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p110a of PI3K is necessary and sufficient for
quiescence exit in adult muscle satellite cells
Gang Wang, Han Zhu, Chenghao Situ, Lifang Han, Youqian Yu, Tom H Cheung, Kai Liu &

Zhenguo Wu*

Abstract

Adult mouse muscle satellite cells (MuSCs) are quiescent in unin-
jured muscles. Upon injury, MuSCs exit quiescence in vivo to
become activated, re-enter the cell cycle to proliferate, and dif-
ferentiate to repair the damaged muscles. It remains unclear
which extrinsic cues and intrinsic signaling pathways regulate
quiescence exit during MuSC activation. Here, we demonstrated
that inducible MuSC-specific deletion of p110a, a catalytic subunit
of phosphatidylinositol 3-kinase (PI3K), rendered MuSCs unable to
exit quiescence, resulting in severely impaired MuSC proliferation
and muscle regeneration. Genetic reactivation of mTORC1, or
knockdown of FoxOs, in p110a-null MuSCs partially rescued the
above defects, making them key effectors downstream of PI3K in
regulating quiescence exit. c-Jun was found to be a key transcrip-
tional target of the PI3K/mTORC1 signaling axis essential for MuSC
quiescence exit. Moreover, induction of a constitutively active PI3K
in quiescent MuSCs resulted in spontaneous MuSC activation in
uninjured muscles and subsequent depletion of the MuSC pool.
Thus, PI3K-p110a is both necessary and sufficient for MuSCs to exit
quiescence in response to activating signals.
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Introduction

In vertebrate skeletal muscles, adult muscle stem cells, also called

muscle satellite cells (MuSCs), are quiescent and sandwiched

between the sarcolemma of individual myofibers and the surround-

ing basal lamina (Brack & Rando, 2012; Yin et al, 2013; Sambasivan

& Tajbakhsh, 2015). These adult MuSCs derive from the Pax3/Pax7-

positive progenitor cells in the dermomyotome during embryonic

development and are characteristically marked by Pax7 expression

in postnatal muscles (Buckingham & Relaix, 2015). MuSCs are

responsible for injury-induced muscle regeneration (Collins et al,

2005; Sacco et al, 2008; Lepper et al, 2011; Murphy et al, 2011;

Sambasivan et al, 2011). Our current understanding of MuSCs

during injury-induced muscle regeneration is as follows: Upon

muscle injury, the quiescent MuSCs (QSCs) first exit quiescence to

become activated satellite cells (or ASCs), re-enter the cell cycle to

proliferate to increase in numbers (now called muscle precursor

cells or myoblasts), and then differentiate and fuse to become multi-

nucleated myotubes, eventually resulting in a full regeneration of

the damaged muscles. During regeneration, a small number of the

proliferative myoblasts can return back to quiescence to replenish

the pool of QSCs (i.e., self-renewal). Morphologically, the Pax7+

QSCs are small in size (~6 lm) with scarce cytoplasm and increased

nuclear heterochromatin that is readily detectable by electron micro-

scopy (Mauro, 1961; Fukada et al, 2007; Rodgers et al, 2014). In

contrast, ASCs and proliferative myoblasts are bigger in size

(~11 lm) with more cytoplasm and less heterochromatin and are

molecularly characterized by the expression of MyoD (Yin et al,

2013), a member of the skeletal muscle-specific myogenic regulatory

factor (MRF) subfamily that also includes Myf5, MRF4, and

myogenin (Tapscott, 2005).

Adult QSCs are tightly regulated. They remain quiescent in vivo

with little turnover over a long period of time without being affected

by routine daily muscular activities (Lepper et al, 2009; Chakkalakal

et al, 2012; Pawlikowski et al, 2015). In response to muscle injury,

it takes about an average of 24–36 h in vivo before most QSCs start

to enter the first cell cycle as evidenced by the incorporation of a

nucleoside analog (e.g., EdU or BrdU; Rocheteau et al, 2012;

Rodgers et al, 2014). Similarly, it takes about 24–36 h before most

of the freshly isolated MuSCs enter the first cell cycle in culture. A

number of molecules and signaling pathways have been found to

regulate MuSC quiescence. For example, Tie-2, Sprouty1, miR-489,

Pten, eIF2a, and Suv4-20 h1 were all shown to affect MuSC quies-

cence via various mechanisms (Abou-Khalil et al, 2009, 2; Shea

et al, 2010; Cheung et al, 2012; Boonsanay et al, 2016, 4; Zismanov

et al, 2016, 2; Yue et al, 2017). Interference of any of these regula-

tors compromises either quiescence maintenance in uninjured

muscles or reestablishment of the QSC pool (i.e., self-renewal) after
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muscle injury. In addition, the Notch pathway was found to be

indispensable for maintaining MuSC quiescence. Inactivation of the

Notch pathway results in spontaneous activation of MuSCs and

subsequent depletion of the MuSC pool (Bjornson et al, 2012;

Mourikis et al, 2012), while deliberate activation of the Notch

signaling in MuSCs upregulates Pax7 expression and promotes the

self-renewal of MuSCs during injury-induced muscle regeneration

(Wen et al, 2012). However, it is unclear whether quiescence exit is

actively regulated by a molecule or signaling pathway.

The phosphatidylinositol 3-kinase (PI3K)/mechanistic target of

rapamycin complex 1 (mTORC1) pathway is required for multiple

cellular processes (Vanhaesebroeck et al, 2012; Thorpe et al, 2015;

Saxton & Sabatini, 2017). This pathway is typically activated by

various growth factors (e.g., epidermal growth factor) via distinct

receptor tyrosine kinases (RTKs) on the plasma membrane. Muta-

tions in several key components of the pathway that render the

pathway constitutively active have been found in multiple human

malignancies (Vanhaesebroeck et al, 2012; Thorpe et al, 2015). In

myoblasts, the PI3K/mTOR pathway was found to promote

myogenic differentiation in cell culture studies (Tamir & Bengal,

2000; Xu & Wu, 2000). In adult skeletal muscles, the pathway was

also found to suppress muscle atrophy via mTORC1 and FoxOs

(Sandri et al, 2004; Stitt et al, 2004; Bentzinger et al, 2008; Risson

et al, 2009). Recently, mTORC1 was also found to promote a rever-

sible “GAlert” state in adult MuSCs upon injury (Rodgers et al,

2014), while FoxO3a was found to regulate the self-renewal of

MuSCs after injury (Gopinath et al, 2014). The role of PI3K in regu-

lating adult MuSCs has not been explored.

Here, we investigated the role of p110a of PI3K in adult MuSCs

and muscle regeneration in vivo. By using different mouse models,

we demonstrated that p110a of PI3K in adult MuSCs is both neces-

sary and sufficient for injury-induced quiescence exit and the cell

cycle re-entry. We further revealed that PI3K exerts its functions in

MuSCs via two inter-connected signaling axes: mTORC1-c-Jun and

FoxOs.

