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RESEARCH PAPER - BASIC SCIENCE
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ABSTRACT
Macroautophagy/autophagy is emerging as an important process in adult muscle stem cells functions: it
regulates metabolic reprogramming during activation from a quiescent state, maintains stemness and
prevents senescence. We now show that autophagy is specifically required for neonatal myogenesis and
muscle development. Specific deletion of Atg7 in PAX7+ (paired box 7) precursors led in mice to a dwarf
phenotype, with an effect restricted to the neonatal phase of muscle development. Atg7 knockdown
suppressed neonatal satellite cell (nSC) proliferation and differentiation, downregulating the GH-IGF1 func-
tions. When we disrupted autophagy, NFE2L2/NRF2 (nuclear factor, erythroid 2 like 2) accumulated in muscle
and nSCs and negatively modulated DDIT3/CHOP (DNA-damage inducible transcript 3) expression. Lower
levels of DDIT3 were responsible for reduced GHR expression leading to impaired local production of IGF1.
Our results conclusively identify a novel autophagy-dependent pathway that regulates nSC behavior and
indicate that autophagy is required for skeletal muscle development in the neonatal phase.

Abbreviations: AKT/protein kinase B: Thymoma viral proto-oncogene; ASCs: adult stem cells; ATF4: activating
transcription factor 4; ATG7: autophagy related 7; BAT: brown adipose tissue; BMP: bone morphogenetic
protein; CEBPB: CCAAT/enhancer binding protein (C/EBP), beta; CSA: cross sectional area; CTNNB1: catenin
(cadherin associatedprotein), beta 1; DDIT3: DNA-damage inducible transcript 3; DM: differentiationmedium; E:
embryonic stage; EIF2AK3/PERK; EIF4EBP1: eukaryotic translation initiation factor 2 alpha kinase 3; eukaryotic
translation initiation factor 4E binding protein 1; ER: endoplasmic reticulum; FGF21: fibroblast growth factor 21;
GH: growthhormone;GHR: growthhormone receptor; HSCs: hematopoietic stemcells; IGF1: insulin-like growth
factor 1; ITGAM: integrin alpha M; KEAP1: kelch-like ECH-associated protein 1; LY6A/Sca-1; MAP1LC3: lympho-
cyte antigen 6 complex, locus A; microtubule-associated protein 1 light chain 3; MAPK1/ERK2: mitogen-
activated protein kinase 1; MAPK3/ERK1: mitogen-activated protein kinase 3; miRNAs: microRNAs; MSCs:
mesenchymal stem cells; MTOR: mechanistic target of rapamycin kinase; mtUPR: mitochondrial unfolded
protein response;MYF5:myogenic factor 5;MYH:myosin, heavy polypeptide;MYOD1:myogenic differentiation
1; MYOG: myogenin; NFE2L2: nuclear factor, erythroid derived 2, like 2; nSC: neonatal satellite cells; NSCs:
neuronal stem cells; P: postnatal day; PAX7: paired box 7; PECAM1: platelet/endothelial cell adhesion molecule
1; PPARG: peroxisome proliferator activated receptor gamma; PTPRC: protein tyrosine phosphatase, receptor
type, C; ROS: reactive oxygen species; RPS6: ribosomal protein S6; SCs: adult satellite cells; SQSTM1: sequesto-
some 1; STAT5: signal transducer and activator of transcription 5; TGFB1: transforming growth factor beta 1;
WAT: white adipose tissue; WT: wild type.
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Introduction

Skeletalmuscle development during embryonic, fetal and neonatal
periods requires successive waves of muscle stem cell activation,
proliferation and fusion that involve different types of myoblasts.
Embryonic myogenesis, occurring between E10.5-E12.5, allows
the generation of primary fibers by differentiation of embryonic

myoblasts. Fetal myogenesis, occurring between E14.5 and birth
(P0), involves fusion of fetal myoblasts to existing primary fibers
and fusion of singlemyoblasts generating secondarymyofibers. At
the end of this phase, newly formed basal lamina surrounds each
individual fiber. Neonatalmyogenesis, between P0 and P21, allows
myofiber growth by rapid increase in myonuclear number, due to
satellite cell proliferation and fusion with existing myofibers.
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Finally, adult myogenesis after P21 enables myofibers to grow in
the absence of myonuclear addition and is required for postnatal
growth and repair after damage [1,2].

Embryonic, fetal, and adult myoblasts differ in their char-
acteristics [3]. Embryonic and fetal muscle precursors are
interstitial mononuclear cells, whereas neonatal and adult
progenitors are localized beneath the basal lamina of the
myofibers. These cells are termed satellite cells [4] and are
morphologically identifiable from the end of fetal myogenesis.
Expression of transcription factors, cell surface receptors, and
extracellular matrix proteins differ between embryonic and
fetal myoblasts [5], while it is still unclear whether differences
exist between neonatal and fetal myoblasts. In agreement,
primary, secondary, and adult myofibers are distinct, espe-
cially in the expression of muscle contractile proteins [1].

