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Abstract

Background With organismal aging, the hypothalamic–pituitary–gonadal (HPG) activity gradually decreases, resulting in the
systemic functional declines of the target tissues including skeletal muscles. Although the HPG axis plays an important role in
health span, how the HPG axis systemically prevents functional aging is largely unknown.
Methods We generated muscle stem cell (MuSC)‐specific androgen receptor (Ar) and oestrogen receptor 2 (Esr2) double
knockout (dKO) mice and pharmacologically inhibited (Antide) the HPG axis to mimic decreased serum levels of sex steroid
hormones in aged mice. After short‐term and long‐term sex hormone signalling ablation, the MuSCs were functionally
analysed, and their aging phenotypes were compared with those of geriatric mice (30‐month‐old). To investigate pathways
associated with sex hormone signalling disruption, RNA sequencing and bioinformatic analyses were performed.
Results Disrupting the HPG axis results in impaired muscle regeneration [wild‐type (WT) vs. dKO, P < 0.0001; Veh vs. Antide,
P = 0.004]. The expression of DNA damage marker (in WT = 7.0 ± 1.6%, dKO = 32.5 ± 2.6%, P < 0.01; in Veh = 13.4 ± 4.5%,
Antide = 29.7 ± 5.5%, P = 0.028) and senescence‐associated β‐galactosidase activity (in WT = 3.8 ± 1.2%,
dKO = 10.3 ± 1.6%, P < 0.01; in Veh = 2.1 ± 0.4%, Antide = 9.6 ± 0.8%, P = 0.005), as well as the expression levels of
senescence‐associated genes, p16Ink4a and p21Cip1, was significantly increased in the MuSCs, indicating that genetic and phar-
macological inhibition of the HPG axis recapitulates the progressive aging process of MuSCs. Mechanistically, the ablation of
sex hormone signalling reduced the expression of transcription factor EB (Tfeb) and Tfeb target gene in MuSCs, suggesting that
sex hormones directly induce the expression of Tfeb, a master regulator of the autophagy–lysosome pathway, and conse-
quently autophagosome clearance. Transduction of the Tfeb in naturally aged MuSCs increased muscle mass [control geriatric
MuSC transplanted tibialis anterior (TA) muscle = 34.3 ± 2.9 mg, Tfeb‐transducing geriatric MuSC transplanted TA
muscle = 44.7 ± 6.7 mg, P = 0.015] and regenerating myofibre size [eMyHC+tdTomato+ myofibre cross‐section area (CSA) in
control vs. Tfeb, P = 0.002] after muscle injury.
Conclusions Our data show that the HPG axis systemically controls autophagosome clearance in MuSCs through Tfeb and
prevents MuSCs from senescence, suggesting that sustained HPG activity throughout life regulates autophagosome clearance
to maintain the quiescence of MuSCs by preventing senescence until advanced age.
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Introduction

Adult muscle stem cells (MuSCs), also known as satellite cells,
are maintained in a quiescent state within the skeletal mus-
cle. Upon muscle injury, quiescent MuSCs become activated
and enter myogenic commitment to repair damaged
myofibres while maintaining the stem cell population through
self‐renewal.1,2 In contrast, aged skeletal muscles fail to
maintain stem cell quiescence, leading to a decline in MuSC
number and functionality.3–5 Previously, both environmental
factors and intrinsic mechanisms in aged skeletal muscle have
been proposed to affect the switch from quiescence to
senescence.6,7 Recent studies have shown that the entry into
senescence and the premature differentiation of MuSCs in
aged muscles result from the functional decline of autophagy
and Notch signalling/calcitonin receptors, respectively.8,9

However, the mechanism by which quiescent MuSCs main-
tain the physiological activities of autophagy and Notch sig-
nalling until the geriatric age is largely unknown.

The autophagy–lysosome pathway plays pivotal roles in
protecting cells or organisms from stressful factors by
avoiding waste accumulation.10,11 Autophagy is a coupled
process of self‐degradation of cellular debris via
autophagosome and autolysosome, which is composed of
autophagosome formation, autophagosome fusion with the
lysosome, and autophagosome clearance.12 In the geriatric
stage, both impaired basal autophagic flux and accumulated
autophagosome in MuSCs lead to senescent and regenerative
dysfunction of MuSCs.9 Although a previous study reported
that genetic mutants of Atg7, autophagy core gene, result
in the entry of MuSCs into senescence, unlike geriatric MuSC,
they already have defects in autophagosome formation.9,13

Thus, the leading causes of age‐associated autophagic decline
and senescent MuSC are still elusive.

The hypothalamic–pituitary–gonadal (HPG) axis controls
development, reproduction, and organismal aging. As
puberty commences, hypothalamus secrets
gonadotrophin‐releasing hormone (GnRH) to stimulate lu-
teinizing hormone and follicle‐stimulating hormone in pitui-
tary glands. These hormones travel in the blood stream to
the ovary and testis to initiate the release of sex steroid hor-
mones that circulate to the target tissues throughout life. Re-
cent studies revealed that hypothalamic aging leads to
systemic aging such as shortened life span, impaired memory,
and muscle function, suggesting that the restoration of GnRH
would be a potential strategy for combating aging‐related
health problems, through yet unspecified mechanisms of sys-
temic action.14,15 We previously reported that the physiolog-
ical increase of sex hormones at puberty drives the
conversion of MuSCs from proliferation to quiescence, which
establishes a pool of adult MuSCs and re‐establishes MuSCs
after muscle regeneration upon injury.16 Although several
studies suggested that administration of androgens induces
the proliferation of MuSCs in adults, most MuSCs remain

quiescent despite high levels of sex steroid hormones after
puberty (detailed in the review17). Thus, how high and declin-
ing levels of sex steroid hormones at adulthood and old age,
respectively, play a role in MuSC physiology needs to be
elucidated.

