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SUMMARY

Muscle regeneration is known to be defective under diabetic conditions. However, the underlying mecha-
nisms remain less clear. Adult quiescent muscle satellite cells (MuSCs) from leptin-receptor-deficient (i.e.,
db/db) diabetic mice are defective in early activation in vivo, but not in culture, suggesting the involvement
of pathogenic niche factors. Elevated extracellular adenosine (eAdo) and AMP (eAMP) are detected under
diabetic conditions. eAdo and eAMP potently inhibit cell cycle re-entry of quiescent MuSCs and injury-
induced muscle regeneration. Mechanistically, eAdo and eAMP engage the equilibrative Ado transporters
(ENTs)-Ado kinase (ADK)-AMPK signaling axis in MuSCs to inhibit the mTORC1-dependent cell growth
checkpoint. eAdo and eAMP also inhibit early activation of quiescent fibroadipogenic progenitors and human
MuSCs by the same mechanism. Treatment of db/db diabetic mice with an ADK inhibitor partially rescues the
activation defects of MuSCs in vivo. Thus, both ADK and ENTs represent potential therapeutic targets for

restoring the regenerative functions of tissue stem cells in patients with diabetes.

INTRODUCTION

Diabetes mellitus (DM) is a chronic metabolic disease that is usu-
ally accompanied with other complications, such as cardiovas-
cular dysfunction, vision loss, and kidney failure (Cole and Florez,
2020; Ritchie and Abel, 2020; Zheng et al., 2018). Among various
reported mechanisms underlying the pathogenesis of diabetes,
purinergic signaling has also been linked to the development of
the disease (Antonioli et al., 2015; Pardo et al., 2017; Peleli and
Carlstrom, 2017). This pathway is initiated by extracellular ATP
(eATP) that is released by various cell types in response to
inflammation, hypoxia, or tissue injury (Dosch et al., 2018; Faas
etal., 2017). eATP acts on target cells via two types of P2 recep-
tors: the P2X receptors (P2XRs) and the P2Y receptors (P2YRs)
(Cekic and Linden, 2016; Faas et al., 2017). eATP elicits strong
proinflammatory responses (Rossi et al., 2012). In addition,
eATP can also be quickly hydrolyzed to ADP and AMP by plasma
membrane-bound ectonucleotidases (like CD39), and AMP can
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be further hydrolyzed to adenosine (Ado) by other membrane-
bound ectonucleotidases (like CD73) (Allard et al., 2020; Boison
and Yegutkin, 2019). Unlike eATP, extracellular Ado (eAdo)
mainly elicits immunosuppressive responses via four G pro-
tein-coupled receptors (also called P1 purinergic receptors):
A1, A2a, A2b, and A3 (Allard et al., 2020; Antonioli et al., 2013;
Cronstein and Sitkovsky, 2017). Moreover, eAdo can also be
transported back to the cytoplasm of target cells by the SLC28
family of concentrative nucleoside transporters (CNTs) or the
SLC29 family of equilibrative nucleoside transporters (ENTs)
(Boison and Yegutkin, 2019; Pastor-Anglada and Pérez-Torras,
2018). Once inside cells, Ado can be either phosphorylated to
AMP by adenosine kinase (ADK) or deaminated to inosine by
adenosine deaminase (ADA) (Boison and Yegutkin, 2019). The
levels of eATP, eAMP, and eAdo were found to be elevated in
both patients with diabetes and diabetic rodents (Dudzinska,
2014; Varadaiah et al., 2019; Xiang et al., 2018; Yang et al.,,
2019a; Zhang et al., 2012). Purinergic signaling has also been
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shown to regulate glucose homeostasis, B cell proliferation, and
insulin sensitivity (Antonioli et al., 2015; Johansson et al., 2007;
Pardo et al., 2017).

Skeletal muscle, the major tissue for glucose and fatty acid uti-
lization (Ceddia, 2005; Corcoran et al., 2007), exhibits impaired
regenerative abilities in various diabetic animal models (Aroun-
leut et al., 2013; D’Souza et al., 2016; Fu et al., 2016; Nguyen
etal., 2011). However, the underlying mechanisms remain poorly
understood. Muscle satellite cells (MuSCs) are responsible for
injury-induced muscle regeneration. MuSCs uniquely express
Pax7 and are sandwiched between the plasma membrane of in-
dividual myofibers and the surrounding basal lamina (Evano and
Tajbakhsh, 2018; van Velthoven and Rando, 2019; Yin et al.,
2013; Relaix et al., 2021). In uninjured adult muscles, MuSCs
are quiescent with small cell size, low RNA content, and low
metabolic activities (Evano and Tajbakhsh, 2018; Relaix et al.,
2021; van Velthoven and Rando, 2019). Upon muscle injury,
quiescent MuSCs (QSCs) are quickly activated to become acti-
vated satellite cells (ASCs), a process involving quick activation
of the phosphatidylinositol 3-kinase (PI3K) pathway, rapid induc-
tion of immediate-early genes (e.g., Jun, Fos, Egr, and Myc), and
expression of MyoD protein (Machado et al., 2017, 2021; van
Velthoven et al., 2017; Wang et al., 2018). ASCs further undergo
a period of cell growth, which is manifested by an obvious in-
crease in cell size, enhanced mitochondria biogenesis, and acti-
vation of multiple anabolic pathways, before they re-enter the
cell cycle to become proliferating myoblasts (Rocheteau et al.,
2012; Rodgers et al., 2014; Zhou et al., 2021). The latter can
then undergo either terminal differentiation or self-renewal to
complete the muscle regeneration process (Evano and Taj-
bakhsh, 2018; Yin et al., 2013). Upon activation, it takes ~36—
48 h for QSCs to re-enter the first cell cycle. However, it only
takes ~8-10 h for the cycling myoblasts to finish subsequent
cell cycles (Rocheteau et al., 2012; Rodgers et al., 2014; Wang
et al., 2018; Zhou et al., 2021). The prolonged period required
by QSCs to re-enter the first cell cycle ensures that appropriate
changes occur at the epigenetic, transcriptional, translational,
and metabolic levels before cells are ready for cell division.
Any defect that interferes with such changes during this initial
extended period could lead to impaired muscle regeneration.
Indeed, we and others have found that the PI3K signaling
pathway regulates a critical early activation checkpoint (Gar-
cia-Prat et al., 2020; Wang et al., 2018; Yue et al., 2017).
Recently, we also identified another cell growth checkpoint dur-
ing this early transition period that controls enhanced mitochon-
dria biogenesis and activation of anabolic pathways (Zhou et al.,
2021). In addition to intrinsic factors, niche is also known to regu-
late adult MuSCs (Baghdadi and Tajbakhsh, 2018; Fuchs and
Blau, 2020; Relaix et al., 2021; Yin et al., 2013). For example,
Fibronectin was shown to regulate both maintenance and
expansion of MuSCs (Bentzinger et al., 2013; Lukjanenko
et al., 2016). Moreover, by binding to calcitonin receptor on
MuSCs, MuSC-secreted collagen V also contributes to Notch-
induced quiescence maintenance (Baghdadi et al., 2018). While
it is important to elucidate mechanisms that regulate stem cells
under normal physiological conditions, it is also essential to un-
derstand how stem cells are affected under pathological
conditions.
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Here, we showed that eAdo (and eAMP) functions as a key
pathogenic niche factor in diabetic mice to impair the regenera-
tive functions of adult MuSCs. By specifically engaging the
ENTs-ADK-AMPK signaling axis, eAdo inhibited the mTORC1-
dependent cell growth checkpoint in QSCs and prevented
them from re-entering the cell cycle, which ultimately impaired
injury-induced muscle regeneration. Prolonged inhibition of
ADK in vivo in diabetic mice partially rescued the cell cycle re-en-
try defect of their MuSCs.