Results

p110a of PI3K was indispensable for adult MuSC functions in vivo

Recent transcriptome analysis of adult MuSCs revealed that p110a
mRNA is the most abundantly expressed catalytic subunit of PI3K in

both QSCs and ASCs (Liu et al, 2013; Ryall et al, 2015). To examine

the activation status of the PI3K pathway in adult MuSCs, we

isolated single myofibers, fixed them either right away (for QSCs) or

after 24 h in culture (for ASCs), and then performed immunostain-

ing for the phosphorylated ribosomal S6 protein (p-S6), a very sensi-

tive marker for the activated PI3K/mTORC1 pathway (Park et al,

2008; Vanhaesebroeck et al, 2012; Rodgers et al, 2014; Saxton &

Sabatini, 2017). We found that the obvious p-S6 signal was only

detected in ASCs (Fig EV1A). Consistently, p-S6 was only detected

in ASCs on muscle sections from acutely injured muscles in vivo

(Fig EV1B). Our data indicated that the PI3K pathway was inactive

in QSCs but became activated in ASCs. To reveal a functional role of

PI3K in adult MuSCs in vivo, we first conditionally deleted p110a in

Pax7-expressing cells during development using a non-inducible

Pax7-Cre line (as the germline knockout of p110a was

embryonically lethal) (Bi et al, 1999; Keller et al, 2004; Zhao et al,

2006). In multiple litters we examined, no live homozygous mutant

pups were found (Fig EV2A), indicating an indispensable role of

PI3K in Pax7-expressing cells during embryonic development. To

bypass the embryonic lethality problem, we generated a MuSC-

specific and tamoxifen-inducible p110a knockout (KO) mouse strain

(i.e., p110af/f:Pax7CreER, also abbreviated as p110a-iKO or iKO there-

after; Fig EV2B) (Murphy et al, 2011). The cardiotoxin (CTX)-

induced muscle injury-regeneration model was employed to interro-

gate the in vivo function of MuSCs with or without p110a (Chargé &

Rudnicki, 2004). At day 2 post-injury, similar extent of injury as

manifested by the appearance of numerous infiltrating immune cells

(arrowheads) and degenerating myofibers (pink circles) was seen

on the tibialis anterior (TA) muscle sections from both heterozygous

control and p110a-iKO mice (Fig 1A). By day 5 or day 7 post-injury,

multiple small regenerating myofibers (i.e., those with central

nuclei) appeared on muscle sections from control mice. By contrast,

very few such regenerating myofibers were found in muscles from

the p110a-iKO mice (Fig 1A). Consistently, by immunostaining for

embryonic myosin heavy chain (eMHC), a protein that is only tran-

siently expressed in early regenerating myofibers (d’Albis et al,

1988), we could detect numerous eMHC+ myofibers on muscle

sections from the control mice. Yet, very few such myofibers were

detected in muscles from the p110a-iKO mice (Fig 1B and C). By

day 14 post-injury, while the injured TA muscles from the control

mice were fully regenerated, those from the p110a-iKO mice

remained largely unrepaired. A few small regenerating myofibers

(arrows) could be found in mutant muscles, which could derive

from p110a+ MuSCs that escaped Cre-mediated recombination.

Even at day 28 post-injury, a large portion of TA muscles in p110a-
iKO mice remained unrepaired (Fig 1A), indicative of a severe block

in muscle regeneration. Thus, p110a of PI3K was indispensable for

MuSC functions in vivo.

Deletion of p110a in adult MuSCs in uninjured muscles reduced
Pax7 protein levels without obviously affecting the
MuSC number

To understand what caused the regeneration failure in p110a-iKO
mice, we first examined the number of MuSCs in uninjured muscles

from the mutant mice. By immunostaining for Pax7, a most

commonly used marker for MuSCs, we found that there was a 90%

decrease in the number of Pax7+ MuSCs on TA muscle sections

from uninjured p110a-iKO mice compared with that from the

heterozygous controls (Fig 2A and B). Similarly, the number of

Pax7+ MuSCs was also low on single myofibers freshly isolated

from uninjured p110a-iKO mice (Fig 2C). Moreover, in MuSCs

freshly isolated by fluorescence-activated cell sorting (FACS) based

on Vcam1 expression (Liu et al, 2015), the percentage of Vcam1+/

Sca1� MuSCs from p110a-iKO mice was obviously reduced

compared to that of the control mice (Fig 2D, top). Consistently, the

majority of the MuSCs freshly isolated by FACS from the mutant

mice was also negative for Pax7 staining (Fig 2D, bottom). It was

unclear whether the results above reflected an actual decrease in the

number of MuSCs or simply a reduction in the levels of Pax7 or

Vcam1 proteins. To address this issue, we generated the mouse strains

(i.e., heterozygous control: p110af/+:Pax7CreER/CreER:R26RYFP/YFP;
and p110a-iKO mice: p110af/f:Pax7CreER/CreER:R26RYFP/YFP) with a
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Pax7-dependent reporter gene encoding yellow fluorescence protein

(YFP) expressed from the Rosa26 locus so that YFP+ cells in

muscles represented MuSCs irrespective of the expression status of

Pax7 protein. When we isolated MuSCs by FACS based on YFP

expression, unexpectedly, we found that there was not much reduc-

tion in the number of YFP+ MuSCs from uninjured muscles of

p110a-iKO mice (Fig 2E), indicating that it was the levels of Pax7

protein rather than the number of MuSCs that were obviously

reduced in p110a-iKO mice. To further prove the point, we isolated

Vcam1+ MuSCs by FACS from p110af/f:Pax7CreER/CreER:R26RYFP/YFP

mice and induced p110a deletion in culture by addition of 4-hydro-

xytamoxifen (4-OHT). We harvested the cells and analyzed the cell

lysates by Western blot. We first confirmed that 4-OHT induced effi-

cient p110a deletion in culture (Fig 2F). Importantly, the protein

levels of Pax7 were clearly reduced in p110a-deleted cells (Fig 2F).

Moreover, the protein levels of MyoD, but not Myf5, were also

reduced in such cultured cells without p110a (Fig 2F). As inhibition

of class I PI3K is known to induce autophagy (Mizushima et al,

2010), we next examined whether the reduction in Pax7 protein

was due to enhanced autophagy. Firstly, by deleting p110a with

4-OHT in cultured MuSCs, we showed that the reduced Pax7

protein levels in such cells could be partially restored by LY294002,

a known inhibitor of autophagy (Fig EV3A; Mizushima et al, 2010).

p62, a well-established substrate of autophagy (Mizushima et al,

A

B C

Figure 1. Inducible deletion of p110a in adult MuSCs severely impaired muscle regeneration.

A Top: the experimental scheme. Eight-week-old heterozygous (Ctrl) and iKO littermates (n = 3, in each group) were first treated with tamoxifen (Tmx) over 4 weeks
followed by cardiotoxin (CTX) injection into tibialis anterior (TA) muscles. Mice were sacrificed 2, 5, 7, 14, and 28 days post-injury, and TA muscles were subjected to
cryosectioning and hematoxylin–eosin staining. Representative images of regenerating TA muscles are shown. The 2nd and 4th rows are enlarged images of the boxed
areas shown above. Arrowheads: immune cells.

B Sections of TA muscles from D5 mice in (A) were immunostained for eMHC (red) and laminin (green). The nuclei were counterstained by DAPI (blue).
C Quantification of eMHC+ myofibers from (B) by examining multiple TA sections from three pairs of mice.