Here, using MuSC‐specific androgen receptor (Ar) and
oestrogen receptor 2 (Esr2) double knockout (dKO) mice
and GnRH inhibition to mimic decreased serum levels of ste-
roid hormones in aged mice, we clearly showed that the
GnRH‐sex steroid hormone axis prevents MuSCs from preco-
cious senescence. As a mechanism, sex hormones directly
regulate transcription factor EB (Tfeb) expression and thus
mediate autophagosome clearance in MuSCs, suggesting that
the HPG axis maintains MuSC stemness throughout lifetime.

Methods

Mice

All mouse lines were backcrossed onto a C57BL/6 background
and were housed and handled according to the guidelines of
the Institutional Animal Care and Use Committee at Seoul
National University. C57BL/6J [wild‐type (WT)] mice were
used at designated ages, 4‐month‐old to 12‐month‐old, 20‐
month‐old to 24‐month‐old, and 28‐month‐old to 30‐
month‐old mice were used as young, old, and geriatric mice,
respectively. To generate MuSC‐specific Ar knockout mice,
Arf/y mice, inserted 2 loxP sites into exon 1,18 were crossed
with Pax7‐CreER transgenic mice (stock. 017763, The Jackson
Laboratory, Bar Harbor, ME, USA). GFP‐LC3 were kindly pro-
vided by Mizushima (Tokyo Medical and Dental University,
Japan).19 Pax7‐CreER, Rosa‐diphtheria toxin A (DTA) trans-
genic, and Esr2�/� knockout mice were purchased from The
Jackson Laboratory. Tamoxifen (20 mg/mL in corn oil)
(Sigma‐Aldrich, St. Louis, MO, USA) was orally administered
daily for five consecutive days (160 mg/kg body weight). Un-
less otherwise noted, male mice were used for all
experiments.

Antide administration and dihydrotestosterone
implantation

Three‐month‐old sex‐matched and weight‐matched litter-
mate mice were subcutaneously (s.c.) injected with Nal‐Lys
gonadotropin releasing‐hormone antagonist (Antide)
(bioWorld, Dublin, OH, USA) at a dose of 6.0 mg/kg body
weight weekly at the indicated times. Antide was dissolved
in 20% propylene glycol and 0.9% saline. The duration of
Antide treatment is determined according to experimental
purposes. i.e. To investigate whether sex hormones directly
regulate autophagy activity, we treated 3‐month‐old GFP‐
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LC3 transgenic mice for 4months in which autophagic activity
was altered to evaluate early events, while a pool of MuSCs
were relatively maintained.

For sex hormone replenishment experiments, 5α‐
androstan‐17β‐ol‐3‐one C‐IIIN [dihydrotestosterone (DHT),
A8380; Sigma‐Aldrich] was packed in 0.5‐mm length silica
tubes (Dow Corning, Midland, MI, USA). Silica tubes contain-
ing DHT were s.c. implanted. Implants were replaced every
month to maintain serum DHT levels.

Muscle injury

For BaCl2 injury, mice were anaesthetised with 2% avertin
(0.02 mL/g body weight) and injected with 60 μL of BaCl2
(1.2%; Sigma‐Aldrich) in the tibialis anterior (TA) muscles. At
the indicated times after injury, TA muscles were dissected,
frozen in optimal cutting temperature compound (Sakura,
Torrance, CA, USA) with liquid nitrogen, and stored at
�80°C until analysis. Sections 7 μm thick were collected from
TA muscles and stained with haematoxylin and eosin or Sirius
Red or immunostained with indicated antibodies.

Muscle stem cell isolation by FACS

Muscle stem cell isolation was performed according to a pre-
viously reported protocol20 with minor modifications (see
Supporting Information, Figure S1). Limb muscles were me-
chanically dissected and dissociated in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% horse serum
(Hyclone, Logan, UT, USA), collagenase II (800 units/mL;
Worthington, Lakewood, NJ, USA), and dispase (1.1 units/
mL; StemCell Technologies, Vancouver, BC, Canada) at 37°C
for 60 min. Digested suspensions were subsequently tritu-
rated and washed with DMEM to harvest mononuclear cells.
Mononuclear cells were stained with Sca1‐FITC (clone D7;
BioLegend, San Diego, CA, USA), CD31‐APC (clone MEC
13.3; BD Biosciences, Franklin Lakes, NJ, USA), CD45‐APC
(clone 30‐F11; BD Biosciences), and Vcam1‐Biotin (clone
429; BD Biosciences). Streptavidin‐PE/Cy7 (BioLegend) was
used as a secondary reagent. Stained cells were analysed
and Lin�Vcam+Sca1� stem cells were isolated using a FACS
Aria III cell sorter (BD Biosciences).

Lentivirus infection

Freshly isolated MuSCs plated in the RetroNectin coated
plates and incubated for 16 h at 37°C in a cell culture incuba-
tor, and then, the lentiviral media were replaced. For ex vivo
analysis, transduced MuSCs were incubated in cell culture in-
cubator for the indicated time.

Cell culture and monitoring of autophagic flux

For MuSC cultures, isolated MuSCs were incubated at 37°C in
DMEM containing 20% foetal bovine serum (HyClone) and
basic fibroblast growth factor (2.5 nM/mL). HEK293T and
C2C12 cells were cultured at 37°C in DMEM containing 10%
foetal bovine serum. For the hormone inhibitor studies,
C2C12 cells were incubated with DHT or 17β‐oestradiol (E2,
E8875; Sigma‐Aldrich, 100 nM). Flutamide (Sigma‐Aldrich),
1,3‐bis(4‐hydroxyphenyl)‐4‐methyl‐5‐[4‐(2‐piperidinylethoxy)
phenol]‐1H‐pyrazole dihydrochloride (MPP; Tocris Bioscience,
Bristol, UK), and 4‐(2‐phenyl‐5,7‐bis (trifluoromethyl)pyrazolo
[1,5‐a]pyrimidin‐3‐yl)phenol (PHTPP; Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA, USA), selective antagonists of the
androgen receptor (AR), oestrogen receptor alpha (ERα),
and oestrogen receptor beta (ERβ), respectively, were used
in indicated combinations and durations. All cell lines used
in the study were cultured with antibiotics in a humidified in-
cubator with 5% CO2 and were regularly tested for myco-
plasma contamination.