RESULTS

Injury-induced muscle regeneration was impaired in
type 2 diabetic mouse models

Several groups reported that the regenerative ability of skeletal
muscle was impaired in obese or diabetic mice (Arounleut
et al., 2013; D’Souza et al., 2016; Fu et al., 2016; Nguyen et al.,
2011). However, the underlying mechanisms remained obscure.
To further understand how adult MuSCs were affected under
diabetic conditions, we started by confirming previous findings
using two different type 2 diabetic mouse models: one (C57BL/
6J) was created by high-fat diet (HFD) and a single dose of strep-
tozotocin (STZ) injection, while the other was created by a reces-
sive mutation in the leptin receptor gene (the db/db mice) (Klei-
nert et al., 2018). To assess the muscle regenerative functions
in vivo, we induced acute muscle injury by injection of cardio-
toxin (CTX) into the tibialis anterior (TA) muscle of diabetic db/
db mice and examined the TA muscle at different days postinjury
(dpi). In db/+ non-diabetic control mice, by 4.5 dpi, multiple small
regenerating myofibers had already appeared on muscle sec-
tions. However, few were found on the muscle sections from
db/db mice (Figure S1A, top panel). Consistently, by immuno-
staining for embryonic myosin heavy chain (eMHC), a protein
that was transiently expressed in early-regenerating myofibers
(d’Albis et al., 1988), we detected smaller eMHC* myofibers on
muscle sections from db/db mice (Figures S1B and S1C). How-
ever, by 14 or 30 dpi, the injured muscles were fully repaired in
db/db mice, suggesting that MuSCs were defective but not
totally non-functional in db/db mice (Figure S1A middle and bot-
tom panels). Similarly, in the HFD-fed and STZ-induced diabetic
mice, at 4.5 dpi, there were also fewer regenerating myofibers
compared with the muscle sections from the age- and gender-
matched lean mice (Figure S1D). Taken together, these results
confirmed previous findings that the regenerative ability of skel-
etal muscle was indeed impaired in diabetic mice.

MuSCs from db/db mice were defective in cell cycle re-
entry in vivo but not in vitro

To examine the functions of MuSCs in diabetic mice, we decided
to focus on db/db mice in the following studies. We first enu-
merated MuSCs in uninjured hindlimb muscles from young
(1-month-old) and adult (>3-month-old) mice by fluorescence-
activated cell sorting (FACS). The purity of the freshly isolated
MuSCs (FISCs) was more than 90% as judged by immunostain-
ing for Pax7 (Figure S2A). While the number of MuSCs in young
db/db mice was slightly lower than that of the control mice (i.e.,
db/+), the difference was not significant (Figure S2B). However,
the number of MuSCs decreased by ~50% in adult db/db mice
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Figure 1. MuSCs from db/db mice showed cell cycle re-entry defect
in vivo but not in vitro

(A) An equal number of FISCs from adult db/+ and db/db mice were cultured in
the presence of EAU (10 uM) for 48 h. Cells were fixed and stained for EAU
(green).

(B) Quantification of the percentage of EJU* MuSCs from (A) (n = 5 mice/
group).

(C) Experimental scheme: adult db/+ and db/db mice were injured with CTXin
the lower hindlimb muscle. At 1.5 dpi, EdU was i.p. injected into the mice every
6 h for three doses. Mice were sacrificed at 2.5 dpi and an equal number of
FISCs from injured lower hindlimb muscles were immediately subjected to
EdU staining.

(D) Representative images from the in vivo EAU incorporation assays.

(E) Quantification of the percentage of EdU* MuSCs from (D) (n = 3 mice/
group). In (A) and (D), nuclei were counterstained with DAPI (blue). In (B) and
(E), data were presented as mean + SD. Scale bars: 50 um. See also
Figures S1, S2, and S3.

compared with littermate controls (Figure S2B). Consistently, by
immunostaining for Pax7, we also detected significantly fewer
MuSCs on muscle sections (Figures S2C and S2D) from adult
but not young db/db mice. Next, we examined whether
MuSCs from adult db/db mice could undergo proper activation,
proliferation, and differentiation. To examine how MuSCs
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behave in early activation, we isolated MuSCs from db/+ and
db/db mice by FACS and cultured the same number of FISCs
for 48 h in the presence of 5-ethynyl-2’-deoxyuridine (EdU)
(Zhou et al., 2021). By this time, a similar percentage (~85%)
of FISCs from either db/+ or db/db mice became EdU™ (i.e., re-
entered the first cell cycle) (Figures 1A and 1B). Consistently, us-
ing isolated single myofibers that were cultured in suspension
together with EdU for 48 h, nearly all MuSCs that remained
attached to myofibers became EdU* no matter whether they
were isolated from db/+ or db/db mice (Figures S2E and S2F).
By culturing FISCs or single myofibers for 72 h, we found that
FISCs or SCs attached to single myofibers from db/db mice
were comparable with their counterparts from db/+ mice in pro-
liferation and differentiation in culture (Figures S2G-S2J). Our
assays above revealed that MuSCs from db/db mice were
comparable with their counterparts from db/+ mice in early acti-
vation, proliferation, and differentiation in culture. Next, we
examined early activation of MuSCs in vivo. Following the
scheme in Figure 1C, we found that ~85% of MuSCs from the
db/+ mice already incorporated EdU, whereas only ~40% of
MuSCs from db/db mice did so (Figures 1D and 1E), indicative
of an obvious cell cycle re-entry defect in MuSCs from db/db
mice in vivo. The differential behaviors of MuSCs from db/db
mice in culture and in vivo during early activation suggested
the involvement of certain pathogenic niche factors in vivo.
Next, we also assessed the self-renewal ability of MuSCs in
db/db mice in vivo. One month after CTX-induced muscle injury,
the number of self-renewed MuSCs was about two to three times
that in uninjured muscles from db/+ control mice as judged by
either FACS analysis or immunostaining of muscle sections (Fig-
ure S3), which was often observed in wild-type adult mice (Li
et al.,, 2019). In contrast, such an increase in the number of
self-renewed MuSCs was barely detected in db/db mice (Fig-
ure S3), suggesting that MuSCs in db/db diabetic mice were
partially defective in self-renewal, which could also be caused
by pathogenic niche factors.