Data information: Scale bars: 100 lm. In (C), the data are presented as mean � s.d. ***P < 0.001; unpaired Student’s t-test.
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2010), was included as a control. Secondly, by knocking down Atg5

that encodes a key component of the autophagy machinery

(Mizushima et al, 2010), we found that the reduced Pax7 protein

levels were again partially restored (Fig EV3B). Thus, our data

above demonstrated that inducible deletion of p110a in MuSCs of

uninjured muscles did not obviously affect the maintenance of

MuSCs but led to an obvious reduction in Pax7 protein levels via

enhanced autophagy.

p110a was indispensable for quiescence exit and the cell cycle
re-entry in adult MuSCs upon activation

To functionally characterize p110a-null MuSCs, we first induced

p110a deletion in adult MuSCs and then isolated MuSCs from the

control and p110a-iKO mice by FACS. The same number of freshly

isolated MuSCs was then seeded in culture and grown for 2 days.

5-ethynyl-20-deoxyuridine (EdU) was added to the culture four hours

before cell fixation and analysis. While nearly 60% of MuSC-derived

primary myoblasts from the control mice incorporated EdU, less

than 20% of such cells from the mutant mice did so (Fig EV4A and

B). To examine the proliferation potential of p110a-null MuSCs

in vivo, we injured the TA muscles of the control and p110a-iKO
mice (all carrying the R26RYFP reporter) with CTX and then exam-

ined YFP+ ASCs two and a half days after the injury. By immunos-

taining, multiple YFP+ cells were detected on TA muscle sections

from the control mice, which was indicative of normal expansion of

MuSCs upon muscle injury, but few YFP+ cells were found on TA

muscle sections from p110a-iKO mice (Fig 3A and B). As QSCs need

to exit quiescence and re-enter the cell cycle before they undergo

proliferation, it was unclear whether the severe proliferation deficit

seen in p110a-null MuSCs was due to a defect in quiescence exit or

the subsequent “cell cycling” step. To directly address this issue, we

first isolated single myofibers from the control and p110a-iKO mice

and then suspended them in culture with EdU for 48 h. Under such

conditions, nearly all MuSCs on myofibers from the control mice

incorporated EdU, but very few mutant MuSCs did so (Fig 3C and

D). Next, we directly examined the ability of p110a-null MuSCs to

incorporate EdU in vivo upon injury (Fig 3E, top). Consistent with

the results in culture, while ~70% of the YFP+ MuSCs from the

control mice already incorporated EdU two and a half days after the

injury, less than 20% of the mutant MuSCs did so in vivo (Fig 3E

and F).

Although our data above clearly showed that p110a-null MuSCs

were defective in the cell cycle re-entry, it was unclear whether they

failed to exit quiescence or were blocked at the G1/S transition.

QSCs have several hallmarks including the compact cell size with

scarce cytoplasm and low RNA content, both of which increase

upon activation of QSCs and could thus be used as indicators of

quiescence exit (Fukada et al, 2007; Rodgers et al, 2014). On FACS

plots, we found that the freshly isolated p110a-null MuSCs were

even smaller in size than the control MuSCs based on the mean

forward scatter (FSC) values (Fig EV4C). This was most likely due

to the fact that the control “MuSCs” was already partially activated

during the isolation process (van den Brink et al, 2017; Machado

et al, 2017; van Velthoven et al, 2017). Consistently, on freshly

isolated myofibers, we found that the size of the mutant MuSCs was

indeed smaller than that of the control MuSCs (Fig EV4D and E). By

Pyronin Y staining for total RNA (Shapiro, 1981; Fukada et al, 2007;

Rodgers et al, 2014), we found that more freshly isolated p110a-null
MuSCs were stuck in the G0 state with very low RNA content than

the control MuSCs (Fig 3G, top). Furthermore, in freshly isolated

ASCs 36 h after the CTX injury, while ~65.4% of the control ASCs

A D

B E

C F

Figure 2. Ablation of p110a in adult MuSCs from uninjured muscles
reduced Pax7 protein levels without obviously affecting the MuSC
number.

A Adult control and iKO mice (n = 3) were treated with Tmx as described in
Fig 1. Seven days after the last injection of Tmx, mice were sacrificed and
TA muscle sections were immunostained for Pax7 (red). The nuclei were
counterstained by DAPI (blue).

B Quantification of Pax7+ MuSCs per field of TA muscle sections from (A) by
examining multiple sections from three pairs of mice.

C Freshly isolated single myofibers (n > 20) from three pairs of Ctrl or iKO
mice were immediately fixed and immunostained for Pax7.

D Top: representative FACS plots showing the percentage of Vcam1+ MuSCs
(boxed areas) among the CD31�CD45�Sca1� cell populations from
uninjured muscles of the Ctrl and iKO mice (n = 3 in each group). Bottom:
Sorted YFP+ MuSCs were immediately fixed and immunostained for Pax7
(green). The nuclei were counterstained by DAPI (blue).

E Quantification of YFP+ MuSCs in whole hindlimb muscles by FACS from the
Ctrl and iKO mice (n = 5).

F FACS-isolated MuSCs from iKO mice (without Tmx) were cultured for
2 days followed by 2 days of 4-OHT treatment. Whole-cell lysate was
subjected to Western blotting.

Data information: Scale bars: 50 lm. In (B–E), the data are presented as
mean � s.d. ***P < 0.001; unpaired Student’s t-test.
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F

G

D

E

Figure 3. p110a was indispensable for quiescence exit and the cell cycle re-entry in adult MuSCs upon injury.

Adult littermates (n = 3 in each group) of the Ctrl and iKO mice were injected with Tmx as described in Fig 1.

A Top: the experimental scheme. 2.5 days post-injury, TA muscle sections were immunostained for YFP (red). The nuclei were counterstained by DAPI (blue). m: month; d: day.
B Quantification of the YFP+ MuSCs from (A) by counting ~250 cells/mouse.
C Freshly isolated single fibers (n > 20) were cultured with EdU for 48 h. Cells were then fixed and subjected to staining for EdU (white), p-S6 (green), and YFP (red).

Representative images are shown.
D Quantification of the EdU+ MuSCs from (C) by counting > 20 fibers/mouse.
E Top: the experimental scheme. Lower hindlimb muscles were injured by CTX followed by intraperitoneal injection of two doses of EdU at 40 and 48 h post-injury.

MuSCs from lower hindlimb muscles were sorted by FACS, fixed immediately and stained for EdU (green). The nuclei were counterstained by DAPI (blue). The
representative images are shown.

F Quantification of the EdU+ MuSCs from (E) by counting ~500 MuSCs/mouse.
G FACS-isolated MuSCs from uninjured or injured muscles (36 h post-injury) of the control and iKO mice were stained with Hoechst 33342 and Pyronin Y and analyzed

by FACS.