For measuring autophagic flux, freshly isolated quiescent
MuSCs from muscles of vehicle‐treated or Antide‐treated
GFP‐LC3 mice were treated with bafilomycin A1 (10 nM;
Sigma‐Aldrich) 3 h before flow cytometry analysis.
GFP‐LC3 fluorescence signal was calculated by
determining the FITC signal using FACS diva software (BD
Biosciences).

To monitor autophagic flux by detecting endogenous LC3
proteins, freshly isolated MuSCs were treated with
bafilomycin A1 (10 nM; Sigma‐Aldrich) or vehicle (DMSO)
6 h before immunocytochemistry. Bafilomycin‐treated MuSCs
were attached on a slide glass by cytospin and were fixed by
4% paraformaldehyde in phosphate‐buffered saline (PBS).
The fixed MuSCs were washed with PBST (0.1% Tween20)
several times and blocked at room temperature with blocking
buffer (5% horse and goat serum in PBS) for 1 h and incu-
bated with primary LC3 (1:200, MBL), p62 (1:200, sc‐25575,
Santa Cruz Biotech.) and polyubiquitinated conjugates
(Ub(n), 1:100, FK1, Enzo) antibodies overnight at 4°C. The
slides were washed with PBST several times and incubated
with the appropriate secondary antibodies for 1 h at room
temperature. The slides were counterstained with Hoechst
(Invitrogen, Carlsbad, CA, USA) and mounted with
Vectashield (H‐1000; Vector Laboratories, Burlingame, CA,
USA) after washing with PBST.

The mean fluorescence intensity of the area covered by
LC3, p62, and Ub positive signalling was measured in micro-
scopic images with Fiji software. Each dot is the averaged
mean fluorescence intensity at least 50 cells from one mouse.
Each fluorescence intensity value was normalized by the
background value for the defined region of interest area.

To produce mCherry‐GFP‐LC3 lentivirus, HEK293T cells
were transfected with the plasmid using Metafectene
(Biontex, Munchen, Germany) according to the
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manufacturer’s protocol. The supernatant containing lentivi-
rus was harvested 48 h after transfection and then used to in-
fect MuSCs. Infected cells were treated with indicated sex
hormone receptor antagonists for 12 or 24 h and fixed with
4% paraformaldehyde in PBS for 10 min; nuclei were stained
with Hoechst (Invitrogen, Carlsbad, CA, USA). After washing,
slides were mounted with Vectashield (Vector Laboratories,
Burlingame, CA, USA). Because the low pH inside the lyso-
some quenches the fluorescent signal of GFP, with the
mCherry‐GFP‐LC3 tandem construct, autophagosomes, and
autolysosomes are displayed as yellow (GFP and mCherry)
and red (mCherry) signals, respectively.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
5 (GraphPadSoftware). Unless otherwise noted, all the error
bars represent the SEM. Data were analysed using one‐tailed
t‐test, Mann–Whitney U test (for a difference in mean), F‐test
(for variance test), analysis of variance (for comparison of sig-
nificant difference in means among groups), Tukey’s pairwise
comparison test (after applying analysis of variance for multi-
group comparison), Two‐sample t‐test was performed. The P
value of <0.05 was considered statistically significant at the
95% confidence level. The additional descriptions of the
methods are in the supporting information.

Results

Sex hormones prevent enhanced senescence of
muscle stem cells

To investigate whether sex steroid hormones directly act on
MuSCs, androgen and oestrogen receptors were genetically
inactivated using Pax7CreER;Arf/y (ArΔSC) and Esr2�/� mice,
respectively,21–23 and muscle regeneration assay was
performed using BaCl2‐induced injury. Although both ArΔSC

and Esr2�/� mice showed normal muscle regeneration, ArΔSC;
Esr2�/� dKO mice showed impaired muscle regeneration
(Figures 1A and 1B, S2A, and S2B). Female dKO mice also ex-
hibit decreased size of regenerating myofibres compared with
WT mice, indicating that either Ar or Esr2 signalling is required
for proper muscle regeneration regardless of sex differences
(Figure S2C and S2D). To confirm cell‐intrinsic regenerative
failure by sex hormone signalling ablation, we performed
ex vivo proliferation assays for freshly isolated WT or dKO
MuSCs (Figure S1A–S1C). Ninety‐six hours after incubation,
the number of colony‐forming (Figure S2E and S2F) and
percentage of 5‐ethynyl‐2′‐deoxyuridine (EdU) incorporating
MuSCs (Figure S2E and S2G) were significantly reduced in
dKO MuSCs compared with those in WT MuSCs. The

functional defects of dKO MuSCs were further confirmed by
the decrease in proliferation (Ki67), myogenic activation
(MyoD), and myogenic differentiation (Myogenin) expression
3 days after muscle injury (Figure 1C–1H). These data sug-
gested that cell‐intrinsic deletion of the sex hormone receptor
leads to impaired MuSC function. Because the impairment of
cell cycle re‐entry and myogenic lineage progressions could
result from cellular senescence,9,24,25 we further examined
senescence‐associated phenotypes in freshly isolated MuSCs.
The expression of DNA damage marker (γH2AX), senescence‐
associated β‐galactosidase (SA‐β‐Gal) activity, and expression
levels of senescence‐associated genes, p16Ink4a and
p21Cip1,26,27 were significantly increased in dKO MuSCs
compared with those in controls (Figure 1I–1M). Taken
together, these results show that sex hormones prevent
enhanced senescence of MuSCs in a cell‐intrinsic manner.

