpi. For (J) n = 10 mice, for (K) n =5 mice.

(L and M) Average CSA (L) and CSA distribution (M) of dystrophin* myofibers in TA
muscle cross-sections at 30 dpi (n = 3 mice).

Data are mean + standard deviation; Student’s t test. **p < 0.01, ***p < 0.001.
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Figure 6. Defective lipolysis impairs energy production and leads to oxidative stress in SCs
(A) Representative graph showing oxygen consumption rate (OCR) of cultured WT and

Pnpla2PKO SC-derived primary myoblasts (n = 3 independent experiments).

(B) Basal and maximal OCR for endogenous mitochondrial FAO calculated by the data
obtained in (A) (n = 3 independent experiments, 4 replicates per condition).

(C and D) Cellular acetyl-CoA (C) and ATP (D) levels measured from cultured WT and
Pnpla2PKO primary myoblasts (n = 3 mice).

(E) RNA-seq analysis shows enrichment of biological processes related to oxidative stress in
Pnpla2PKO SCs (n = 3 mice).

(F) Heatmap showing expression of ROS-related genes in WT and Prpla2®©SCs (n= 3
mice).

(G and H) ROS level (G) and quantification (H) in WT and Prp/a2”k0 SCs cultured for 7
days after FACS isolation (n = 4 mice). Scale bars, 20 um and 10 pm for inset.

(I and J) Representative pHrodo staining () and quantification (J) showing acidification in
Pnpla2PKO SCs. We analyzed 249 cells in WT and 61 cells in Prp/a2°kO mice. Scale bar, 20
pm.

Data are mean + standard deviation; Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.
See also Figure S6.
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Figure 7. Reducing oxidative stress rescues cell fate commitment and regenerative deficiency of
ATGL-deficient SCs

(A and B) Representative ROS staining (A) and quantification of ROS level (B) in FACS-
sorted SCs from WT and Prp/a2”KO mice. SCs were cultured for 4 days with or without 5
mM NAC. Vehicle: n = 3 mice, NAC: n = 4 mice. Scale bar, 10 pm.

(C and D) Representative cell growth image (C) and quantification of SC number (D) after
NAC treatment. FACS-sorted SCs from WT and Prp/a2’K© mice were cultured for 4 days
with or without 5 mM NAC. Vehicle: n = 4 mice, NAC: n = 5 mice.

(E and F) Immunostaining of PAX7 and MyoD (E) and quantification of SC population (F)
in WT and Pnpla2PKO cultured muscle cell mixtures treated with 5 mM NAC (n = 3 mice).
Scale bar, 10 pm.

(G and H) Immunostaining of PAX7 and MyoD (G) and quantification of quiescent (PAX7*/
MyoD™) SCs reserved in cultures (H) upon 2 days differentiation (n = 4 mice). Scale bar, 10
pm.

(1) Experimental scheme for NAC treatment and CTX injury in WT and Prp/a2k© mice.
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(J-L) Immunostaining of eMyHC and dystrophin (J) and quantification of the number (K)
and CSA (L) of dystrophin* myofiber on TA muscle cross-sections at 5.5 dpi after NAC
treatment (n = 4 mice). Scale bar, 50 um.

Data are mean + standard deviation; Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.
n.s., not significant. See also Figure S7.
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