Data information: Scale bars: 25 lm. In (B, D, F), the data are presented as mean � s.d. ***P < 0.001; unpaired Student’s t-test.
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already exit the G0, most (~73.9%) of the p110a-null MuSCs

remained in the G0 state (Fig 3G, bottom). In addition, the expres-

sion of MyoD protein also indicates quiescence exit as MyoD is only

expressed in ASCs but not QSCs (Yin et al, 2013; Sambasivan &

Tajbakhsh, 2015). When we put freshly isolated MuSCs in culture

for 36 h, we found that nearly all control MuSCs were MyoD+

(Fig EV4F and G). In contrast, barely any p110a-null MuSCs were

MyoD+ at this time point. Thus, our data above indicated that loss

of p110a in MuSCs prevented them from exiting quiescence and re-

entering the cell cycle upon activation.

mTORC1 is a key downstream mediator of p110a in regulating
quiescence exit in adult MuSCs

PI3K can transmit signals via multiple downstream signaling

molecules, with mTORC1 being the most prominent one (Saxton &

Sabatini, 2017). To test whether mTORC1 functions downstream of

PI3K to regulate quiescence exit in MuSCs, we decided to deliber-

ately activate mTORC1 in p110a-null MuSCs by further deleting

Tsc1, a specific repressor of mTOCR1 (Saxton & Sabatini, 2017). To

do so, we generated tamoxifen-inducible MuSC-specific p110a/Tsc1
double knockout mice with a YFP reporter expressed from the

Rosa26 locus (i.e., Tsc1f/f:p110af/f:Pax7CreER/CreER:R26RYFP/YFP;

abbreviated as idKO thereafter). After tamoxifen treatment, we

isolated MuSCs by FACS and cultured them for 2 days in the pres-

ence of EdU. By immunostaining, we showed that the p-S6 signal,

while barely detectable in p110a-null MuSCs, was largely rescued

in MuSCs from idKO mice to a level comparable to that in MuSCs

from the control mice (Fig 4A and B), further confirming that

mTORC1 was indeed re-activated in MuSCs from idKO mice.

Importantly, we found that the defective EdU incorporation in

p110a-null MuSCs was largely, but not fully, restored in MuSCs

from idKO mice (Fig 4A and B). On FACS plots, we also noticed

that the average size of the freshly sorted MuSCs from idKO mice

was bigger than that from p110a-iKO mice and similar to that from

the control mice (Fig 4C, top). Moreover, we found that the

reduced percentage of the Vcam1+ MuSCs in p110a-iKO mice was

largely rescued in idKO mice to a level close to that from the

control mice (Fig 4C, bottom). Similarly, using 4-OHT to induce

p110a deletion in cultured MuSCs isolated from iKO and idKO

mice (not treated with tamoxifen), we found that the reduced

Pax7 expression in p110a-null MuSCs was also largely restored

when both p110a and Tsc1 were deleted (Fig 4D). By immuno-

staining for Pax7 using either freshly isolated myofibers or FACS-

isolated MuSCs, we further confirmed that the reduced expression

of Pax7 in p110a-null MuSCs was largely, but not fully, rescued in

MuSCs from idKO mice (Fig 4E and F). As mTORC2 is also a

known downstream mediator of PI3K (Saxton & Sabatini, 2017),

we asked whether mTORC2 also plays a role in regulating quies-

cence exit in MuSCs. To test this, we used freshly sorted MuSCs

from idKO mice and examined their EdU incorporation in culture

with a control GFP-siRNA or two specific siRNAs against Rictor,

an indispensable component of the mTORC2 complex (Saxton &

Sabatini, 2017). As shown in (Fig EV5), the restored EdU incorpo-

ration in MuSCs from idKO mice was not obviously affected by

si-Rictor, suggesting that mTORC2, unlike mTORC1, does not play

a key role in regulating quiescence exit and the cell cycle re-entry

in adult MuSCs.

p110a-mTORC1 targeted c-Jun to regulate quiescence exit and
the cell cycle re-entry

To uncover the mechanisms by which PI3K regulates quiescence

exit in MuSCs, we aimed to identify PI3K target genes in MuSCs. To

do so, we FACS-isolated MuSCs from uninjured heterozygous

control (i.e., p110af/+:R26RYFP/YFP:Pax7CreER/CreER) and p110a-iKO
(i.e., p110af/f:R26RYFP/YFP:Pax7CreER/CreER) mice, extracted the total

RNA and subjected the samples to RNA-seq analysis. The efficiency

of tamoxifen-induced p110a deletion was high (~95%) as judged by

the absence of p110a exon 1-derived sequences in mutant MuSCs

based on our RNA-seq data and the FACS analysis (Fig EV6A and B).

Compared to the control, the mRNA levels of Pax7 and Myf5 were

not obviously affected, but that of Myod was clearly downregulated,

in p110a-null MuSCs (Fig 5A). By gene set enrichment analysis

(GSEA), we noticed that many of the downregulated genes in p110a-
null MuSCs belonged to the “AP1 transcription targets” (Fig 5B,

top). Consistently, the mRNA levels of several AP-1 family members

including c-Jun, Fos, and Fosb were all decreased in p110a-null
MuSCs (Fig 5B, bottom). The c-Jun protein levels were also much

lower in freshly isolated p110a-null MuSCs (Fig 5C), but the Fos

protein was undetectable in freshly isolated MuSCs. However, when

we induced p110a deletion with 4-OHT in cultured MuSCs, we could

also detect reduced Fos protein levels in p110a-null myoblasts

(Fig EV7). To further examine whether c-Jun or Fos is involved in

regulating quiescence exit in MuSCs, freshly isolated p110a-null
MuSCs were separately infected with adenoviruses that expressed

red fluorescence protein (RFP), c-Jun, or Fos and then subjected to

EdU incorporation assays in culture. We found that overexpression

of c-Jun but not Fos or RFP in p110a-null MuSCs partially restored

EdU incorporation (Fig 5D and E). Moreover, we found that the

mRNA levels of c-Jun, Fos, and Fosb, while repressed in p110a-null
MuSCs, were partially or fully de-repressed in MuSCs from idKO

mice (Fig 5F), suggesting that c-Jun is also a transcriptional target of

mTORC1. To further prove this point, we treated idKO mice with

or without rapamycin, a potent inhibitor of mTORC1 (Saxton &

Sabatini, 2017), by intraperitoneal injection, followed by fresh isola-

tion of MuSCs by FACS, and detection of c-Jun mRNA by RT–qPCR.

Consistently, the elevated c-Jun mRNA levels in MuSCs from idKO

mice were re-suppressed by rapamycin treatment (Fig 5G), con-

firming that c-Jun is indeed a transcriptional target of mTORC1.