Sex hormones regulate autophagosome clearance

To gain insight into how disruption of sex hormones leads to
the precocious senescence of MuSCs, we performed RNA
sequencing of dKO MuSCs. Interestingly, in addition to steroid
hormone‐responsive genes, autophagy‐related and lysosome
genes were down‐regulated in dKO MuSCs compared
with those in WT MuSCs (Figure 2A–2C). LC3, p62, and
polyubiquitinated proteins were accumulated in dKO MuSCs
even without bafilomycin (Baf) treatment, whereas Atg5‐12
complex, essential for autophagosome formation, did not
show any differences. (Figure 2D–2H). We observed that
autophagy flux was impaired in dKO MuSCs 1 month after
sex hormone signalling disruption (Figure S3A–S3G), while
the expressions of senescence markers, p16 and p21 (Figure
S3H), and regenerative capacity of MuSCs were comparable
with those of control (Figure S3I and S3J). Intriguingly, the
amount of reactive oxygen species in MuSCs was gradually
increased after the ablation of sex hormone signalling and
then eventually reached the level similar to that of geriatric
mice (Figure S3K), suggesting that prolonged impairment of
autophagic flux by sex hormone reduction results in cellular
senescence.

To investigate how sex hormones are implicated in autoph-
agic flux, we further analysed the RNA sequencing data for
autophagy‐related and lysosome genes28 using Ingenuity
Pathway Analysis. Interestingly, the autophagy master regula-
tor, Tfeb,29 was the highest scored upstream regulator based
on the changes in expression caused by the knockout of
Ar/Esr2 (Figure 2I and Table S1). The autophagy–lysosome
pathway is tightly controlled and coordinated at the level of
gene expression by Tfeb,28–31 and Tfeb plays a central role
in cellular and organismal aging through the autophagy–
lysosome pathway.32–34 Thus, these suggest that the sex
hormone signalling might be implicated in the regulation of
autophagy via Tfeb expression.
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Figure 1 Accelerated aging phenotypes of muscle stem cells (MuSCs) in the absence of intrinsic sex steroid receptor signalling. (A–H) Three‐month‐old
WT (Con), Pax7CreER;Arf/y (ArΔSC), Esr2�/� and Pax7CreER;Arf/y;Esr2�/� (dKO) mice were orally administered with tamoxifen (Tmx) for five consecutive
days. Tibialis anterior (TA) muscles were injured by BaCl2 injection at 6 months after Tmx administration. TA muscles were analysed at 21 days post‐
BaCl2 injury (dpi). Immunohistochemical (IHC) staining for laminin (A) and quantification of mean cross‐section‐area (CSA) of regenerating TA muscles
(B). Representative IHC images and quantification of Pax7 and Ki67 costaining (C and D) in TA muscles at 3 dpi. Arrows and arrowheads indicate Pax7+-

Ki67+ and Pax7+Ki67� cells, respectively. Representative images and quantification of MyoD (E and F) and Myogenin (MyoG, G and H) staining in TA
muscles at 3 dpi. Arrows indicate MyoD + or MyoG + cells. (I) Immunostaining and (J) quantification for Pax7 and γH2AX in freshly isolated MuSCs from
uninjured mice. Arrows indicate Pax7+γH2AX+ cells. (K) Flow cytometry analysis of SA‐β‐Gal activity, and (L) quantification of SA‐β‐Gal+ cells in isolated
MuSCs. (M) Relative mRNA expression of senescence‐associated genes in MuSCs. Scales: 100 (A), 50 (C, E, and G), and 20 μm (I). Comparisons by
one‐way ANOVA with Tukey’s post hoc test (B), unpaired t‐test (D, F, H, J, and M), and Mann–Whitney U test (L). Bars, mean ± SEM. A, B; n = 7
TA muscles from 4 animals per group and C–M; 4 animals per group *P < 0.05, **P < 0.01. The detailed procedure of CSA quantification applied
throughout this study is described in the supporting information.
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Figure 2 Regulation of autophagy–lysosome system in muscle stem cells (MuSCs) by sex steroid receptor signalling. (A–I) Three‐month‐old WT and
dKO mice were orally administered with tamoxifen for 5 days, and then, MuSCs were isolated from hindlimb muscles 6 months after tamoxifen treat-
ment. Freshly isolated MuSCs were analysed by RNA sequencing 2868 genes satisfying fc 2. Z‐score were used for normalization. Gene ontology (GO)
analysis (A). Heat map for relative expression of autophagy‐related and lysosomal genes in WT and dKO MuSCs (B). Autophagy genes were obtained
from the Human Autophagy Database (http://autophagy.lu) and the mouse Autophagy Database (http://www.tanpaku.org/autophagy). Lysosomal
genes were obtained from Lysosomal gene database (http://lysosome.unipg.it). The confirmation of autophagy and lysosomal genes in MuSCs by qPCR
analysis (C). Western‐blot analysis of Atg5‐12 complex, p62, polyubiquitinated proteins in isolated MuSCs. Relative band densities were indicated be-
low each blot (D). Immunostaining (E and G) and quantified mean fluorescence intensity (MFI) for LC3 and p62/poly‐ubiquitin (F and H) in MuSCs with
(Veh) or without Bafilomycin (Baf), respectively. IPA analysis for bioinformatic prediction of putative upstream regulators of down‐regulating autoph-
agy and lysosomal genes in dKO MuSCs compared with WT MuSCs (I). (J) Representative images and (K) quantifications of GFP and mCherry fluores-
cent. MuSCs expressing mCherry‐GFP‐LC3 were treated with indicated inhibitors for 24 h. Flutamide, an Ar inhibitor; MPP, an Esr1 inhibitor; PHTPP, an
Esr2 inhibitor; AL, autolysosome, AP; autophagosome. Comparisons by one‐way ANOVA with Tukey’s post hoc test (F, H, and K) and unpaired t‐test (C).
Scales, 10 μm, bars, mean ±SEM. n = 4 animals per group; *P < 0.05, **P < 0.01. The detailed procedure and sample size of MFI quantification applied
throughout this study are described in Methods. dKO, double knockout; WT, wild‐type.
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To investigate whether sex hormones indeed regulate au-
tophagic flux, the freshly isolated MuSCs from WT limb mus-
cles were transduced with lentiviral mCherry‐GFP‐LC3
reporter for 24 h. Because GFP fluorescence is quenched by
the acidity of the lysosome, GFP+mCherry+ (yellow) puncta in-
dicate autophagosomes, whereas GFP�mCherry+ (red)
puncta indicate autolysosomes.29 mCherry‐GFP‐LC3–trans-
duced MuSCs were further cultured in complete medium
containing both DHT and E2 for 24 h with varying combina-
tions of flutamide, an androgen‐receptor DNA‐binding
antagonist35; MPP, an oestrogen receptor‐1 antagonist36; or
PHTPP, an oestrogen receptor‐2 antagonist.37 Although treat-
ment with any single inhibitor did not affect the autophagic
flux, the combined inhibition of Ar and Esr2markedly blocked
autophagosome clearance (Figure 2J and 2K), suggesting that
the sex hormones might be implicated in MuSC senescence
through the regulation of autophagosome clearance.