Elevated eAdo and eAMP impaired the functions of
MuSCs both in culture and in vivo

We and others previously reported that the levels of eAMP and
eAdo were elevated in both diabetic mice and patients with dia-
betes (Dudzinska, 2014; Varadaiah et al., 2019; Xiang et al.,
2018; Yang et al., 2019a; Zhang et al., 2012). As both eAMP
and eAdo were known to exert deleterious effects on various
tissues/cells (Idzko et al., 2014; Zhang et al., 2011), we hypothe-
sized that elevated levels of eAdo or eAMP impair MuSC func-
tions in diabetic mice. To test this hypothesis, we first monitored
cell cycle re-entry of FISCs from adult wild-type mice in culture
upon eAMP or eAdo treatment and found that both potently in-
hibited cell cycle re-entry of FISCs in a dose-dependent manner
(Figures 2A-2D). We further examined the impact of elevated
eAMP on MuSC functions in vivo by performing BaCl,-induced
injury-regeneration assays with daily intraperitoneal (i.p.) injec-
tion of AMP or vehicle (Figure 2E, top). By 4.5 dpi, multiple small
regenerating myofibers already appeared on muscle sections
from vehicle-treated mice as expected (Figure 2E, left panels).
However, few such myofibers were found on muscle sections
from AMP-treated mice (Figure 2E, right panels), indicating that
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elevated levels of eAMP indeed impaired the functions of MuSCs
in vivo. We next tried to determine when AMP- or Ado-triggered
defects occurred in MuSCs during their early activation. We first
monitored the gradual change in cell size upon activation of
MuSCs in culture with or without eAMP or eAdo (Evano and Taj-
bakhsh, 2018; van Velthoven and Rando, 2019; Zhou et al.,
2021). As expected, the size of FISCs treated by vehicle (i.e.,
DMSO) obviously increased after cells were grown in culture
for 16-24 h, and peaked by ~40 h in culture (Figures 2F and
2G). For FISCs treated by eAMP or eAdo, their sizes also slightly
increased during the initial 16-24 h of growth in culture
(Figures 2F and 2G). However, the extent of the increase in
eAMP- or eAdo-treated MuSCs was much less than that in
vehicle-treated controls. Moreover, a further increase in cell
size between 24 and 40 h was more severely impaired in
eAMP- or eAdo-treated MuSCs (Figures 2F and 2G). As MyoD
protein expression is another early marker of ASCs (Yin et al.,
2013; Zhou et al., 2021), we also examined it by western blot. Af-
ter 6 hin culture, the protein levels of MyoD were comparable be-
tween ASCs treated with vehicle and eAMP (Figures 2H and 2l).
A further induction of MyoD protein occurred in vehicle-treated
ASCs after they were grown in culture for 24 h. However, this
further induction of MyoD protein was totally inhibited by
eAMP (Figures 2H and 2l). Our data above suggested that
eAMP and eAdo had little or no effect on the early-activation
checkpoint regulated by PI3K (Wang et al., 2018). Instead, they
mainly impaired the subsequent cell growth checkpoint (Zhou
et al., 2021).

eAdo/eAMP inhibited mTORC1 and mitochondria
biogenesis

To further understand why Ado or AMP treatment prevented
MuSCs from re-entering the cell cycle upon activation, we
set out to examine the transcriptomes of ASCs with or without
eAdo/eAMP treatment by RNA sequencing (RNA-seq). As the
activation defect caused by eAMP or eAdo appeared to occur
at the cell growth checkpoint (Figures 2F-2l), we decided to
examine the transcriptomes of ASCs after treatment of
FISCs with eAdo or eAMP in culture for 24 h (Zhou et al.,
2021). Principal component analysis (PCA) revealed good
reproducibility among biological triplicates in each group and
clear separation between vehicle-treated and Ado- or AMP-
treated ASCs (Figure S4A). Moreover, in the PCA plot, ASCs
treated by eAdo and eAMP were clustered together, suggest-
ing that they elicited very similar transcriptomic changes,
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which was also confirmed by scatterplot analysis and Venn di-
agram (Figures S4B and S4C). A heatmap displaying the top
50 differentially expressed genes (DEGs) in Ado- or AMP-
treated ASCs also confirmed such findings (Figure S4D). We
then performed gene set enrichment analysis (GSEA) to iden-
tify dysregulated pathways or biological processes in both
Ado- and AMP-treated ASCs (Subramanian et al., 2005).
Notably, many cell-cycle-related terms, like “E2F targets,”
“G2M checkpoint,” “Myc targets,” and “mitotic spindle,”
were all enriched in control ASCs (Figure 3A). Consistently,
genes involved in G1/S transition (e.g., E2f1-3, Ccnel/2,
Cdk2, and Cdk6) (Figure S4E) and DNA replication origin
licensing (e.g., Cdc6, Cdt1, and Mcm2-7) (Figure S4F) were
all poorly expressed in Ado- and AMP-treated ASCs. By
contrast, genes related to inflammatory responses and
stress-related pathways, including p53 pathway, interferon a
and vy responses, TNFa signaling via NF-kB, IL-6 JAK STAT3
signaling, hypoxia, and apoptosis, were enriched in Ado-
and AMP-treated ASCs (Figure 3A). These GSEA features
were very similar to that seen in Paxbp1-null ASCs (Zhou
et al., 2021), further supporting our hypothesis that the cell
growth checkpoint was impaired in Ado- and AMP-treated
ASCs. To ascertain whether this is the case, we first turned
to mitochondria as ASCs with a defective cell growth check-
point are known to have impaired mitochondria biogenesis
and defective respiratory functions (Zhou et al., 2021). We
monitored mitochondria biogenesis by staining for Tomm20,
a known mitochondria-resident protein, in ASCs with or
without AMP or Ado treatment. While few mitochondria were
detected in FISCs cultured for 2 h, mitochondrial biogenesis
became obvious in control ASCs after 16-24 h in culture, as
shown by an enhanced Tomm20 signal, which further
increased by 36 h (Figures 3B and 3C). In ASCs treated with
AMP or Ado, mitochondrial biogenesis was obviously sup-
pressed based on the decreased Tomm20 signal (Figures 3B
and 3C). As peroxisome proliferator-activated receptor-
gamma coactivator 1 (PGC1) is a master regulator for mito-
chondrial biogenesis, we also examined its mMRNA and protein
expression. Based on our RNA-seq data, Ppargc1b (encoding
PGC1B) was downregulated by ~5- and 10-fold in AMP- and
Ado-treated ASCs, respectively (Figure 3D). Consistently, by
western blot, we also confirmed its decreased protein levels
in AMP- and Ado-treated ASCs (Figure 3E). To assess the res-
piratory functions of mitochondria in ASCs, we grew FISCs in
culture for various times with or without Ado or AMP treatment

Figure 2. eAdo and eAMP impaired the cell growth checkpoint during early activation of MuSCs
(A-D) FISCs were cultured with EAU with or without eAMP (A and B) or eAdo (C and D) for 48 h, followed by cell fixation and staining for EAU (green) and DAPI

(blue).

(B and D) Quantification of the percentage of EdJU* MuSCs in (A) and (C), respectively (n = 4 for A; and n = 3 for C).
(E) Top: experimental scheme: 2-month-old mice were i.p. injected with five consecutive doses of AMP (10 mg/mouse), and then injured with BaCl, in TA muscles,
followed by another five consecutive doses of AMP after injury. Mice were sacrificed at 4.5 dpi and TA muscle sections were subjected to H&E staining. Bottom:

representative images (n = 3 mice/group).

(F) FISCs were cultured with or without eAMP or eAdo and representative bright-field images were taken at various times as indicated.
(G) Quantification of mean cell sizes in (F) by Fiji (ImageJ): at each time point, >100 cells from three independent experiments were measured.
(H) FISCs were cultured with or without eAMP (0.25 mM) and harvested at various time points. Whole-cell lysates (WCLs) were subjected to western blotting.