Different signaling pathways regulate the myogenic phases.
Embryonic myogenesis is insensitive to TGFB1/TGFbeta
(transforming growth factor beta 1) and BMP (bone morpho-
genetic protein) signaling as well as to activation of the
CTNNB1 (catenin beta 1) pathway. By contrast, these mole-
cules can affect fetal myogenesis and satellite cell differentia-
tion [3,6–8]. Extrinsic signals from connective tissue are also
important for muscle maturation, promoting the switch from
fetal to adult muscle [9]; thus, evaluating the full range of
intrinsic and extrinsic factors that regulate fetal, neonatal, and
adult myogenesis is necessary to understand how muscle
development is controlled.

In stem cells functions, the importance of a functional
autophagic machinery is being unraveled. Pluripotency, self-
renewal as well as quiescence require autophagy [10].
Autophagy is a homeostatic process acting as a quality control
pathway and as a recycling system [11], carrying out degrada-
tion of cytoplasmic components including damaged orga-
nelles, toxic protein aggregates and intracellular pathogens
[12]. In adult stem cells (ASCs), including hematopoietic
(HSCs), mesenchymal (MSCs) and neuronal (NSCs) stem
cells, autophagy sustains such ASCs functions as erythroid
maturation, adipocyte differentiation, neuritogenesis and neu-
ronal differentiation [13].

In muscle, autophagy contributes to the metabolic repro-
gramming that occurs during myogenic differentiation and
provides a successful process of myogenesis [14,15].
Autophagy is required for adult satellite cell (SC) activation
from a quiescent state, promoting the metabolic adaptations
needed for leaving quiescence [16]. Further, autophagy has
been identified as capable of maintaining satellite cells stem-
ness, thus preventing the switch between quiescence and
senescence [17]. In MYF5+ (myogenic factor 5) precursor
cells, autophagy regulates energy and glucose homeostasis
affecting brown adipose tissue and skeletal muscle develop-
ment [18]. However MYF5+ cells contribute to adult myonu-
clei by 50% [19], and, consequently, loss of Atg7 in MYF5+

progenitors modestly affects myocyte size.
To date, little information has been provided on whether

autophagy controls muscle development. To study this we
deleted Atg7 specifically in satellite cells and found that Atg7
knockdown leads to severe deficiencies in neonatal skeletal
muscle growth. Furthermore, we identified in the regulation
of NFE2L2 and DDIT3 the molecular determinants

responsible for the effectiveness of the muscle GH-IGF1 sys-
tem, thus defining the existence of a direct link between both
factors and a proper autophagic flux. Collectively, our results
provide in vivo evidence that basal autophagy is a process
regulating muscle maturation in the neonatal phase.

Results

Generation of Pax7 promoter-regulated Atg7 knockout
mice (atg7Δ)

To investigate the physiological role of autophagy during
myogenesis we generated an Atg7 conditional knockout
mouse by the Cre-loxP technology. We crossed Atg7-floxed
mice (Atg7fl/fl) with a transgenic line expressing Cre recombi-
nase under the control of the Pax7 promoter. We chose to
generate this model (referred to as atg7Δ hereafter) to study
the role of autophagy in skeletal muscle growth. PAX7 is not
expressed in progenitor cells until E11.5 and then persists in
fetal (E14.5–P0; P, postnatal day) and neonatal muscle (P0–
P21) [20]. In addition, PAX7+ progenitors do not give rise to
embryonic muscle, but are required for fetal myogenesis in
the limb [8]. PAX7 also regulates neonatal progenitors and it
is crucial for their maintenance, proliferation, and differentia-
tion [2,21], whereas, in adults, PAX7 labels all satellite cells
[1]. Consistently, ATG7 expression was almost undetectable
in atg7Δ embryos at E14.5 and E18.5 (Figure 1(a)) and in
neonatal skeletal muscle, as shown by immunofluorescence
and western blotting analysis (Figure 1(b)). The trace amounts
of ATG7 protein visible in the blot could be due to contam-
ination by endothelial cells, fibroblasts and blood cells. Atg7
deletion was accompanied by suppression of MAP1LC3/LC3
(microtubule-associated protein 1 light chain 3) lipidation and
accumulation of SQSTM1/p62 (sequestosome 1) in skeletal
muscle (Figure 1(c)) indicating an efficient inhibition of
autophagy, also strengthened by the presence of SQSTM1
aggregates in immunofluorescence analysis of muscle sections
(Figure 1(d)).

No changes in ATG7 expression were found in other
organs we assessed, namely brain, liver, lung and kidney
(Figure 1(e)), confirming the specificity of Atg7 deletion in
muscle.

