
















defective in ETC-dependent cellular respiration between 18 and 24 h
in culture, a period before S-phase reentry (Fig. 5 D–F). Similar
defects in glycolysis were also observed in mutant ASCs by 24 h in
culture based on the measurement of the basal extracellular acidifi-
cation rate (ECAR) (Fig. 5G). Although Paxbp1-null ASCs had
dysfunctional OXPHOS and glycolysis, it was unclear whether such
defects contributed to the failure of cell-cycle reentry in mutant
ASCs. To address this issue, we treated FISCs from wild-type mice
with various ETC inhibitors (i.e., oligomycin, FCCP, and antimycin A)
or 2-deoxy-D-glucose (a glycolysis inhibitor), and then examined the
EdU incorporation in culture. We found that inhibition of either ETC
or glycolysis in FISCs potently blocked their cell-cycle reentry (SI
Appendix, Fig. S5 A–D), suggesting that activation of both OXPHOS
and glycolysis is a prerequisite for cell-cycle reentry in MuSCs.
To uncover the mechanisms responsible for defective anabolic

pathways and mitochondrial biogenesis in Paxbp1-null ASCs, we
turned to mTORC1, as it is a well-established master regulator
capable of stimulating anabolic metabolism and mitochondrial
biogenesis during cell growth (41, 42). Our GSEA indeed revealed
that multiple genes implicated in “mTORC1 signaling” were down-
regulated in mutant ASCs (SI Appendix, Fig. S5E). Consistently,
when we treated FISCs from wild-type mice with Torin1 and
Torin2, two potent mTORC1 inhibitors (43, 44), EdU incorpora-
tion was inhibited in both dose- and time-dependent manners: both
drugs effectively inhibited EdU incorporation when added early
(i.e., 2 h after culturing); they were still effective when added 18 h
after culturing, but became less effective when added 24 h after
culturing (SI Appendix, Fig. S5F). Next, we assessed the mTORC1
activity in cultured FISCs from both control and Paxbp1-iKO mice
at various time points by immunostaining for the phosphorylated
ribosomal protein S6 (pS6), a known substrate of mTORC1 and a
sensitive marker for activated mTORC1 signaling (24, 42). As
Paxbp1-null MuSCs could undergo early transition from QSCs to
ASCs (Fig. 3), a known PI3K/mTORC1-dependent process (24), it
was not surprising that most ASCs from both control and Paxbp1-
iKO mice already became pS6+ by 2 h in culture (Fig. 5H). Unex-
pectedly, the intensity of the pS6 signal underwent a sharp increase
in control ASCs by 16 to 24 h in culture, whereas such an increase
was abolished in Paxbp1-null ASCs (Fig. 5 H and I). To further
confirm this finding, we also assessed the activity of mTORC1 in
ASCs by Western blot to monitor the levels of pS6 and phosphor-
ylated 4EBP1 (p4EBP1), the latter being another well-characterized
substrate of mTORC1 (42). Indeed, Paxbp1-null ASCs showed im-
paired mTORC1 activity as evidenced by reduced levels of pS6 and
p4EBP1 (Fig. 5J). Collectively, our data indicated that a further in-
crease in the Paxbp1-dependent mTORC1 activity promoted mito-
chondrial biogenesis and anabolic metabolism during the late phase
of cell growth before QSCs reenter the cell cycle.