FoxOs function as another class of key downstream effectors of
PI3K to regulate quiescence exit in MuSCs

FoxOs are well-established downstream effectors of PI3K and play

essential roles in cell proliferation (Hay, 2011). Based on the RNA-

seq data generated by us and others, three FoxOs genes (i.e., FoxO1,

FoxO3a, and FoxO4) are expressed in MuSCs. To test whether FoxOs

function downstream of PI3K to regulate quiescence exit, we isolated

p110a-null MuSCs by FACS, individually knocked down three FoxOs,

and then examined EdU incorporation in such cells. As shown in

(Fig 6A and B), knockdown of any of the three FoxO genes in p110a-
null MuSCs partially restored their ability to incorporate EdU. As

FoxOs are known to be nuclear in non-cycling cells and cytoplasmic

in proliferating cells (Hay, 2011), we next examined the subcellular

localization of FoxO3a in MuSCs on isolated single myofibers

suspended in culture for 36 h. By this time, most of the wild-type
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MuSCs should be fully activated. Consistently, FoxO3a was mainly

cytoplasmic or pan-cellular in most of the MuSCs from the control

mice (Fig 6C and D). In contrast, it was mainly nuclear in p110a-null

MuSCs. Interestingly, FoxO3a was cytoplasmic/pan-cellular again in

a large fraction of MuSCs from idKO mice (Fig 6C and D). As overex-

pression of c-Jun partially restored EdU incorporation in p110a-null

A D

E

FB

C

Figure 4. mTORC1 is a key downstream mediator of p110a in regulating quiescence exit in adult MuSCs.

A Age-matched adult Ctrl, iKO, and idKO mice (n = 3 in each group) were first treated with Tmx as described in Fig 1. MuSCs were isolated by FACS and cultured with
EdU for 36 h. Cells were fixed and subjected to staining for EdU (green) and p-S6 (red). The nuclei were counterstained by DAPI (blue).

B Quantification of EdU+ or p-S6+ MuSCs from (A) by counting ~600 MuSCs/mouse.
C Representative histograms (top) showing the mean FSC-A values and dot plots (bottom) showing the percentage of Vcam1+ MuSCs from the Ctrl, iKO, and idKO mice.
D FACS-isolated MuSCs from the Ctrl, iKO, and idKO mice (without Tmx) were cultured for 2 days followed by 2 days of 4-OHT treatment. Whole-cell lysates were

subjected to Western blotting.
E Freshly isolated single myofibers (n > 20) from the Ctrl, iKO, and idKO mice were fixed immediately and stained for Pax7. The mean number of the Pax7+ MuSCs/fiber

was calculated.
F FACS-isolated MuSCs were immediately fixed and stained for Pax7 (green) and DAPI (blue).

Data information: Scale bars: 50 lm. In (B, E), the data were presented as mean � s.d. **P < 0.01; ***P < 0.001; unpaired Student’s t-test.
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MuSCs, it was unclear whether c-Jun could also affect the subcellu-

lar localization of FoxOs. To test this, we first infected FACS-isolated

control or p110a-null MuSCs with adenoviruses expressing RFP or

c-Jun, let cells grow in culture for 36 h, and then examined the

subcellular localization of FoxO3a by immunostaining. While

FoxO3a was mainly nuclear in p110a-null MuSCs infected with the

A

B

C

D

E

F

G

Figure 5. p110a-mTORC1 targeted c-Jun to regulate quiescence exit and the cell cycle re-entry.

A Based on RNA-seq, the mean FPKM values of Pax7, Myod, and Myf5 in MuSCs from the heterozygous Ctrl and iKO mice (n = 4) are shown.
B Top: the GSEA plot showing the enrichment of the “AP1 binding sites in the downregulated genes” in p110a-null MuSCs. Bottom: the mean FPKM values of c-Jun, Fos,

and Fosb in MuSCs from the Ctrl and iKO mice (n = 4).
C FACS-isolated MuSCs from Ctrl and iKO mice were immediately lysed, and whole-cell lysates were subjected to Western blotting.
D FACS-isolated MuSCs from the Ctrl and iKO mice (n = 3) were infected by the RFP-, c-Jun-, and Fos-expressing adenoviruses as indicated for 2 days in the presence of

EdU. Cells were then fixed and stained for EdU (green). The nuclei were counterstained with DAPI (blue).
E Quantification of the EdU+ MuSCs from (D) by counting ~600 MuSCs/mouse.
F Total RNAs were extracted from FACS-isolated MuSCs from the Ctrl, iKO, and idKO mice (n = 3 in each group). The relative fold changes of c-Jun, Fos, and Fosb were

measured by RT–qPCR.
G Adult idKO mice were first treated with Tmx as described in Fig 1, followed by intraperitoneal injection of two doses of DMSO or rapamycin (4 nmol) at 12 and 1 h

prior to sacrifice of mice (n = 3 in each group). The hindlimb muscles were digested by proteases and fixed in 2% paraformaldehyde before isolation of MuSCs by
FACS. Total RNAs were extracted, and the relative fold change of c-Jun was measured by RT–qPCR.

Data information: Scale bars: 25 lm. In (A, B, E, F & G), the data are presented as mean � s.d. *P < 0.05; **P < 0.01; ***P < 0.001; unpaired Student’s t-test.
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RFP-expressing virus, it was cytoplasmic/pan-cellular again in a

large fraction of p110a-null MuSCs infected with the c-Jun-expres-

sing virus (Fig 6E and F). Our data above suggest that the mTORC1/

c-Jun axis cross-talks with FoxOs downstream of PI3K.

Induced expression of a constitutively active p110a in adult
MuSCs led to their spontaneous exit from quiescence and
gradual depletion

Our results so far had demonstrated that p110a was necessary and

indispensable for MuSCs to exit quiescence upon activation. It was

unclear whether a constitutively active p110a was sufficient for

MuSCs to break quiescence in uninjured muscles in vivo. To test

this, we generated another inducible MuSC-specific R26RH1047R/YFP:

Pax7CreER/+ mouse line (abbreviated as ip110aca mice) that could be

induced to express a constitutively active p110a mutant (i.e.,

p110aH1047R) in MuSCs from the Rosa26 locus (Samuels et al, 2004).

A week after the last tamoxifen injection in adult mice, the control

(i.e., R26RYFP/YFP:Pax7CreER/+) and ip110aca mice were injected with

EdU intraperitoneally for three consecutive days (Fig 7A, top).

MuSCs were then isolated by FACS 3 days after the last EdU injec-

tion and subjected to staining analysis. While barely any MuSC from

A D

B E

F

C

Figure 6. FoxOs function as another key downstream effector of p110a in regulating quiescence exit in MuSCs.

A FACS-isolated MuSCs from iKO mice (n = 3) were transfected with siRNAs as indicated and cultured in the presence of EdU for 48 h. Cells were fixed and stained for EdU.
B Quantification of the EdU+ MuSCs from (A) by counting ~600 MuSCs/mouse.
C Freshly isolated single myofibers (n > 20) from the Ctrl, iKO, and idKO mice were cultured for 36 h. Cells were fixed and stained for YFP (red), FoxO3a (green), and

DAPI (blue).
D Quantification of the MuSCs with cytoplasmic FoxO3a from (C). ~200 MuSCs on more than 20 myofibers/mouse were examined.
E FACS-isolated MuSCs from the Ctrl and iKO mice (n = 3) were infected with the RFP- or c-Jun-expressing adenoviruses and cultured for 36 h before fixation followed

by staining for FoxO3a (red), MyoD (green), and DAPI (blue).
F Quantification of the MuSCs with cytoplasmic FoxO3a from (E) by counting ~600 MuSCs/mouse.

Data information: Scale bars: 25 lm. In (B, D, F), the data are presented as mean � s.d. ***P < 0.001; unpaired Student’s t-test.
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A D

E

F

B

C

Figure 7. Constitutive activation of p110a in MuSCs from uninjured muscles led to their spontaneous quiescence exit and gradual depletion.