(I) Quantification of data in (H) by densitometry (n = 3).
Data are presented as mean + SD.
Scale bars: 50 um in (A), (C), and (F), and 100 um in (E).
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and then assessed the activity of the electron transport chain
(ETC) by measuring the oxygen consumption rate (OCR). We
found that both Ado- and AMP-treated ASCs were severely
defective in ETC-dependent cellular respiration as shown by
reduced basal and maximal OCR (Figures 3F, 3G, and S5A).
Our recent work revealed that an elevated mTORC1 activity
is the main driving force for enhanced mitochondrial biogen-
esis and respiratory functions and critically regulates the cell
growth checkpoint (Zhou et al., 2021). If Ado or AMP indeed
impaired the cell growth checkpoint, it was likely that they
did so by targeting mTORC1. Indeed, our GSEA revealed
that genes related to mMTORC1 signaling were downregulated
in ASCs treated with either Ado or AMP (Figure 3A). Consis-
tently, by examining the phosphorylated ribosomal protein
S6 (pS6) and 4EBP1 (p4EBP1), two widely used readouts of
the mTORCH1 activity (Liu and Sabatini, 2020), we found that
the elevated mTORCH1 activity in ASCs that had been cultured
for 12-24 h was obviously suppressed by AMP or Ado treat-
ment (Figures 3H, 3, and S5B-S5D). Next, we tested whether
hyperactivation of mTORC1 could rescue the activation de-
fects in Ado- or AMP-treated ASCs. To do so, we induced
MuSC-specific Pten deletion in adult Pax7CTeER/CreER: prgpflow/-
flox. RogYFP/YFP mice. As expected, loss of Pten, a potent
negative regulator of the PIBK/mTORC1 pathway (Liu and Sa-
batini, 2020), in FISCs led to an elevated mTORC1 activity, as
shown by increased pS6 protein levels (Figure 4A). When we
treated FISCs from heterozygous control and Pten-knockout
(KO) mice with or without Ado or AMP, as expected, both
Ado and AMP potently inhibited EdU incorporation in control
ASCs. However, such an activation defect caused by Ado or
AMP was partially rescued in Pten-null ASCs, as shown by
much more EdU* Pten-null ASCs (Figures 4B and 4C). Taken
together, our data above showed that eAdo/eAMP inhibited
the mTORC1-dependent cell growth checkpoint.

eAdo/eAMP suppressed early activation of MuSCs
through ENTs and ADK

We next examined how eAdo and eAMP exerted their effects on
MuSCs. Ado could presumably exert its effect on target cells
through either Ado receptors or Ado transporters (Allard et al.,
2020; Boison and Yegutkin, 2019). To determine which of them
actually mediated the inhibitory effect of Ado on early activation
of MuSCs, we treated FISCs from wild-type mice with Ado in the
absence or presence of dipyridamole and CGS15943, the pan-
inhibitors for ENTs and Ado receptors, respectively (Holtzman,
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1996; Yao et al., 1997). As expected, eAdo treatment potently
suppressed cell cycle re-entry of FISCs, as shown by the pres-
ence of few EdU™ cells. Interestingly, dipyridamole dose-depen-
dently restored the percentage of EdU™ cells close to that in con-
trol SCs (Figures 5A and 5B). By contrast, CGS15943 had no
such rescuing effect on eAdo-treated SCs (our unpublished
data). As to eAMP, no membrane-bound AMP-specific trans-
porters or receptors were known to exist. Neither was the nega-
tively charged AMP expected to passively diffuse into target
cells. As genes encoding several ectonucleotidases (like Alp/
and Nt5e, which encode tissue non-specific alkaline phospha-
tase or TNAP and CD73, respectively) were expressed in
FISCs (Wang et al., 2018; Zhou et al., 2021), it was likely that
eAMP was first hydrolyzed to Ado by TNAP or CD73, which in
turn exerted its effects through ENTs. This hypothesis was sup-
ported by similar transcriptomic changes in ASCs elicited by
AMP or Ado (Figure S4). To further test this hypothesis, we
treated FISCs with eAMP in the absence or presence of dipyrida-
mole or CGS15943. Indeed, eAMP-mediated suppression of
EdU incorporation in ASCs was effectively rescued by dipyrida-
mole in a dose-dependent manner (Figures S6A and S6B).
CGS15943 had no such rescuing effects (our unpublished
data). After entering cells, Ado could be metabolized to either
inosine by ADA or AMP by ADK. AMP in turn could be further
converted to either IMP by AMP deaminase or ADP by adenylate
kinase (AK). To investigate which of these enzymes was involved
in mediating the inhibitory effect of eAdo on MuSCs, we treated
FISCs with eAdo in the absence or presence of various inhibitors
for these enzymes and then monitored EdU incorporation in cul-
ture. Although the inhibitors for ADA, AMP deaminase, or AK had
no obvious effect in restoring decreased EdU incorporation in
Ado-treated SCs (our unpublished data), ABT-702, a specific
ADK inhibitor (ADKI) (Jarvis et al., 2000), largely rescued the
cell cycle re-entry defect caused by Ado (Figures 5C and 5D).
Similarly, reduced EdU incorporation in eAMP-treated ASCs
was also efficiently rescued by ABT-702 but not by other inhibi-
tors (Figures S6C and S6D). Moreover, 5-iodotubercidin, another
specific ADKI structurally different from ABT-702, was as effec-
tive as ABT-702 in rescuing the cell cycle re-entry defect of
MuSCs treated by either eAdo or eAMP (Figures S6E-S6H),
which further strengthened our findings that ADK specifically
mediates the effect of eAdo/eAMP on MuSCs. To further explore
whether ADKI treatment could similarly rescue the early-activa-
tion defect of MuSCs in vivo, we chose diabetic db/db mice as
our model as we previously showed that their MuSCs were

Figure 3. eAdo and eAMP impaired mitochondria biogenesis and respiratory functions in MuSCs by inhibiting mTORC1
(A) Enriched terms (false discovery rate [FDR] < 0.05) by GSEA based on RNA-seq are shown.
(B) FISCs were cultured with or without eAMP (0.25 mM) or eAdo (0.1 mM) for various times. Cells were fixed and stained for Tomm20 (red) and DAPI (blue).

Representative fluorescent images are shown. Scale bar: 50 um.
(
(
(
(
(
(

(I) The band intensity in (H) was quantified by densitometry (n = 3).
Data are presented as mean + SD.
See also Figures S4 and S5.

C) Quantification of fluorescence intensity in (B) by Fiji (ImageJ): at each time point, >100 cells from three independent experiments were measured.

D) The fragments per kilobase of transcript per million mapped reads (FPKM) values of Ppargc1b were shown (n = 3 mice/group).

E) Representative western blot (n = 3) showing the protein levels of PGC1 in ASCs with or without eAMP or eAdo after 24 h in culture.

F) Oxygen consumption rate (OCR) in ASCs treated with or without eAdo for 24 h (n = 3 mice/group). The changes in mean basal and maximal OCR are shown.
G) Representative OCR plots for ASCs after 24 h in culture. FCCP, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone.