Paxbp1 Modulated mTORC1 Activity via Redox Regulation and p53.
To further understand the mechanisms responsible for impaired
mTORC1 activity in Paxbp1-null ASCs, we turned to our RNA-
seq data and GSEA again. We noticed that many genes implicated
in the “reactive oxygen species pathway” were down-regulated in
Paxbp1-null ASCs (Figs. 4A and 6A). In particular, we noticed that
many antioxidant genes including Prdx2, 3, 4, and 6, Txnrd1/2, Gsr,
Srxn1, Gpx4, and Hmox1 were down-regulated in mutant ASCs
(Fig. 6 A, Bottom). For selected antioxidant genes, we also further
confirmed their down-regulation in freshly sorted ASCs from
Paxbp1-iKO mice by qRT-PCR (SI Appendix, Fig. S6A). Such data
suggested that the mutant ASCs could have elevated ROS levels.
To test this hypothesis, we first cultured FISCs from both control
and Paxbp1-iKO mice for 18 h and measured their ROS levels by
flow cytometry. We found that ROS levels were indeed higher in
mutant ASCs (SI Appendix, Fig. S6B). Importantly, we also mea-
sured ROS levels in freshly isolated ASCs (without additional
culturing) from both control and Paxbp1-iKO mice that had been

injured for 24 h and confirmed that ROS levels were indeed
higher in Paxbp1-null ASCs (Fig. 6 B and C). As elevated ROS are
known to activate p53 and to induce apoptosis (45), it is likely that
induction of p53 target genes and apoptosis in Paxbp1-null ASCs
was caused by elevated ROS. To test this hypothesis, we treated
FISCs from wild-type mice with different doses of H2O2 to en-
hance intracellular ROS levels. We found that H2O2 treatment
indeed led to induction of multiple p53 target genes and apoptosis
(SI Appendix, Fig. S6 C and D). Among the p53-induced genes in
mutant ASCs (Figs. 4F and 6D), Sesn2 and Ddit4 caught our at-
tention as their protein products (Sestrin2 and Ddit4, respectively)
were known to potently inhibit mTORC1 (46–48). Both Sesn2 and
Ddit4 are also known to be induced by p53 in other cell types (49).
By Western blot, we showed that both Sestrin2 and Ddit4 protein
levels were indeed increased in mutant ASCs (Fig. 6 E and F).
Consistently, we found that H2O2 treatment indeed impaired
mTORC1 activities and inhibited EdU incorporation in ASCs from
wild-type mice (Fig. 6G and SI Appendix, Fig. S6E). Thus, it
appeared that elevated ROS were causally responsible for the cell-
cycle reentry defect in Paxbp1-null ASCs. To test whether reduction
of ROS levels could rescue the defect, we treated FISCs from
Paxbp1-iKO mice with N-acetylcysteine (NAC), a widely used ROS
scavenger (17, 50), and then measured EdU incorporation. We
found that the NAC treatment partially rescued the cell-cycle re-
entry defect in mutant ASCs, with ∼15% of them becoming EdU+

after 60 h in culture (Fig. 6H). Taken together, our data supported
the hypothesis that elevated ROS in Paxbp1-null ASCs increase p53
activity and impair mTORC1 activity, which promotes apoptosis
and prevents ASCs from reentering the cell cycle (Fig. 6I).