A Top: the experimental scheme. Adult Ctrl and ip110aca mice (n = 3 in each group) were injected with Tmx and EdU as indicated and sacrificed 3 days after the last
dose of EdU. FACS-isolated MuSCs were fixed immediately and stained with EdU (green), Pax7 (red) and DAPI (blue). Arrowheads: EdU+ MuSCs.

B Quantification of the EdU+ MuSCs in (A) by counting ~600 MuSCs/mouse.
C TA muscle sections from the Ctrl and ip110aca mice (n = 3) at different time points after the Tmx treatment were stained for YFP (red), laminin (green), and DAPI

(blue). Representative images are shown. Arrows: YFP+ MuSCs.
D Quantification of the YFP+ MuSCs in (C) by counting ~600 MuSCs/mouse.
E The relative mRNA levels of Myod and Myogenin in MuSCs from (A) were measured by RT–qPCR (n = 3).
F A schematic showing that PI3K regulates quiescence exit and the cell cycle re-entry in MuSCs via both mTORC1-c-Jun and FoxOs.

Data information: Scale bars: 25 lm. In (B, D, E), the data are presented as mean � s.d. **P < 0.01; ***P < 0.001; unpaired Student’s t-test.
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the control mice incorporated EdU, ~10% of MuSCs from ip110aca
mice did so at this time (Fig 7A and B). Consistently, when we

examined TA muscle sections, we could readily identify YFP+/

EdU+ MuSCs from ip110aca mice, while such cells were barely

detectable from the control mice (Fig EV8A). Notably, we could also

detect EdU+/YFP� nuclei associated with myofibers from ip110aca
mice (Fig EV8A, bottom panels). We suspected that such nuclei

were from the mutant MuSCs that had differentiated and fused with

the underlying myofibers, which could conceivably dilute the YFP

signal and made it difficult to be visualized. As such EdU+/YFP�

nuclei were closely associated with the peripherals of the laminin+

myofibers, it was unclear whether they were inside or outside of the

sarcolemma of myofibers. To clarify this issue, we stained the sarco-

lemma for dystrophin that marks the inner side of the sarcolemma

(Blake et al, 2002; Durbeej & Campbell, 2002). We found that such

EdU+/YFP� nuclei were wrapped underneath the dystrophin+

sarcolemma (Fig EV8B and C), which supported our hypothesis that

such EdU+ nuclei derived from MuSCs that were already differenti-

ated and fused with the underlying myofibers. If we waited longer

(e.g., 14 and 28 days) after the tamoxifen treatment, we noticed an

obvious reduction in MuSC number on TA muscle sections from

ip110aca mice compared to that from the control mice (Fig 7C and

D). This was consistent with the findings in MuSC-specific Pten-null

mice (Yue et al, 2017), which was expected as deletion of Pten led

to constitutive activation of the PI3K pathway (Vanhaesebroeck

et al, 2012). To further understand why the active PI3K promoted

gradual depletion of MuSCs, we first examined the rate of the cell

cycle re-entry by mutant MuSCs. We isolated MuSCs from the

control and ip110aca mice and left them in culture for 1 day

followed by a 4-h EdU pulse. While few control MuSCs incorporated

EdU at this time, a large fraction of MuSCs from ip110aca mice

already did so (Fig EV8D and E), suggesting an accelerated cell

cycle re-entry. We then examined the differentiation potentials of

MuSCs from ip110aca mice. Total RNA was extracted from MuSCs

that were freshly isolated by FACS from the control and ip110aca
mice and subjected to RT–qPCR analysis. While the mRNA levels of

Myod were comparable, those of myogenin, a key early pro-differen-

tiation gene (Tapscott, 2005), were obviously upregulated in

p110aca+ MuSCs, suggesting precocious differentiation in such

mutant MuSCs (Fig 7E). The pro-differentiation effect of p110aca
was further confirmed when we stained for the sarcomeric myosin

heavy chain (MHC) in MuSCs that were cultured for 3 days

(Fig EV8F and G): While a few control cells just started to express

MHC, more bigger and brighter MHC+ myotubes (some were multi-

nucleated) were already formed in p110aca+ cells.

Discussion

p110a of PI3K specifically regulates quiescence exit in adult
MuSCs upon muscle injury

Upon muscle injury, MuSCs exit quiescence and re-enter the cell

cycle to proliferate. However, it was unclear whether quiescence

exit is actively regulated by any intracellular signaling pathways.

Here, we demonstrated that p110a of PI3K and the PI3K-mediated

signaling pathway exert such functions in MuSCs. Unlike MuSC-

specific deletion of p110a using Pax7-Cre, which resulted in

embryonic lethality (Fig EV2A), that of p110b of PI3K (with a Myf5-

Cre line) had no obvious deleterious effects on mouse development

and survival, as well as muscle mass and strength in vivo (Matheny

et al, 2015). This is likely due to the fact that p110a is the predomi-

nant form of PI3K expressed in QSCs, while p110b is barely detect-

able in QSCs based on the RNA-seq data from us and others (Liu

et al, 2013; Ryall et al, 2015). Although PI3K is known to regulate

cycling cells (Vanhaesebroeck et al, 2012; Thorpe et al, 2015),

unexpectedly, we find that a main point of action for PI3K in adult

MuSCs is at a critical step before MuSCs re-enter the cell cycle.

Thus, our work here has uncovered a previously unrecognized

checkpoint in QSCs: Loss of PI3K arrests MuSCs in quiescence,

while its activation induces quiescence exit and the cell cycle re-

entry. Our findings here do not exclude additional roles of PI3K in

subsequent steps after MuSCs exit quiescence, including MuSC

proliferation, differentiation, and self-renewal. To address these

issues, different Cre driver strains are needed in order to specifically

delete p110a at specific stages of MuSC progression.

Loss of p110a of PI3K in adult MuSCs has profound impact on

the expression of key myogenic and growth-promoting transcrip-

tion factors. We showed that Pax7 protein, instead of its mRNA,

levels were greatly reduced in p110a-null MuSCs (Figs 2F and 5A

and C). We found that enhanced autophagy induced by loss of

p110a was mainly responsible for Pax7 degradation (Fig EV3). In

addition, both mRNA and protein levels of Myod, but not Myf5,

were also obviously downregulated in p110a-null MuSCs (Figs 2F

and 5A). Moreover, we showed that c-Jun, Fos, and Fosb, all

members of the AP1 family, were previously unrecognized tran-

scription targets of the PI3K-mTORC1 axis in MuSCs. Recent work

from several groups showed that the mRNA levels of these AP1

family genes were very low in QSCs (i.e., those from pre-fixed

muscles), but they were quickly induced during MuSC isolation

without prior fixation, suggesting that these AP1 family genes,

along with other immediate–early genes (e.g., Egr1-3, ATF3, etc.),

promote quiescence exit in MuSCs (van den Brink et al, 2017;

Machado et al, 2017; van Velthoven et al, 2017). We hypothesized

that failure of these immediate–early genes to be quickly induced

in our p110a-null MuSCs underlies their defects in quiescence exit.