H) FISCs were cultured with or without eAMP for indicated times followed by western blotting.
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defective in cell cycle re-entry upon CTX-induced muscle injury
(Figures 1C-1E). Following the scheme in Figure 5E, we showed
that ABT-702 treatment had no obvious effect on EdU incorpo-
ration in ASCs from db/+ control mice, yet it partially rescued
defective EdU incorporation in ASCs from db/db mice
(Figures 5F and 5G). Collectively, our data above demonstrated
that ENTs and ADK critically mediate the inhibitory effect of
eAdo/eAMP on MuSCs.

eAdo/eAMP inhibited mTORC1 via AMPK

We showed that eAdo/eAMP impaired the early activation of
MuSCs by inhibiting mTORC1 (Figures 3H, 3I, and S5B-S5D).
It remained unclear how eAdo/eAMP did so. An obvious target
is Paxbp1 as our recent work showed that it also regulates the
cell growth checkpoint by inhibiting mTORC1 (Zhou et al.,
2021). However, our RNA-seq data indicated that the mRNA
levels of Paxbp1 were not altered by Ado or AMP. As ADKI
treatment rescued defective EdU incorporation in MuSCs
treated by AMP or Ado, it was likely that ADKI did so by
restoring the mTORC1 activity. To test this hypothesis, we
treated FISCs with Ado or AMP for 24 h in culture in the
absence or presence of ABT-702. We then determined the
mTORCH1 activity by western blot. While Ado or AMP treatment
alone potently suppressed mTORC1 activity as we showed
before, addition of ABT-702 together with Ado or AMP restored
its activity close to the levels seen in the vehicle-treated control
SCs (Figures 6A and 6B). The involvement of ADK (as well as
ENTSs) suggested that elevated levels of eAMP or eAdo could
ultimately lead to elevated levels of intracellular AMP, which
could in turn result in a higher intracellular [AMP)/[ATP] ratio
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Figure 4. Hyperactivation of mTORC1
through Pten deletion partially rescued the
cell cycle re-entry defect caused by eAdo
or eAMP

(A) WCLs from the same number of FISCs from
Pten-KO or heterozygous control (Hetz) mice
were subjected to western blotting (n = 2).

(B) FISCs from Pten-KO or Hetz mice were
cultured with EdU and different doses of eAMP
or eAdo for 48 h followed by cell fixation and
staining with EdU (green) and DAPI (blue).
Representative fluorescent images are shown.
Scale bar: 50 pm.

(C) Quantification of the percentage of EdU*
MuSCs from (B) (n = 3). Data are presented as
mean + SD.

and consequential activation of AMPK,
a known suppressor of mTORC1 (Liu
and Sabatini, 2020). To test this hypoth-
esis, we treated FISCs with 0.25 mM
AMP for various times and then
measured the cellular AMP and ATP
levels. Indeed, we found that eAMP
induced a quick rise in the [AMP)/[ATP]
ratio (Figure 6C). Consistently, using
C2C12 myoblasts, we showed that
AMP or Ado treatment induced AMPK
activity as shown by elevated levels of p-Thr172-AMPK (Fig-
ures 6D and 6E), an active form of AMPK (Garcia and Shaw,
2017). Moreover, 5-aminoimidazole-4-carboxamide-1-§-4-
ribo-furanoside (AICAR), a known agonist of AMPK (Towler
and Hardie, 2007), inhibited both mTORC1 activity and EdU
incorporation in FISCs in a dose-dependent manner
(Figures 6F-6l). Taken together, we showed that eAdo/eAMP
impaired mTORCH1 activity via activation of AMPK.

eAdo/eAMP inhibited cell cycle re-entry of human
MuSCs and fibroadipogenic progenitors by a conserved
mechanism

To find out whether eAdo/eAMP also impaired early activation of
adult human MuSCs, we isolated human MuSCs by FACS (Fig-
ure S7A) (Charville et al., 2015; Uezumi et al., 2016). The purity
of human MuSCs was more than 90% as judged by immuno-
staining for either Pax7 in FISCs or MyoD in cultured SCs
(Figures S7B-S7E). Similar to what we saw in mouse MuSCs,
addition of AMP or Ado potently inhibited EdU incorporation in
human MuSCs (Figures 7A and 7B). Importantly, addition of
ABT-702 together with either AMP or Ado largely restored EAU
incorporation close to the levels seen in vehicle-treated control
SCs (Figures 7A and 7B). In diabetic db/db mice, both eAMP
and eAdo were found to be elevated systemically (Dudzinska,
2014; Varadaiah et al., 2019; Xiang et al., 2018; Yang et al.,
2019a; Zhang et al., 2012). As both ENTs and ADK are ubiqui-
tously expressed, it is likely that eAdo/eAMP could also inhibit
other quiescent cells during their early activation. To test this hy-
pothesis, we turned to quiescent fibroadipogenic progenitors
(FAPs) in uninjured skeletal muscle (Joe et al.,, 2010). Like
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Figure 5. eAdo suppressed early activation of MuSCs through ENTs and ADK

(A-D) FISCs were cultured with EAU and eAdo with or without different does of dipyridamole (A, B) or ABT-702 (C, D) for 42 h followed by cell fixation and staining
for EAU (green for A and red for C) and DAPI (blue).

(B and D) Quantification of the percentage of EdJU* MuSCs in (A) and (C) (n = 4 for A and n = 3 for C).

(E) Experimental scheme: adult db/+ and db/db mice were i.p. injected with either ABT-702 (1.5 mg/kg mice) or 0.9% NaCl (vehicle) every other day for three
doses, followed by CTX injury to the lower hindlimb muscles. At 1.5 dpi, EJU was i.p. injected into the mice together with another dose of ABT-702 followed
by two more doses of EdU at 6 h apart. Mice were sacrificed at 2.5 dpi and FISCs from injured lower hindlimb muscles were subjected to EdU staining.

(F) Representative images of the in vivo EAU incorporation assays.

(G) Quantification of the percentage of EdJU* MuSCs from (F) (n = 3 mice/group).

Data are presented as mean + SD. Scale bars: 50 um.

See also Figure S6.
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QSCs, FAPs were activated and re-entered the cell cycle to
proliferate upon muscle injury in vivo or during growth in culture
(Joe et al., 2010). We cultured freshly isolated FAPs in the pres-
ence of EdU for 48 h with or without AMP or Ado. Indeed, either
eAdo or eAMP potently suppressed EdU incorporation in FAPs
(Figures 7C and 7D). Importantly, ABT-702 effectively rescued
the defects in EdU incorporation in FAPs treated by eAdo or
eAMP (Figures 7C and 7D). Our data above indicated that
eAdo/eAMP suppress activation of multiple quiescent cell types
including FAPs and human MuSCs via the conserved ENTs-ADK
signaling axis.

DISCUSSION

Purinergic signaling and diabetes

Purinergic signaling has been extensively studied in the past
three decades (Burnstock, 2012, 2016). Most such studies focus
on the opposing roles of eATP and eAdo during immune re-
sponses and tumor development (Allard et al., 2020; Cekic and
Linden, 2016; Di Virgilio and Adinolfi, 2017). In normal healthy tis-
sues, the levels of eATP and eAdo are very low (in the nanomolar
range) (Di Virgilio et al., 2017; Faas et al., 2017). However, they
can quickly rise to the micromolar range under pathological con-
ditions like inflammation, hypoxia, and tissue damage (Cekic and
Linden, 2016; Dosch et al., 2018; Faas et al., 2017). Dysregulated
eATP-P2 receptor signaling has been linked to a number of hu-
man diseases (Di Virgilio and Adinolfi, 2017; Huang et al., 2021;
ldzko et al., 2014). Similarly, disruption of Ado signaling also con-
tributes to human diseases, including Parkinson’s disease, can-
cer, and rheumatic diseases (Cronstein and Sitkovsky, 2017; Di
Virgilio and Adinolfi, 2017; Stone et al., 2009). Purinergic
signaling has also been studied in diabetes (Antonioli et al.,
2015; Pardo et al., 2017; Peleli and Carlstrom, 2017). Ado was
shown to regulate insulin secretion via A2a and f cell proliferation
and survival (Antonioli et al., 2015). An agonist of A2b was found
to have protective effects in type 1 diabetic mouse models by
ameliorating destruction of B cells by the immune systems (Nem-
eth et al., 2007). Moreover, previous work from us and others
showed that the levels of eAMP and eAdo were elevated in
plasma or muscle of diabetic mice and in plasma of patients
with diabetes (Dudzinska, 2014; Varadaiah et al., 2019; Xiang
et al.,, 2018; Yang et al., 2019a; Zhang et al., 2012). We found
that eAMP could regulate glucose homeostasis, insulin
signaling, and the activity of hepatic protein tyrosine phospha-
tase 1B in db/db diabetic mice (Xia et al., 2015; Yang et al.,
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2019a, 2019b; Zhang et al., 2012). However, in either patients
with diabetes or diabetic rodents, the exact cellular source of
eAMP/eAdo remains unclear at present. Possible candidates
include abundant adipocytes in obese db/db diabetic mice,
red blood cells, and endothelial cells (Antonioli et al., 2015;
Yang et al., 2019b).