Discussion
Paxbp1 Controls a Late Cell-Growth Checkpoint Indispensable for
Cell-Cycle Reentry during Early Activation of QSCs. Quiescent cells
generally take a longer time to reenter S phase of the first cell
cycle compared with their cycling offspring after the latter com-
plete the previous rounds of the cell cycle (40). The prolonged
time required for quiescent cells to transition to the cycling state
allows such cells to synthesize sufficient biomolecules for size in-
crease and for subsequent cell division, and provides a regulatory
window that could potentially involve multiple regulatory check-
points. We and others recently identified an indispensable
checkpoint for the early transition from QSCs to ASCs that is
critically regulated by the PI3K-mTORC1/FoxO pathway: Loss of
PI3K in QSCs prevents them from transitioning to ASCs upon
injury-induced activation, whereas constitutive activation of PI3K
in QSCs results in their spontaneous activation and quiescence
exit in uninjured muscles and gradual depletion of QSCs (24, 25).
Similar checkpoints for early activation and quiescence exit also
operate in quiescent hematopoietic stem cells (HSCs) and naïve
T cells (51, 52). Interestingly, unlike p110α (PI3K)-null QSCs, upon
activation, Paxbp1-null QSCs could pass the initial PI3K-mediated
checkpoint to transition to ASCs, express MyoD protein, and un-
dergo partial mitochondrial biogenesis and size increase before
displaying various cell growth-related defects between 16 and 24 h
after the injury (Figs. 3, 4, and 5). This suggests the existence of
another Paxbp1-dependent checkpoint for cell growth that func-
tions beyond the initial checkpoint for the early transition from
QSCs to ASCs (Fig. 6I). Failure in cell growth-associated anabolic
pathways in other quiescent cell types also results in severe defects
in their activation and cell-cycle reentry (11). For example, in hair
follicle stem cells, inducible deletion of Ldha that encodes lactate
dehydrogenase prevented their activation, while enhancing lactate
production accelerated their activation (53). In naïve T cells, de-
letion of Cox10 that encodes a component of complex IV of the
mitochondria ETC also impaired their cell-cycle reentry upon
stimulation of T cell receptors (54). It remains to be tested whether
the Paxbp1-dependent checkpoint for cell growth also operates
during activation of other quiescent cells. Our work here also
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demonstrates that the severe muscle regeneration defect in Paxbp1-
iKO mice is not caused by defective MuSC proliferation per se.
Instead, it is caused by defective cell growth before QSCs reenter the
cell cycle. mTOR is a well-established master regulator for cell
growth in response to growth factors, nutrients, and cellular energy
status by stimulating mitochondrial and ribosomal biogenesis and
anabolic metabolism (42, 55, 56). Consistently, mTORC1 was shown
to be indispensable for quiescent naïve T cells to increase in size and
to reenter the cell cycle upon antigen stimulation (52). Intriguingly,
we find that the PI3K-mTORC1 pathway is initially Paxbp1-
independent in the early phase of cell growth in ASCs. By 16 to
24 h after injury, there is a further increase in the Paxbp1-dependent
mTORC1 activity that drives the late phase of cell growth coupled
with enhanced mitochondrial biogenesis and anabolic metabolism to
promote cell-cycle reentry (Figs. 5 and 6I).

Cross-Talk among p53, mTORC1, and ROS.Our RNA-seq data revealed
that many known p53 target genes including p21Cip1,Mdm2, Apaf1,
Pmaip1 (Noxa), Ercc5,Wig1, Sesn2,Ddit4, and Ei24 were induced in
Paxbp1-null ASCs, which is indicative of enhanced p53 activity
(Fig. 4). Induction of many p53 target genes is known to promote
cell-cycle arrest (e.g., via p21Cip1) and apoptosis (e.g., via Apaf1

and Noxa), which match the phenotypes of the Paxbp1-null ASCs.
Interestingly, mutant MuSCs lacking notchless homolog 1 (Nle1)
were also found to have increased p53 activity and defective cell-
cycle reentry upon activation (57). Unlike Paxbp1-null ASCs, Nle1-
null ASCs did not undergo apoptosis in culture. As the mRNA
levels of Nle1 did not change much in Paxbp1-null ASCs compared
with that of control ASCs, it remains to be investigated whether
Paxbp1 and Nle1 are mechanistically connected.
Increased p53 activity can inhibit mTORC1 via different