However, it is technically challenging to experimentally prove that

some of these gene products indeed exert key functions in quies-

cence exit as most freshly isolated MuSCs are already partially acti-

vated during the isolation process. Moreover, pre-fixed MuSCs are

not suitable for subsequent experimental manipulation (e.g., gene

overexpression or knockdown). The failure of p110a-null MuSCs to

exit quiescence provides an excellent platform for us to test the

functions of some AP1 family members in promoting quiescence

exit. We showed that overexpression of c-Jun, but not Fos, in

p110a-null MuSCs largely rescued their defects in quiescence exit

and the cell cycle re-entry (Fig 5D and E). Consistently, in fibro-

blasts lacking c-Jun or Fos, only loss of c-Jun but not Fos severely

compromised cell growth (Shaulian & Karin, 2001). Moreover, in

serum-starved cells, c-Jun is also known to be essential for the

serum-induced cell cycle re-entry (Shaulian & Karin, 2001). Thus,

our findings here establish c-Jun as a key downstream mediator of

the PI3K-mTORC1 axis that drives quiescence exit and the cell

cycle re-entry during early activation of QSCs.

In addition to c-Jun, we show that FoxOs are also involved in

regulating quiescence exit and the cell cycle re-entry in MuSCs
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(Fig 6). Although FoxOs are generally thought to be directly regu-

lated by the PI3K-Akt axis without the direct involvement of

mTORC1 (Hay, 2011; Saxton & Sabatini, 2017), we found that there

is obvious cross-talk between the mTORC1-c-Jun signaling axis and

FoxOs: In MuSCs from p110a/Tsc1 idKO mice, FoxO3a was cyto-

plasmic/pan-cellular in a large fraction of the cells (Fig 6C and D).

Similarly, overexpression of c-Jun in p110a-null MuSCs also

promoted the cytoplasmic translocation of FoxO3a (Fig 6E and F).

In both cases above, the cytoplasmic translocation of FoxOs corre-

lated with the ability of the mutant MuSCs to exit quiescence and to

re-enter the cell cycle. Although the activated FoxOs are known to

inhibit mTORC1 via various mechanisms (Hay, 2011), it remains

unclear how the activated mTORC1 or c-Jun triggers cytoplasmic

translocation (i.e., inactivation) of FoxOs.

An evolutionally conserved role for the PI3K/mTORC1/FoxOs
pathway in regulating quiescence exit in diverse somatic
stem cells

During Drosophila development, neural stem cells (NSC or neuro-

blasts) in the central brain are quiescent between the embryonic

and larval phases of growth. In response to IGF1-like peptides

from the neighboring glial cells, the PI3K/Akt/Tor pathway in

neuroblasts is activated, which drives neuroblasts out of quies-

cence to enter the larval phase of growth (Chell & Brand, 2010;

Sousa-Nunes et al, 2011). Similarly, in mouse forebrain NSC,

mTORC1 was found to be essential for the expansion of the tran-

sit-amplifying progenitor cells from the quiescent stem cell pool

(Paliouras et al, 2012). Consistently, FoxOs were also found to be

essential for the maintenance of the quiescent NSC pool in mice

(Paik et al, 2009; Renault et al, 2009). Loss of FoxOs promotes

spontaneous quiescence exit of NSC and gradual depletion of the

adult NSC pool. Furthermore, in mouse quiescent naı̈ve T cells,

antigen stimulation promotes quiescence exit and the cell cycle re-

entry, which results in subsequent clonal expansion. This process

is also shown to be absolutely dependent on mTORC1, as deletion

of Tsc1 promotes spontaneous quiescence exit and reduction of

peripheral T cells, while deletion of Raptor (i.e., genetic inactiva-

tion of mTORC1) arrests naı̈ve T cells in the quiescent state and

prevents them from quiescence exit (Yang et al, 2011, 2013).

Thus, in different somatic stem cells that can transit between

quiescence and proliferation, the PI3K/mTORC1/FoxOs pathway

has a conserved role in critically regulating quiescence exit. Yet,

there are unique features in MuSCs. Firstly, MuSC-specific interfer-

ence of mTORC1 activity alone (e.g., by deletion of Tsc1 or

Raptor) mainly affected the establishment of the GAlert state with-

out severely impairing MuSC functions during muscle regeneration

(Rodgers et al, 2014). Secondly, unlike what occurred in mouse

NSC, deletion of FoxO3a alone in MuSCs was insufficient to cause

spontaneous quiescence exit (Gopinath et al, 2014). Instead, loss

of FoxO3a only affected MuSC self-renewal upon injury. Our find-

ings here suggest that the potent effect of PI3K on quiescence exit

and the cell cycle re-entry in MuSCs most likely lies in its ability

to simultaneously activate two inter-connected signaling axes: one

consisting of the mTORC1-c-Jun axis and the other FoxOs (Fig 7F).

Interference of either axis alone only has minor impacts on

MuSCs, but that of both axes severely compromises quiescence

exit in MuSCs.

In summary, we demonstrate here that p110a of PI3K is both

necessary and sufficient to promote quiescence exit and the cell

cycle re-entry in MuSCs upon activation. It does so via key down-

stream effectors including the mTORC1-c-Jun axis and FoxOs. Our

findings also provide a clue to a long-standing mystery regarding

the extrinsic signals that activate QSCs upon muscle injury: those

RTK-engaging ligands (e.g., insulin-like growth factor, epidermal

growth factor) that are known to activate the PI3K-mTORC1-c-Jun/

FoxOs pathway are promising candidates worthy of further investi-

gation in the future.

Materials and Methods

Animals

p110aflox/flox (Stock No: 017704), Tsc1flox/flox (Stock No: 005680),

and R26R-p110aH1047R (Stock No: 016977), Pax7CreERT(GaKa)/+ (Stock

No: 017763), and R26R-EYFP (Stock No: 006148) mice were all from

the Jackson Laboratory (Bar Harbor, ME, USA). In order to delete

p110a and Tsc1 or induce EYFP and p110aH1047R (at the Rosa26

locus) in adult mice, 75 lg of tamoxifen (Tmx) dissolved in corn oil

per gram of body weight was intraperitoneally injected into mice for

five consecutive days followed by 7–8 doses of Tmx every 2–3 days

or indicated otherwise. All the mice were maintained and handled

according to the protocols approved by the Animal Ethics Commit-

tee at HKUST.

Injury-induced muscle regeneration

Adult mice were anaesthetized with Avertin (0.5 mg/g of body

weight) by intraperitoneal injection. 30 ll of 10 lM cardiotoxin

(CTX) was injected into tibialis anterior (TA) muscles to induce

acute injury. TA muscles were dissected at various time points after

the injury followed by histology and staining (Zhu et al, 2016).