eAdo suppresses early activation of quiescent adult
stem and progenitor cells via a conserved ENTs-ADK
signaling axis

Although purinergic signaling has been extensively studied in im-
mune cells and tumor cells, very few studies were conducted in
adult stem cells under either normal or pathological conditions.
An earlier study showed that eATP could promote the prolifera-
tion of CD34" hematopoietic stem cells (HSCs) (Lemoli et al.,
2004). eATP was also found to promote mobilization of HSCs
from bone marrow to peripheral blood, while eAdo inhibited
this process (Adamiak et al., 2018). In addition, both CD150-
high bone marrow T-regulatory cells (Tregs) and myeloid pro-
genitors were shown to promote HSC quiescence via eAdo
and Ado P1 receptors (Hirata et al., 2018; Umemoto et al.,
2018). Here, we investigated the impact of eAdo/eAMP on adult
MuSCs in db/db diabetic mice. We showed that elevated eAdo/
eAMP strongly inhibited activation of QSCs by preventing them
from re-entering the cell cycle. Although eAMP was as effective
as eAdo in suppressing activation of QSCs, its effect is most
likely mediated by Ado with the help of ectonucleotidases like
TNAP or CD73 based on the following evidence: first, no AMP-
specific membrane-bound receptors are known to exist. Sec-
ond, both eAMP and eAdo elicited very similar transcriptomic
changes in ASCs (Figure S4). Third, the suppressive effect of
AMP on MuSCs could be effectively reversed by an ENT inhibitor
(Figures S6A and S6B). Mechanistically, we showed that eAdo
exerts its inhibitory effect on MuSCs via the ENTs-ADK axis, re-
sulting in increased ratio of intracellular [AMP]/[ATP] and subse-
quent activation of AMPK. Increased AMPK activity can inhibit
mTORC1 via multiple mechanisms: AMPK can phosphorylate
Tsc2, which inhibits Rheb by converting it to a GDP-bound
form that cannot activate mMTORC1. Moreover, AMPK can also
directly phosphorylate Raptor, a key component of the mTORCH1
complex, to prevent mMTORC1 from activating its downstream
targets (Liu and Sabatini, 2020). Our recent work showed that
mTORCH1 is involved in two distinct checkpoints before QSCs
re-enter the cell cycle: an early-activation checkpoint involves
PI3K with mTORC1 being activated to a lower threshold. It

Figure 6. eAdo/eAMP suppressed mTORC1 via AMPK

(A) FISCs were cultured for 24 h under different conditions as indicated. WCLs were subjected to western blotting. A representative blot is shown.

(B) The relevant band intensity in (A) was quantified by densitometry (n = 3).

(C) FISCs were treated with 0.25 mM AMP in culture for various times. The cellular AMP and ATP levels were measured and the AMP to ATP ratios were calculated

and are presented (n = 3).

(D and E) C2C12 cells were serum starved for 4 h followed by treatment with eAMP for 15 min or eAdo for 12 h. WCLs were subjected to western blotting.
Representative blots are shown. Quantification was done similarly as described in (B) (n = 5 for D; n = 4 for E).
(F) FISCs were cultured with or without AICAR for 24 h. WCL were subjected to western blotting. A representative blot is shown.

(G) Quantification was done similarly as in (B) (n = 3).

(H) FISCs were cultured with AICAR and EdU for 46 h, followed by cell fixation and staining with EJU (green) and DAPI (blue).

() Quantification of the percentage of EQU™ MuSCs in (H) (n = 3).
Data are presented as mean + SD.
Scale bar: 50 um.
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Figure 7. eAdo/eAMP inhibited early activation of human MuSCs and mouse FAPs
(A-D) Freshly isolated human MuSCs (hMuSCs) (A, B) or mouse FAPs (C, D) were cultured with EAU and 0.25 mM eAMP or 0.1 mM eAdo with or without ABT-702
(1 uM for A and 0.5 uM for C) for various times (3 days for A and 2 days for C) followed by cell fixation and staining with EAU (green) and DAPI (blue).

(A and C) Representative fluorescent images. Scale bars: 50 um.

(B and D) Quantification of the percentage of EAU* hMuSCs from (A) (n = 4) and EdU* FAPs from (C) (n = 3), respectively. Data were presented as mean + SD. See

also Figure S7.

determines whether QSCs can start the activation process or be
awakened (Wang et al., 2018). A late activation checkpoint
operates around 16-24 h after injury, with mTORC1 being further
activated to a higher threshold to sustain rapid cell growth (Zhou
et al., 2021). Defects in either checkpoint block QSCs from re-
entering the cell cycle, resulting in a complete regeneration fail-
ure (Wang et al., 2018; Zhou et al., 2021). Such a two-tier activa-
tion profile for mTORC1 was also seen during activation of naive
T cells (also quiescent) in response to co-stimulation of T cell re-
ceptor (TCR) and CD28 (Yang et al., 2013). The elevated
mTORC1 activity in the late activation checkpoint is likely
induced by the nutrient sensing pathway to sustain rapid cell
growth before quiescent cells re-enter the cell cycle (Yang
et al., 2013; Zhou et al., 2021). We showed that eAdo impairs
MuSCs via the ENTs-ADK-AMPK signaling axis by specifically
inhibiting the elevated mTORC1 activity at the late cell growth
checkpoint (Figures 3H and S5B-S5D). Interestingly, metformin,
a first-line drug for diabetes treatment, is known to activate
AMPK (Pernicova and Korbonits, 2014). Based on our findings
here, the metformin-induced AMPK activation could lead to

12 Cell Reports 39, 110884, May 31, 2022

mTORCH1 inhibition in MuSCs, which would impair the functions
of MuSCs. Thus, it is likely that long-term metformin uptake may
generate undesirable side effects by impairing adult stem cells
and tissue regeneration. Consistently, a recent study found
that prolonged metformin uptake indeed delayed activation of
MuSCs both in culture and in vivo (Pavlidou et al., 2019). More-
over, we showed that the inhibitory effect of eAdo is not limited
to MuSCs, as activation of quiescent FAPs was also inhibited
by eAdo (Figures 7C and 7D). This suggests that eAdo could
inhibit multiple quiescent cell types via a conserved mechanism
during their transition into the proliferating state. In addition to
the impairment of early activation in MuSCs, we found that
Ado also impaired myogenic differentiation in culture (our unpub-
lished data), which could partially account for defective muscle
regeneration in db/db mice in vivo. Moreover, we also noticed
a decreased pool of QSCs in uninjured db/db mice, suggesting
defective maintenance of the QSC pool in type 2 diabetic mice
(Figures S2B-S2D). Our preliminary study showed that, unlike
QSCs from inducible Rbpj-KO mice, QSCs from db/db mice
did not undergo premature activation and differentiation, which
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may potentially account for a decreased QSC pool (Bjornson
et al., 2012; Mourikis et al., 2012). Instead, cell death is more
likely a cause as we detected upregulation of several pro-
apoptosis genes (e.g., p53 and Bax) in FISCs from db/db mice.
Nevertheless, using an apoptosis-sensitive cell-permeable
probe, we did not detect more apoptotic cells in FISCs from
db/db diabetic mice (our unpublished data). It is likely that
QSCs in db/db mice may die by a non-apoptosis mechanism.
Interestingly, a decreased QSC pool was also reported in type
1 diabetic human and mice (D’'Souza et al., 2016). It remains to
be determined whether elevated eAdo also underlies the
decreased QSC pool in both type 1 and type 2 diabetic mice.