mechanisms (49). In particular, Sestrin2 and Ddit4 (Redd1), the
protein products of Sesn2 and Ddit4, respectively, that are in-
duced by p53, are known to inhibit mTORC1 (46–48). Thus, the
abnormal induction of Sesn2 and Ddit4 at both mRNA and
protein levels in Paxbp1-null ASCs contributes to the reduced
mTORC1 activity (Fig. 6). As a cytosolic leucine sensor, Sestrin2
represses mTORC1 by directly binding and repressing GATOR2
when cellular leucine levels are low (42). Consistently, based on
our RNA-seq data, we found that Slc7A5 (encoding the leucine
transporter), Slc7A1 (encoding the Arg transporter), Slc7A6
(encoding the cationic amino acid transporter), Slc1A4 (encoding
the transporter for Ser, Thr, Cys, and Ala), and Slc38A1 (encoding
the Gln transporter) were all down-regulated in Paxbp1-null ASCs,
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Fig. 6. Paxbp1-dependent redox regulation influenced the mTORC1 and p53 signaling and cell-cycle reentry of QSCs. (A) GSEA plot showing the defective
ROS pathway in Paxbp1-null ASCs. (B) A representative flow cytometry plot showing increased ROS levels in Paxbp1-null ASCs directly isolated from Ctrl and iKO
mice at 1 dpi. (C) Quantification of relative ROS levels in B (n = 5 mice per group). (D) Mean FPKM values for Sesn2 and Ddit4 based on our RNA-seq data. (E) A
representative Western blot showing the protein levels of Sesn2 and Ddit4 in ASCs after 24 h in culture. (F) Quantification of data in E by densitometry (n ≥ 3). (G)
FISCs from wild-type adult mice were cultured for 40 h with EdU in the absence or presence of different doses of H2O2 before fixation followed by staining for
EdU. The percentage of EdU+ ASCs over total ASCs is shown (n = 3 independent experiments). (H) FISCs from iKO mice were cultured in the presence of EdU with
or without NAC (5 mM) for 60 h before fixation followed by staining for EdU and tubulin. Quantification of the percentage of EdU+ ASCs over total ASCs (n = 7
independent experiments) is also shown. (I) Schematic diagrams summarizing key findings from our work. Data are presented as mean ± SD. (Scale bar, 50 μm.)
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which supports our view that defective amino acid-sensing pathways
also contribute to the reduced mTORC1 activity in mutant ASCs.
The increased p53 activity in Paxbp1-null ASCs is likely trig-

gered by elevated ROS due to reduced expression of multiple
antioxidant genes (e.g., Prdx 2, 3, 4, and 6, Gclm, Gsr, Hmox1,
Srxn1, Sod1, Nqo1, Txn1, Txnrd1, and Txnrd2) in the mutant cells
(Fig. 6) (45). Consistently, deliberate elevation of ROS levels in
wild-type MuSCs by H2O2 treatment also resulted in induction of
p53 target genes, increased apoptosis, impaired mTORC1 ac-
tivity, and defective cell-cycle reentry (Fig. 6G and SI Appendix,
Fig. S6 C–E). Moreover, the defective PPP in Paxbp1-null ASCs
could also contribute to elevated ROS due to reduced NADPH
production. NADPH is specifically utilized by glutathione re-
ductase (encoded by Gsr) to convert the oxidized glutathione
disulfide to the reduced glutathione, a major antioxidant in the
cytosol. Although moderate levels of ROS promote cell signaling
and quiescence exit in both MuSCs and HSCs (11, 17, 58, 59),
excessive ROS can lead to cellular damage, p53 activation, cell-
cycle arrest, and apoptosis (45, 60). In addition, ROS may also
impair mTORC1 activity via p53-independent mechanisms
(Fig. 6I) (61). A causal role for excessive ROS in Paxbp1-null
MuSCs is further supported by our finding that treatment of
mutant ASCs with a ROS scavenger (i.e., NAC) partially rescued
their defects in S-phase reentry (Fig. 6H). The low rescue effi-
ciency suggests that additional unknown factors also contribute
to the cell-cycle reentry defects in mutant ASCs. Consistent with
the mechanistic scheme we presented here (Fig. 6I), excessive
ROS triggered by reduced glutathione levels in quiescent naïve
T cells from Gclc (encoding the catalytic subunit of glutamate
cysteine ligase)-null mice also led to reduced mTORC1 activity,
defective metabolic reprogramming, and impaired cell prolifer-
ation upon stimulation (62). Moreover, abnormal accumulation
of ROS was also detected in MuSCs with defective autophagy
and mutant MuSCs lacking Pitx2/Pitx3 or Numb/Numbl, all of
which promoted SC senescence and resulted in defective muscle
regeneration (17, 50, 63). As the mRNA levels of Pitx2, Pitx3,
Numb, and Numbl were not obviously affected in Paxbp1-null
ASCs, it suggests that the defects of Paxbp1-null ASCs are not
directly linked to these genes.