Isolation of adult muscle stem cells (MuSCs) by FACS

Hindlimb muscles dissected from mice were minced, digested by

collagenase II (800 U/ml) in Ham’s F10 with 10% horse serum

(washing medium) at 37°C for 90 min. Digested muscles were tritu-

rated and washed in the washing medium once and then subjected

to further digestion with collagenase II (80 U/ml) and dispase (1 U/

ml) for 30 min. The suspensions were passed through a 20-Gauge

needle attached to a syringe for 15 times and filtered through a 40-

lm cell strainer (BD Biosciences). Single-cell suspension was then

incubated with the following antibodies: Alexa 647 anti-CD31

(BioLegend), Alexa 647 anti-CD45 (BioLegend), Pacific Blue anti-

Sca1 (BioLegend), biotin anti-Vcam1 (BD Biosciences) and PE/Cy7

streptavidin (BioLegend). MuSCs (CD31�/CD45�/Sca1�/Vcam1+)

were sorted by a BD FACSAria II cell sorter (BD Biosciences).

MuSCs genetically labeled with EYFP were sorted based on their

autofluorescence.

Immunostaining

Cultured cells, single myofibers or TA muscle sections were fixed in

ice-cold methanol or 4% PFA for 5 min, washed with 0.1% PBST,
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permeabilized by 0.5% PBST for 20 min, and then blocked with 4%

IgG-free BSA in PBST for 1 h. For Pax7 and eMHC staining, antigen

retrieval was required by boiling samples in 0.01 M citric acid at

90°C for 5 min before blocking. Samples were incubated with

primary antibodies at 4°C overnight and washed for three times

followed by incubation with a secondary antibody for 1 h. The

nuclei were counterstained with 100 ng/ml 40,6-diamidino-2-pheny-

lindole (DAPI). The EdU staining was performed with a Click-iTTM

imaging kit (Thermo Fisher Scientific). The primary antibodies and

the dilution factors used were listed below: anti-GFP (Abcam,

1:400), anti-Pax7 (Hybridoma Bank, 1:100), anti-eMHC (Hybridoma

Bank, 1:200), anti-p-S6 (S235/236) (Cell Signaling, 4858S, 1:300),

anti-FoxO3a (Cell Signaling, #2497S, 1:300), anti-MyoD (Santa Cruz,

sc760, 1:100), anti-CD34 (eBioscience, 14-0341-82, 1:400), anti-

laminin (Sigma, L9393, 1:500), and anti-dystrophin (Abcam,

ab15277, 1:500).

RNA extraction and RT–qPCR

Total RNA was extracted from cells with the TRIzol reagent (Invitro-

gen) following the manufacturer’s instructions. Total RNA was

reverse-transcribed into cDNAs with an oligo-dT primer by the

ImProm-II Reverse Transcription System (Promega). Selected target

genes were amplified by qPCR. The relative gene expression was

calculated by the 2�DDCt method. The qPCR primers (50–30) were

listed below:

Myod: (F) 50-CGCTCCAACTGCTCTGATG-30; (R) 50-TAGTAGGCGG
TGTCGTAGCC-30

Myf5: (F) 50-ACAGCAGCTTTGACAGCATC-30; (R) 50-AAGCAATCCA
AGCTGGACAC-30

c-Jun: (F) 50-CCTTCTACGACGATGCCCTC-30; (R) 50-GGTTCAAGGT
CATGCTCTGTTT-30

Fos: (F) 50-CGGGTTTCAACGCCGACTA-30; (R) 50-TTGGCACTAGAG
ACGGACAGA-30

Fosb: (F) 50-TTTTCCCGGAGACTACGACTC-30; (R) 50-GTGATTG
CGGTGACCGTTG-30

Rictor: (F) 50-ACAGTTGGAAAAGTGGCACAA-30; (R) 50-GCGACG
AACGTAGTTATCACCA-30

Cell culture

Primary myoblasts were cultured in Ham’s F10 medium with 20%

fetal bovine serum supplemented with 100 ng/ml basic fibroblast

growth factor (bFGF) and 10 lM p38 inhibitor (SB202190).

Western blot

We followed the same procedures as described in Zhu et al (2016).

The primary antibodies and the dilution factors used were listed

below: anti-GAPDH (Ambion, AM4300, 1:20,000), anti-Pax7 (Hybri-

doma Bank, 1:1,000), anti-Myf5 (Santa Cruz, sc302, 1:1,000), anti-

p110a (Cell Signaling, #4249S, 1:2,000), anti-c-Jun (Cell Signaling,

#9165S, 1:2,000), and anti-Fos (Santa Cruz, sc52, 1:1,000).

siRNA transfection

siRNAs were transiently transfected into primary myoblasts at the

concentration of 30 nM by Lipofectamine RNAiMax reagent

(Thermo Fisher Scientific) following manufacturers’ recommenda-

tions. siRNAs used were listed below:

Gfp: 50-GCTGACCCTGAAGTTCATC-30

FoxO1: 50-GGGAGAATGTTCGCTTTCT-30

FoxO3a: 50-GTGCCCTACTTCAAGGATA-30

FoxO4: 50-CACGCTCAGTGAAGATCTA-30

Rictor#1: 50-GCCCTCCATTGCAACAATA-30

Rictor#2: 50-GGAGGAGTTTGAACAGTTA-30

Adenoviral infection

For adenovirus production, 293A cells were transfected at 100%

confluence by Lipofectamine with 1 lg of pAd/BLOCK-iTTM-DEST

(Thermo Fisher Scientific) vectors carrying RFP, mouse c-Jun or Fos

cDNAs. Ten days after transfection, the viral supernatants were

harvested. Cells were infected with the adenovirus for 6 h. After the

removal of the virus-containing media and washing, the cells were

grown in the growth medium (F10 with 10% HS).

G0-G1 separation

Cells were incubated with 10 lg/ml of Hoechst 33342 at 37°C for

45 min. Pyronin Y was then directly added to the cells to a final

concentration of 0.5 lg/ml for 15 min at 37°C followed by FACS

analysis.

RNA-seq and data analysis

Four pairs of adult littermates of the heterozygous control and

p110a iKO mice were treated with Tmx as described in Fig 1. Seven

days after the last Tmx injection, MuSCs were freshly isolated by

FACS based on YFP expression, and the total RNAs from each

mouse were purified separately with the NucleoSpin� RNA XS kit

from Macherey–Nagel (Düren, Germany). The sequencing libraries

were prepared following the same procedures as described in Zhu

et al (2016). Over 50 million paired-end sequencing reads were

obtained for each sample. Raw sequencing reads were aligned to

the mouse genome assembly (mm10) using the STAR aligner. The

aligned fragments were assembled into transcript using the Tuxedo

suit (Cufflinks and Cuffmerge) followed by statistical tests on dif-

ferential expression (Cuffdiff2), in which the significance cutoff

was set at 0.05 (FDR-adjusted p_value). To visualize the sequenc-

ing data in the genome browser (IGV), Bedtools were used to

convert the aligned bam files into bigwig files. GSEA was

performed with the dataset generated from the Cuffdiff output and

the gene set obtained from the Molecular Signature Database

(MSigDB).

Data availability

Raw data of our RNA-seq experiment were deposited to GEO

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109472,

accession number: GSE109472).

Statistical analysis

Error bars in all figures represented standard deviation (s.d.). The

unpaired Student’s t-test was employed to evaluate the statistical
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significance with P < 0.05 considered statistically significant. No

statistical methods were used to pre-determine the sample size.

Expanded View for this article is available online.
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