Sex hormones control autophagosome clearance in
muscle stem cells through Tfeb transcriptional
activation

To examine whether sex hormones induce autophagosome
clearance by regulating Tfeb expression, we assessed the Tfeb
expression level in C2C12 cells cultured under the various
hormonal culture conditions. Importantly, Tfeb expression
was markedly decreased by the combined inhibition of Ar
and Esr2 (Figure 3A and 3B). To further confirm that sex hor-
mones activate autophagosome clearance through Tfeb, we
conducted a reporter assay using a luciferase construct con-
taining four repeats of coordinated lysosomal expression
and regulation (CLEAR) elements (4× CLEAR).38 Consistently,
luciferase activity was reduced by the combined inhibition
of Ar and Esr2 (Figure 3C). To investigate how sex steroid hor-
mones regulate Tfeb expression, we performed a
chromatin‐immunoprecipitation assay against Ar in MuSCs.
Ar was recruited to androgen response elements in the Tfeb
promoter in young MuSCs (Figure 3D and 3E). We confirmed
that the expression levels of Tfeb target genes were
up‐regulated upon sex hormone treatment in a
dose‐dependent manner (Figure 3F). Together, these results
show that sex hormones control autophagosome clearance
in MuSCs through Tfeb transcriptional activation. Consis-
tently, Tfeb and Tfeb target gene expression were decreased
in MuSCs from dKO mice compared with those in controls
(Figure 4E).

To further examine whether Tfeb expression can restore
impaired autophagosome clearance in dKO MuSCs, we
transduced them with lentiviral vectors containing control
[Lv‐Cont‐IRES‐tdTomato (Lv‐Cont)] or Tfeb [Lv‐Tfeb‐IRES‐
tdTomato (Lv‐Tfeb)]. Accumulated LC3 was considerably
reduced in Lv‐Tfeb‐transduced compared with that of Lv‐
Cont‐transduced dKO MuSCs without Baf treatment, while

increased upon Baf treatment (Figure 3G and 3H), indicating
that impaired autophagosome clearance in dKO MuSCs was
rescued by Tfeb overexpression. Consistently, the expressions
of p16 and p21 were significantly reduced in Lv‐Tfeb MuSCs
compared with those in Lv‐Cont MuSCs (Figure 3I). To test
whether the transduction of Tfeb also restores regenerative
dysfunction of dKO MuSCs, we transplanted Lv‐Cont‐trans-
duced or Lv‐Tfeb‐transduced dKO MuSCs into MuSC‐depleted
Pax7CreER;ROSA‐DTA mice that were pre‐injured with BaCl2
1 day before transplantation. After muscle regeneration, all
myofibres containing centralized myonuclei could be consid-
ered to be originated from donor MuSCs, because recipient
mice lack MuSCs.39 Notably, Lv‐Tfeb‐transduced dKO MuSCs
showed extensive muscle regeneration compared with that
of controls (Figure 3J–3K).

Inhibition of the hypothalamic–pituitary–gonadal
axis provokes muscle stem cells into senescence

Dysfunction of the HPG axis upon menopause/andropause is
one of the physiopathological problems resulting in
age‐related diseases in aging organisms.14,40–42 To investigate
the physiological relevance of our findings that the HPG axis
controls autophagosome clearance in MuSCs via Tfeb, we
administered Nal‐Lys GnRH antagonist (Antide) into young
mice to establish a model that interferes with the HPG axis.43

As expected, serum levels of sex steroid hormones were con-
siderably decreased by Antide treatment, resembling the
levels of geriatric mice (Figure S4A and Table S2). To examine
whether the GnRH‐sex hormones axis indeed regulates
autophagosome clearance in MuSCs in vivo, we administered
Antide to young GFP‐LC3 mice for 4 months. GFP‐LC3 puncta
were accumulated in MuSCs from Antide‐treated GFP‐LC3
mice even without Baf treatment (Figure 4A–4C), indicating
their inability to clear autophagosomes as reported in geriat-
ric MuSCs.19 As in dKO mice (Figure 4E), Tfeb and Tfeb target
gene expression were reduced in MuSCs from Antide‐treated
mice compared with those in controls (Figure 4D). These data
suggest that the HPG‐sex hormone axis regulates the autoph-
agy elimination system through Tfeb in MuSC.

To further investigate whether GnRH inhibition leads
to the inability of autophagosome clearance causing
MuSC senescence, we assessed the autophagy flux and
senescence‐associated changes in young GFP‐LC3 mice
treated with Antide for 2 months (Figure S4B). Although
short‐term treatment of Antide resulted in no alteration of se-
nescence markers, it showed an inability of autophagosome
clearance compared with those of controls (Figure S4C–S4E),
which were similar to those of aged (20–24 months) mice.9