ENT inhibitors like dipyridamole are already clinically
approved drugs for the treatment of cerebrovascular diseases
such as stroke (Chakrabarti and Freedman, 2008). Moreover,
dipyridamole was also found to have a protective role in dia-
betic nephropathy (Elsherbiny et al., 2015). Similarly, inhibition
of ADK in diabetic mice was also found to be beneficial:
ABT-702 was found to ameliorate diabetic retinopathy (Elsher-
biny et al., 2013) and to protect the kidney of STZ-induced dia-
betic mice (Pye et al., 2014). In addition, ADK inhibition also
promotes proliferation of rodent and porcine B cells (Annes
et al.,, 2012). Moreover, genetic disruption of Adk in mouse
pancreatic B cells protected mice against HFD-induced dia-
betes (Navarro et al., 2017). However, due to toxicity problems,
no ADK inhibitors have been approved for clinical use (Jarvis,
2019). Interestingly, prolonged ADKI treatment was shown to
reduce blood glucose levels in diabetic mice (Annes et al.,
2012; Elsherbiny et al., 2013; Navarro et al., 2017; Pye et al,,
2014), which was also confirmed by us (Figure S6l). Impor-
tantly, ABT-702 treatment of db/db mice mitigated the adverse
effect of eAdo on MuSC activation in vivo (Figures 5E-5G). Due
to the conserved nature of the eAdo-ENTs-ADK signaling axis
in both mouse and human MuSCs, both ENTs and ADK may
serve as promising therapeutic targets for restoring the regen-
erative potentials of adult stem/progenitor cells in patients with
diabetes.

Limitations of the study

Although our current study mainly focused on the impact of
elevated eAdo and eAMP on quiescent MuSCs in db/db diabetic
mice, other diabetes-associated pathogenic mechanisms,
including oxidative stress, chronic inflammation, and altered
metabolism and signaling pathways, could also impair the func-
tions of MuSCs. Moreover, dysfunctional vasculature and
altered immune systems that are commonly associated with dia-
betes could also impede muscle regeneration as both endothe-
lial cells of the vasculature and various immune cells are present
in injured muscles and known to interact with MuSCs during the
regeneration process. Furthermore, due to the broad expression
of ENTs and adenosine receptors, eAdo could also exert its ef-
fect on other cell types (e.g., immune cells, FAPs, and endothelial
cells). Therefore, our current study only represents a defined
pathogenic mechanism by which eAdo impairs MuSCs and mus-
cle regeneration. In the future, it will be important to elucidate
whether different pathogenic mechanisms are intrinsically con-
nected or act independently to impair tissue regeneration in
diabetes.
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Critical commercial assays

Click-iT EdU Cell Proliferation Kit Thermo Fisher Cat# C10337

ATP/ADP/AMP Assay Kit Biomedical Research Service & Cat# A-125
Clinical Application

Deposited data

RNA-seq of DMSO, AMP or Adenosine This paper GSE175786

treated MuSCs

Experimental models: Cell lines

C2C12 cell line ATCC CRL-1772

Experimental models: Organisms/strains

BKS.Cg-Dock7™+/+Lepre®/J
B6.12954-Pten'™Hwy/y

BB_Cg_PaX7tm1(cre/ERTZ)Gaka/J -
B6.129X1-Gt(ROSA)26Sor™! EYFPICos

The Jackson Laboratory
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(Zhou et al., 2021)

Stock No: 000642
Stock No: 006440
N/A

Software and algorithms

Fiji ImageJ)
CellProfiler Image Analysis Software
GraphPad Prism (v8)

National Institutes of Health
Broad Institute
Graphpad Software

RRID: SCR_002285
RRID: SCR_007358
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Zhenguo

Wu (bczgwu@ust.hk).

Materials availability

This study did not generate unique reagents.

Data and code availability

All raw and processed RNA-seq data have been deposited at GEO (GEO: GSE175786). Other data are available 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

The BKS.Cg-Dock7™+/+Leprd®/J (i.e., db/db) (Stock No: 000642) and the Pten™/1°* (Stock NO: 006440) mice were purchased from the
Jackson Laboratory (Bar Harbor, ME, USA). The Pax 7 "eERT2/CreERT2: pogYFP/YFP mice were described previously and generated in house
(Zhouetal., 2021). Allexperiments were performed using 1-6-month-old mice. Except for the experimentsin Figure S1D where only male
mice were used, both male and female mice were used for other in vivo studies as no obvious gender-specific differences were noticed.
All animal-based experiments were performed in accordance with protocols approved by the Animal ethics committee at HKUST.

Human skeletal muscle biopsies

Human skeletal muscles that remained attached to tendons were collected from nine patients (seven males and two females aged
between 18-55 years old) who underwent the “anterior cruciate ligament reconstruction” surgery following the protocol approved by
the Institutional Review Board at the Prince of Wales Hospital (Shatin, Hong Kong).
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METHOD DETAILS

Isolation of MuSCs by fluorescence-activated cell sorting (FACS)

To obtain human MuSCs (hMuSCs), collect muscles that remained attached to tendon graft after the anterior cruciate ligament
reconstruction (ACLR) surgery. 2~2.4 g of human muscles was minced first with a scalpel and then scissors, and digested by
10 mL collagenase Il (1000 U/mL) (#LS004177; Worthington Biochemical Corp) in Ham’s F10 with 10% horse serum (washing me-
dium) at 37°C for 90 min. To obtain mouse MuSCs, mice were sacrificed by cervical dislocation and hindlimb muscles were
dissected, minced, and digested by collagenase Il (800 U/mL) in Ham’s F10 with 10% horse serum at 37°C for 90 min. Digested hu-
man or mouse muscles were triturated and washed once by washing medium. Then, muscles were subjected to another digestion
with collagenase Il (80 U/mL) and Dispase (1 U/mL) (#17105041, Thermo Fisher) for 30 min. The cell suspensions were passed
through a syringe fitted with a 20 Gauge needle for 15 times followed by filtration through a 40 um Nylon Cell Strainer (BD Biosci-
ences). To isolate hMuSCs, single-cell suspensions were incubated with the following antibodies (all antibodies were used at a dilu-
tion of 1:75) for 45 min: CD31-Alexa Fluor 488, CD45-Alexa Fluor 488, CD34-FITC, ITGB1-APC and NCAM-Biotin, and then with a
secondary antibody (Streptavidin-PE at a dilution of 1:125) for 15 min followed by FACS-mediated isolation of hMuSCs (NCA-
M*ITGB1"CD317/CD457/CD34"). For mice carrying a YFP reporter, single-cell suspensions were directly loaded to a cell sorter for
isolation of YFP* MuSCs. For mice without a YFP reporter, single-cell suspensions were incubated with the following antibodies
(all antibodies were used at a dilution of 1:75) for 45 min: CD31-FITC, CD45-FITC, Sca1-Alex 647 and Vcam1-Biotin, and then a sec-
ondary antibody (Streptavidin-PE-Cy7) for 15 min followed by FACS-mediated isolation of MuSCs (CD317/CD45/Scal”/Vcam1*).
Based on Pax7 immunostaining, more than 90% of mouse or human MuSCs isolated by the FACS schemes above were Pax7*
(see Figures S2A and S7).