Connection with Pax7. Paxbp1 was originally identified as a Pax7-
binding protein in the mouse (26). Interestingly, two recent clinical
studies reported homozygous mutations in human PAXBP1 and
PAX7 that are linked to similar human genetic disorders with
global developmental delay and myopathic hypotonia (64, 65). Are
the defects of Paxbp1-null ASCs linked to Pax7? We found that
both Pax7 mRNA and protein levels were not reduced in Paxbp1-
null ASCs: The mRNA levels of Pax7 actually increased by ap-
proximately fourfold compared with that in control ASCs, while
Pax7 protein levels were similar to (if not more than) that in
control ASCs based on immunostaining. Functionally, loss of either
Paxbp1 or Pax7 in adult MuSCs has distinct impacts on quiescence
maintenance: While deletion of Paxbp1 did not affect the long-
term maintenance of MuSCs in uninjured muscles (SI Appendix,

Fig. S2), that of Pax7 led to gradual depletion of MuSCs (66).
Nevertheless, our ongoing studies found that adult Pax7-null
MuSCs were similarly defective in cell-cycle reentry upon activa-
tion, although such defects were less severe than that in Paxbp1-
null MuSCs. Although both Paxbp1-null and Pax7-null MuSCs
exhibit similar cell-cycle reentry defects upon activation, it remains
to be rigorously tested whether the loss of Paxbp1 interferes with
Pax7 functions in MuSCs. As Paxbp1 is conserved in Metazoa and
expressed in many cell types and tissues that lack Pax7 expression,
its cell growth-promoting role should not be solely dependent on
Pax7 or limited to MuSCs. It is likely that Paxbp1 could also
promote cell growth and cell-cycle reentry in other quiescent cells
upon their activation.

Materials and Methods
Animals. Paxbp1flox/flox mice were generated by the Model Animal Research
Center at Nanjing University using the targeting vector of Paxbp1
(Paxbp1tm44128(L1L2_gt0)) purchased from the International Mouse Phenotyping
Consortium with exon 8 of Paxbp1 flanked by loxP sites. Pax7CreERT2(Gaka) (stock
017763) and R26R-EYFP (stock 006148) mice were from The Jackson Laboratory.
All the experiments were performed in accordance with protocols approved by
the Animal Ethics Committee at the Hong Kong University of Science and
Technology.

Isolation of Adult MuSCs by FACS. This was performed essentially as described
in Wang et al. (24).

RNA-Seq and Data Processing. YFP+ ASCs (105) were isolated by FACS from
control and Paxbp1-iKO mice 24 h after CTX-induced injury. Total RNA was
extracted, and complementary DNA (cDNA) was synthesized and amplified by
Smart-seq2 (67). Purified cDNA was fragmented followed by library construc-
tion. The paired-end library was sequenced by an Illumina NextSeq 500. Raw
sequencing reads were mapped to the mouse reference genome (GRCm38/
mm10) using STAR aligner (68). A raw count table was then generated with
featureCounts (69), followed by analysis with the DESeq2 R package (70). Raw
data were uploaded to the Gene Expression Omnibus (GEO) (accession no.
GSE141881).

Time-Lapse Imaging and Apoptosis Detection. FISCs were cultured in growth
media (F10 with 10% horse serum) in the presence of 4 μMCellEvent Caspase-
3/7 Green Detection Reagent for up to 72 h. Time-lapse imaging was then
performed by a Zeiss Cell Discoverer 7 automated microscope for up to 72 h.
Images were taken every 5 to 10 min and videos were generated using Zen
blue software.

Data Availability. The RNA-seqdata reported in this article havebeendeposited
in the GEO (accession no. GSE141881). Some study data are available in the
supporting information.
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