However, long‐term treatment of Antide more than 6months
lead to increased γH2AX, SA‐β‐Gal activity, and senescence‐as-
sociated genes in MuSCs compared with those of controls,
which were similar to those of geriatric MuSCs (Figure S5A–
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Figure 3 Transcriptional regulation of Tfeb by androgen receptor and oestrogen receptor beta signalling. (A) Relative mRNA expression of Tfeb in
C2C12 cells treated with indicated inhibitors for 12 h. HF, hormone‐free media; F, Flutamide, an Ar inhibitor; M, MPP, an Esr1 inhibitor; P, PHTPP,
an Esr2 inhibitor. (B) Representative immunoblot (top) of Tfeb and relative band densities (bottom) in C2C12 cells treated with the inhibitors for
24 h. (C) Relative luciferase units (RLU) of CLEAR motif sequence in C2C12 cells expressing 4× CLEAR treated with the inhibitors for 24 h. (D) Putative
binding sites of Ar in the Tfeb gene. TSS, transcription start site; ORF, open reading frame. (E) Chromatin‐immunoprecipitation analysis of MuSCs from
skeletal muscles of 4‐month‐old mice with control IgG and anti‐Ar antibody. (F) mRNA expressions of Tfeb target‐genes in C2C12 cell treated with DHT
(right y axis) or 17β‐estradiol (left y axis) for 24 h. (G–K) Three‐month‐old WT and dKO mice were orally administered with tamoxifen for 5 days, and
then, MuSCs were isolated from hindlimb muscles 6months after tamoxifen treatment. MuSCs transduced with lentiviral vectors containing control or
Tfeb [Lv‐Cont‐IRES‐tdTomato (Lv‐Cont) or Lv‐Tfeb‐IRES‐tdTomato (Lv‐Tfeb)]. MuSCs were analysed 96 h after Tfeb transduction. Immunostaining for
LC3 (G) and quantification of MFI (H) with or without Baf treatment for 6 h. Relative mRNA expression of senescence‐associated genes (I). (J and K)
Sixteen hours after transduction, equal numbers of transduced MuSCs were transplanted into young injured Pax7CreER;ROSA‐DTA mice pre‐treated
with tamoxifen for 4 weeks before injury. Ten days after MuSC transplantation, TA muscles were analysed. IHC images for eMyHC and tdTomato
(J), and quantification of mean CSA of tdT+eMyHC+ myofibres (K). Comparisons by one‐way ANOVA with Tukey’s post hoc test (A–C, F, and H) and
unpaired t‐test (E). Scales: 10 (G) and 100 μm (J) bars, mean ± SEM; n = 3–4 independent experiments; *P < 0.05, **P < 0.01, n.s. not significant.
dKO, double knockout; MuSCs, muscle stem cells.
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Figure 4 Impaired autophagosome clearance and regenerative function of MuSCs under reduction of HPG‐sex steroid hormone‐Tfeb axis. (A) A
scheme for Antide treatment. Three‐month‐old mice were subcutaneously injected with vehicle (Veh) or Nal‐Lys GnRH antagonist (Antide) for 4, 6,
or 10 months. (B and C) MuSCs were isolated from Veh or Antide‐treated GFP‐LC3 transgenic mice for 4 months and treated with DMSO or Baf for
6 h. Flow cytometry (B) and representative confocal images (C) for GFP‐LC3 in MuSCs. (D and E) Tfeb and Tfeb target‐gene expressions in MuSCs iso-
lated from Antide‐treated mice in Figure4B (D) and dKO mice in Figure1A (E). (F) TA muscles of Antide‐treated mice for indicated time were injured by
BaCl2 injection and were analysed at 14 dpi. Haematoxylin and eosin (H&E) staining (top) and IHC staining for laminin (bottom). Geriatric mice were
30 months old. (G) Quantifications of CSA of regenerating MFs. (H) The number of Pax7 + cells per 100 MFs in uninjured Veh, Antide‐treated, and
geriatric TA muscles. (I and J) TA muscles from Antide‐treated mice for 10 months were injured by BaCl2 and analysed at 3 dpi. Representative images
for Pax7 and Ki67 staining (I) and quantifications (J). Arrows and arrowheads indicate Pax7 +Ki67 + and Pax7 +Ki67 � cells, respectively. Scales, 5 (C), 50
(I), and 100 μm (E). Comparisons by one‐way ANOVA with Tukey’s post hoc test (G–H), Mann–Whitney U test (J) and unpaired t‐test (D–E). Bars,
mean ± SEM; n = 4–5 animals per group; *P < 0.05, **P < 0.01. dKO, double knockout; MuSCs, muscle stem cells; WT, wild‐type.

The HPG axis controls MuSC senescence 185

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 177–191
DOI: 10.1002/jcsm.12653



S5E). The ex vivo colony‐forming ability of Antide‐treated
MuSCs was comparable with that of geriatric MuSCs (Figure
S5F–S5G and Movie S1–S3). Consistently, Antide administra-
tion results in numerical and functional decline of MuSCs and
defective muscle regeneration (Figure 4F–4J). Thus, impaired
autophagosome clearance by ablation of the HPG axis acceler-
ates the age‐associated defects of MuSCs.

Antide‐induced senescence does not associate the
Notch signalling pathway

We previously reported that the HPG axis at puberty acti-
vates Notch signalling in MuSCs by inducing Mib1 expression
in myofibres at puberty.16 Thus, the advanced senescence of
MuSCs by GnRH inhibition could be due to defective Notch
signalling in MuSCs. Therefore, we examined the expression
of Notch target genes, Hes1, Hey1, and HeyL, in MuSCs and
Mib1 in myofibres, respectively. Notch‐related gene expres-
sions in Antide‐treated MuSCs and myofibres were compara-
ble with those of Veh‐treated controls (Figure S6A and S6B),
suggesting that Antide treatment did not completely block,
but reduce sex hormone secretion, which is insufficient to
inhibit Notch signalling in adult MuSCs.

To further address whether the advanced senescence of
MuSCs in Antide‐treated mice is not due to defective Notch
signalling, we specifically activated Notch signalling in adult
MuSCs with Tamoxifen in Pax7CreER;ROSA‐N1ICD reporter
mice (N1SC/OE)44,45 and then administered Antide for
10 months (Figure 5A). Because ROSA‐N1ICD reporter mice
coexpress N1ICD with GFP after Cre recombination, we com-
pared GFP+ and GFP� MuSCs to examine whether Notch sig-
nalling is implicated in cellular senescence. Expression levels
of Notch target genes Hes1, Hey1, and HeyLwere considerably
increased in GFP+ MuSCs compared with levels in GFP�MuSCs
(Figure 5B and 5C). Interestingly, however, regardless of Notch
activation, both GFP+ and GFP� MuSCs showed similar levels
of senescence markers (Figure 5C), γH2AX, and DNA damage
(Figure 5D–5F). These data show that the enhanced senes-
cence by GnRH inhibition is independent of Notch signalling
and is more susceptible to low levels of sex steroid hormones.