Isolation of single myofibers

The extensor digitorum longus (EDL) muscles were carefully dissected and digested by collagenase Il (800 U/mL) at 37°C for 75 min,
followed by gentle trituration with a glass pipette in washing medium to release single myofibers. The intact myofibers were picked by
a blue tip that was pre-coated with filtered horse serum.

Muscle injury by cardiotoxin (CTX) or BaCl, injection

Adult mice were anesthetized by intraperitoneal injection of Avertin (0.5 mg/g body weight). To injure TA muscles, we injected 30 pL of
either CTX (10 uM) in 0.9% NaCl or BaCl, (1.2%) into TA muscles to induce acute muscle injury. For lower hindlimb muscle injury, a
total of 50 pL of CTX (10 uM) was injected into 8 spots in lower hindlimb muscles. Muscles were then collected at various time points
for histological, immunostaining or FACS analysis.

Hematoxylin and eosin (H&E) staining

TA muscles were dehydrated in 20% sucrose and embedded in O.C.T. Embedded muscles were sectioned to 8 um slices using a
Leica Cryostat. TA muscle sections were fixed with 4% paraformaldehyde (PFA) for 10 min and rinsed with water. Fixed muscle sec-
tions were immersed in hematoxylin staining solution for 30 min followed by differentiating in 1% HCI and neutralizing in ammonia
solution, with water rinsing after each step. This was followed by eosin staining for 3 min and sequential dehydration in 70% ethanol,
80% ethanol, 95% ethanol, 100% ethanol, 50% ethanol with 50% xylene and 100% xylene before mounting.

Immunostaining

Cells or myofibers were fixed with 4% PFA for 5 min, washed with PBS with 0.1% Triton (0.1% PBST) for 3 times, permeabilized in
0.5% PBST for 20 min and subsequently blocked in 4% IgG-free BSA for at least 1 h at room temperature. After removal of the block-
ing solution and washing, samples were incubated with a primary antibody at 4°C overnight followed by washing and incubating with
a secondary antibody and 100 ng/mL of 4’,6-diamidino-2-pheny-lindole (DAPI) for another 1 h. After washing with 0.1% PBST, slides
were mounted with Mowiol and imaged by fluorescence microscopy. Immunostaining of muscle sections was performed similarly as
described above, except that 0.3% PBST was used for washing. For Pax7 and eMHC staining on muscle sections, antigen retrieval
was carried out by boiling sections in 0.01 M of citric acid (pH 6.0) at 90°C twice (5 min/each time) prior to blocking. For EdU labeling,
cells or myofibers were cultured with 10 uM of EdU during labeling. After fixation, the click chemistry reaction was performed accord-
ing to manufacturer’s instructions.

Western blot

Cells were washed with PBS and lysed in lysis buffer (50 mM Tris, pH 7.4, 1% Triton, 150 mM NaCl, 10% glycerol, supplemented with
protease and phosphatase inhibitors) for 10 min, followed by sonication. Samples were then centrifuged at 13,000 rpm for 10 min and
soluble whole cell lysates were collected. 20~50 pg of cell lysates was heat-denatured in SDS sample buffer and proteins were sepa-
rated by 8%-12% SDS-PAGE followed by protein transfer to PVDF membrane. The membrane was first blocked with 10% milk in
0.1% TBST for 1 h, then incubated with a primary antibody overnight at 4°C or 3-4 h at room temperature, followed by incubation
with a secondary antibody for 1 h at room temperature. After washing, the enhanced chemiluminescence (ECL) solution and the
ChemiDoc Image System were used to detect signals.
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EdU labelling

5-Ethynyl-2’-deoxyuridine (EdU) from the Click-iT EdU Alexa Fluor 488 Imaging Kit (Thermo Fisher) was used to label proliferating
cells, The EdU was dissolved in DMSO and added to cells or myofibers at a final concentration of 10 pM. For in vivo EdU labeling,
1.5 days post-injury (dpi), EAU (5 pL of 10 mM solution/g) was injected into mice intraperitoneally every 6 h for 3 doses. Mice were
sacrificed at 2.5 dpi and MuSCs were isolated by FACS and immediately subjected to EdU staining.

The AMP/ATP assay

The concentration of intracellular ATP and AMP was determined by the ATP/ADP/AMP Assay Kit (Biomedical Research Service &
Clinical Application) following manufacturer’s instructions. The bioluminescence of each sample was measured on a Lumat LB
9507 Ultra Sensitive Tube Luminometer (Berthold Technologies).

The Seahorse Cell Mito Stress assay

The oxygen consumption rate (OCR) was measured by a Seahorse XFp Analyzer (Agilent, CA, USA) using the “Cell Mito Stress” test
kit. 5 x 10* of FISCs were seeded into each well of a miniplate and cultured in growth medium (F10 plus 10% horse serum). The day
before the assay, a sensor cartridge was hydrated in Agilent Seahorse XF Calibrant at 37°C in a non-CO, incubator overnight. During
the day of assays, the growth medium was substituted with XF DMEM (pH 7.4) supplemented with 1 mM of pyruvate, 2 mM of
glutamine and 1 g/L of glucose and cells were incubated in a non-CO, incubator at 37°C for 1 h. The “Cell Mito Stress” assays
were performed following manufacturer’s instructions. The final concentration of different ETC inhibitors used in the assays were
as follows: 2.5 uM of Oligomycin A, 5 uM of FCCP, 2 uM of Rotenone and 1.5 uM of Antimycin A.

RNA-seq and data processing

~8 x 10° of FISCs from each of the three mice were divided in three wells and cultured with or without 0.1 mM of Ado or 0.25 mM of
AMP for 24 h. Total RNA was extracted with the NucleoSpin RNA XS kit (MACHEREY-NAGEL) following manufacturer’s instructions.
cDNA was then synthesized and amplified according to the Smart-Seq2 protocol (Picelli et al., 2014). Purified cDNA was then frag-
mented using Tn5 followed by library construction using the TruePrep® DNA Library Prep Kit V2 for lllumina (Vazyme, Nanjing, China).
Over 25 million paired-end sequencing reads were obtained for each sample. Raw sequencing reads were mapped to the mouse
reference genome (GRCm38/mm10) using STAR aligner. The raw counts table was generated with FeatureCount, followed by dif-
ferential gene expression analysis with the DEseq2 R package. Differentially expressed genes with absolute log2 fold change >1
and padj <0.05 were considered significant. Raw data were uploaded to GEO (GEO: GSE175786). For GSEA, the DEseq2 normalized
count table was used as an input file using default parameters. Two gene set databases, Hallmark and C5 (Gene ontology), were used
for differential pathway enrichment. False discovery rate (FDR) g values were calculated by gene permutation and gene sets with FDR
g value less than 5% were selected.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image quantification

Cell sizes, cross-section areas of myofibers, and the fluorescence intensity of Tomm20 were quantified using Fiji (https://imagej.net/
software/fiji/). The fluorescence intensity of pS6 was quantified by CellProfiler (https://cellprofiler.org/).

Statistical analysis

All error bars represent standard deviation (s.d.). The experimental data were analyzed with GraphPad Prism. Data were analyzed
with unpaired, two-tailed Student’s t-test when comparing two groups.
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