Sex hormone replacement prevents Antide‐induced
senescence and muscle stem cell dysfunction

To investigate that MuSC senescence by disrupting the HPG
axis is prevented by restoring sex steroid hormones, we per-
formed DHT replacement experiment in Antide‐treated mice
and examined senescent phenotypes in MuSCs (Figure 5G).
The senescent phenotypes and dysfunction of the MuSCs
were prevented in Antide‐treated mice by coadministration
of DHT (Figure 5H–5L), suggesting that the HPG‐sex hormone
axis prevents the senescence of MuSCs in adulthood.

Because Tfeb expression was decreased in geriatric MuSCs
compared with that of young MuSCs (Figure S7A), we exam-
ined whether decreased Tfeb expression is responsible for
impaired autophagosome clearance and senescence in geriat-
ric MuSCs. Interestingly, LC3 accumulation significantly re-
duced by Lv‐Tfeb transduction compared with Lv‐Cont
transduction in geriatric MuSCs without Baf treatment, while
increased by Bafilomycin treatment (Figures 6A, 6B, and S7B),
indicating that impaired autophagy flux in the geriatric MuSCs
was rescued by Tfeb expression. Consistently, the expressions
of autophagy/lysosomal genes and senescence markers, p16
and p21, were significantly restored in Lv‐Tfeb‐transduced
geriatric MuSCs compared with those in Lv‐Cont‐transduced
geriatric MuSCs (Figures 6C and S7C). Moreover, the percent-
age of EdU+ MuSCs and colonies of cultured MuSCs were sig-
nificantly increased in Lv‐Tfeb‐transduced geriatric MuSCs
compared with those of controls (Figures 6D, 6E, and S7D–F).

Finally, to examine whether the transduction of Tfeb in ge-
riatric MuSCs can rescue the impaired regenerative function
of MuSCs, we transduced Tfeb‐IRES‐tdTomato‐expressing
lentivirus into geriatric MuSCs and transplanted them into
MuSC‐depleted Pax7CreER;ROSA‐DTA mice, in which
transplanted donor MuSCs are a major contributor to muscle
mass and myofibre formation (Figure 6F). Consistent with our
findings above, the transduction of the Tfeb in naturally aged
MuSCs greatly increased myogenic functions (Figure 6G–6J).
Taken together, our data show that sex steroid
hormones governed by the HPG axis systemically control
autophagosome clearance in MuSCs through Tfeb and
prevent MuSCs from senescence.

Discussion

Serum levels of testosterone and estradiol, which gradually
increase after pubertal onset, are maintained by the HPG axis
throughout adulthood, and finally decrease in old age.16,17,47

We previously reported that increased sex hormones by the
HPG axis at puberty establish a reservoir of adult MuSCs.16

We show here that increased and sustained levels of sex hor-
mones at adulthood prevent MuSC senescence by maintain-
ing autophagosome clearance through Tfeb, and their
decline at old age results in the reduction of Tfeb that leads
to accumulation of autophagosome and eventual induction
of senescence at geriatric age (Figure 7). Our data suggest
that the HPG‐sex hormone axis is one of the master regula-
tors of MuSCs throughout life.

As organism ages, MuSCs become defective in autophagy
flux leading to the accumulation of autophagosome.9 Using
Atg7‐ablated MuSCs, Garcia‐Prat et al. reported that autoph-
agy impairment‐induced p16 expression provokes entry into
senescence and impairs MuSC functions, suggesting that
autophagy prevents MuSCs from senescence. However,
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Figure 5 Prevention of Antide‐induced muscle stem cell (MuSC) senescence by sex hormone administration, not by Notch signalling activation. (A–F)
Three‐month‐old WT and Pax7CreER;ROSA‐N1 (N1SC/OE) transgenic mice were orally administered with Tmx for five consecutive days and treated with
Antide for 10 months as indicated. Note that GFP in MuSCs from Pax7CreER;ROSA‐N1 (N1SC/OE) mice is coexpressed with the intracellular domain of
Notch1 after successful recombination by Cre recombinase. A scheme for MuSC‐specific activation of Notch signalling (top) and Antide administration
(bottom) (A). Flow cytometry analysis of MuSCs isolated from Antide‐treated WT or N1SC/OE mice. Note that GFP+ and GFP� cells are
N1ICD‐overexpressing and normal MuSCs, respectively, in one mouse (B). Relative mRNA expression of Notch target genes and senescence‐associated
genes in GFP+ and GFP� MuSCs isolated from Antide‐treated N1SC/OE mice (C). Quantification of single‐cell electrophoretic assay (D). Veh‐treated or
Antide‐treated WT mice were used as control group (Cont). Note that a distinct head and tail by single cell electroporation mean intact DNA and bro-
ken pieces of damaged DNA, respectively.46 Representative images for γH2AX and GFP in freshly isolated MuSCs (E) and quantification (F). (G–L) A
scheme for Antide and DHT cotreatment. Silastic tubes containing Veh or DHT were implanted into 3‐month‐old C57BL/6 mice, and they were treated
with Antide 6 mg/kg/week for 10 months (G). Relative mRNA expression of senescence‐associated genes in MuSCs from Sham/Veh, Sham/Antide or
DHT/Antide‐treated mice (H). BaCl2 injury was induced in TA muscles of indicated mice. At 3 dpi, representative images (I) and relative percentages of
Pax7+Ki67+ cells (J). Arrows and arrowheads indicate Pax7+Ki67+ and Pax7+Ki67� cells, respectively. IHC images for laminin (K) and (L) quantification of
CSA of TA muscles at 21 dpi. Scales: 100 (H) and 50 μm (E). Comparisons by one‐way analysis of variance with Tukey’s post hoc test and paired t‐test.
Bars, mean ± SEM; 4 animals per group and K; n = 7 (Sham/Veh), 4 (Sham/Antide), and 5 (DHT/Antide) TA muscles from 4 animals per group; *P< 0.05,
**P < 0.01, n.s. not significant.
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autophagosome formation itself was impaired in the
Atg7‐ablated MuSCs,9,13 detailed mechanism by which au-
tophagy prevents senescence of naturally aged MuSCs
remained to be elucidated. In this study, genetic and pharma-
cological inhibition of the HPG axis recapitulates progressive
aging progress of MuSCs: at early stage, decrease of Tfeb,

autophagy, and lysosomal genes leads to impaired
autophagosome clearance, which is similar to those of old
MuSCs.9 At late stage, however, a gradual increase of ROS
by prolonged inhibition of the HPG axis reaches the level sim-
ilar to that of geriatric MuSCs and eventually provokes entry
into senescence (Figure 7). Thus, circulating sex hormonal

Figure 6 Improved function of geriatric muscle stem cells (MuSCs) by Tfeb overexpression. (A–E) Geriatric MuSCs were transduced with Lv‐Cont and
Lv‐Tfeb lentivirus. Seventy‐two hours after transduction, Tfeb expression (A) and quantification of MFI for LC3 proteins with or without Baf for 6 h (B).
Relative expressions of p16 and p21 in transduced MuSCs (C). Percentages of EdU + cells (D) and number of colony formation (E) 96 h after transduc-
tion. Representative images for EdU incorporation and colony formation assays of the MuSCs were shown in FigureS7D and S7E. Cell clusters consisting
of at least five or more cells were counted as colony. (F) A scheme for MuSC transplantation. Equal numbers of 16 h of transduced geriatric MuSCs
were transplanted into young injured Pax7CreER;ROSA‐DTA mice pre‐treated with tamoxifen for 4 weeks before injury. Ten days after MuSC transplan-
tation, the TA muscles were analysed. (G) Gross morphology and (H) muscle mass of TA muscles. (I) IHC images for eMyHC and tdTomato, and (J) quan-
tification of mean CSA for tdT + eMyHC + myofibres. Scales: 0.5 cm (G) and 100 μm (I). Comparisons by Mann–Whitney U test (B, D, E, and H) and
unpaired t‐test (A, C, and J). Bars, mean ± SEM; n = 4–7 animals per group; *P < 0.05, **P < 0.01, n.s. not significant.
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diminution is causally implicated in the physiological progress
of MuSC aging and senescence. In accordance with the hypo-
thalamic control of systemic aging,14,15 our study showed
that decreased levels of GnRH result in the reduction of sex
hormone secretion, Tfeb expression, and autophagosome
clearance. Recently, Leeman et al.31 reported that
constitutive activation of Tfeb in old quiescent neural stem
cells allows them to regain a more youthful state.

Therefore, the HPG‐sex hormone‐Tfeb axis will prevent the
aging of quiescent adult stem cells such as MuSCs and neural
stem cells possibly by inducing autophagosome clearance.

In this study, the HPG‐sex hormone axis directly regulates
the autophagy and lysosome pathway through the transcrip-
tional induction of Tfeb in a MuSC‐intrinsic manner. In paral-
lel, the same axis induces Mib1 in myofibres to activate Notch
signalling in MuSCs at puberty, as reported.16 Each pathway

Figure 7 A proposed model. In youthful environment, sex steroid hormones controlled by the HPG axis transcriptionally induce the expression of Tfeb
in muscle stem cells (MuSCs). Tfeb drives the expression of the entire network of genes that contain the coordinated lysosomal expression and reg-
ulation (CLEAR) motif in their promoters. Accordingly, the autophagy–lysosome pathway maintains stemness and quiescence of MuSCs. However, at
early stage, decreased sex hormone signalling by functional decline of the HPG axis at old age or inhibition of GnRH results in decrease of Tfeb and
autophagy and lysosomal genes, which leads to impaired autophagosome clearance and accumulation of bulk autophagy substrates (LC3, p62/Ub)
and ROS. At late stage, the gradual increase of ROS by prolonged decrease of the HPG axis reaches the level similar to that of geriatric MuSCs and
then eventually provokes entry into senescence, which is relevant to an organism’s normal aging process: impaired autophagy clearance at an early
stage and then cellular senescence at the late stage. Importantly, Tfeb overexpression in geriatric or sex hormone signalling‐disrupted MuSCs rescues
impaired autophagy–lysosome system and reverts MuSC function. Therefore, the HPG‐Tfeb axis would be a key contributor to the aging of MuSCs.
HPG, hypothalamic–pituitary–gonadal.
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leads to different outcomes, although both are crucial for
adult MuSC homeostasis. The former maintains MuSC quies-
cence, while the latter establishes adult quiescent MuSCs and
prevents premature differentiation of MuSCs. Notch inhibi-
tion results in myogenic differentiation of MuSCs without en-
tering the S phase that leads to depletion of MuSCs, while
Notch activation confers stemness to MuSCs by preventing
their differentiation.44,48,49 In fact, myofibre‐specific disrup-
tion of Mib1 leads to the depletion of MuSCs in adult mice,
in which the sex hormone–autophagy–lysosome system re-
mains intact (manuscript in preparation). By contrast, in both
Antide‐treated Pax7CreER;ROSA‐N1ICD transgenic mice and
dKO mice, in which Notch signalling is constitutively active
and intact, respectively, MuSCs show an intrinsic functional
impairment that is representative of premature aging. These
data indicate that the sex hormone–autophagy–lysosome
system is also critical for the maintenance of quiescent
MuSCs by preventing enhanced senescence. In conclusion,
the HPG‐sex hormone axis plays dual roles by activating the
autophagy–lysosome system to maintain quiescent MuSCs
and by activating Notch signalling to prevent premature
differentiation of MuSCs throughout life.
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