Skeletal muscle growth is severely compromised in atg7
Δ mice

Fetal and neonatal muscle express PAX7. During fetal myogen-
esis, myoblasts fuse to primary fibers formed during embryonic
myogenesis and to each other to generate secondary myofibers.
In neonatal sections, the total number of myofibers was similar
comparing wild type (WT) and atg7Δ mice (Figure 2(a)). At
E18.5, the mean cross sectional area (CSA) of muscle fibers did
not differ between the 2 genotypes (Figure 2(b)). Altogether
these findings suggest that fetal myogenesis is not affected by
Atg7 deletion.

After birth, male atg7Δmice showed a dwarf phenotype and
were significantly smaller than WT littermates with a signifi-
cant body weight reduction by 40% at P21 (Figure 2(c)). The
weights of different organs, when normalized for body weight,
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did not decrease in atg7Δ mice compared to age matched
controls, while hindlimb muscles mass was significantly lower
in atg7Δ mice (Figure 2(d) and S1A), indicating that in autop-
hagy-deficient mice only skeletal muscle was reduced out of
proportion to the body mass. Compared to WT littermates,
atg7Δmice showed impaired growth by P10 that became more
evident at P21 (Figure 2(e)). Conversely, female atg7Δ mice
displayed a normal growth curve (Figure S1B) and there were
no obvious differences in body, or muscle size (Figure S1C)
compared to WT littermates.

The stomachs of pups were full of milk in both WT and
atg7Δ mice, excluding feeding difficulties of mice that could
account for the discrepancies between male and female
phenotype.

Muscle growth started to differ at P14 and worsened at P21,
whereas no differences were observed at P7 (Figure 3(a)); the
same result was obtained calculating the skeletal muscle growth
index (i.e., hindlimbs skeletal muscle weight normalized to
whole body weight) (Figure 3(b)). In atg7Δ mice at P21, there
was a greater number of smaller myofibers and fewer large

Figure 1. Autophagy is specifically inhibited in atg7Δ mice muscles. (a) Myosin heavy chain (MYH) (red) and ATG7 (green) immunostaining of abdominal muscle in
transverse sections of WT and atg7Δ embryos at E14.5 (scale bar: 50 µm) and of hind limb muscle at E18.5 (scale bar: 25 µm). DAPI is used as a nuclear stain (blue).
(b) Left panel: representative immunoblotting analysis of ATG7 and VCL (vinculin) as a loading control in muscle (gastrocnemius, GC) protein extracts from WT and
atg7Δ mice at P21. Right panel: representative immunostaining of MYH (red) and ATG7 (green) in WT and atg7Δ muscle sections at P21. DAPI is used as a nuclear
stain (blue) (scale bar: 25 µm). (c) Representative immunoblotting analysis of autophagy-related proteins SQSTM1, MAP1LC3 and GAPDH as a loading control in GC
protein extracts. (d) Representative SQSTM1 immunostaining (red) of tibialis anterior (TA) sections. DAPI is used for nuclear staining (blue) (scale bar: 100 μm). (e)
Representative immunoblotting analysis of ATG7 and GAPDH as a loading control in other organs.
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myofibers compared to WT, resulting in a reduced mean CSA
(Figure 3(c)). mRNA and protein analysis of MYOD1 (myo-
genic differentiation 1) and MYOG (myogenin), 2 markers of
muscle differentiation, confirmed the impairment of skeletal
muscle differentiation in atg7Δ mice (Figure 3(d)).

The absence of differences during fetal myogenesis and the
delay in skeletal muscle growth between day 10 and 21 in
atg7Δ mice suggests that autophagy is crucial for neonatal
myogenesis and is consistent with an impaired neonatal pro-
genitors proliferation and differentiation.

Figure 2. Skeletal muscle growth is severely compromised in atg7Δ mice. (a) Fiber number in TA sections from WT and atg7Δ mice at P21 (n ≥ 4 per genotype). (b)
MYH (red) and LAM/laminin (green) immunostaining of hind limb muscle in WT and atg7Δ embryos at E18.5; DAPI is used for nuclear staining (blue) (scale bar: 25
μm). Cross sectional area (CSA) measurement is provided (n = 3 per genotype). (c) Reduced body weight and size in atg7Δ mice compared to the WT counterpart
(n ≥ 50 per genotype). (d) Analysis of muscles and organs size in atg7Δ and WT mice at P21 (QD: Quadriceps). Muscles (n ≥ 30 per genotype) and organs (n ≥ 13 per
genotype) weights have been normalized to body weight. (e) Growth curve of WT and atg7Δ mice from P7 to P21 (n ≥ 13 per genotype). Values are expressed as
mean ± SEM. * vs WT (* P < 0.05, ** P < 0.01, *** P < 0.001).
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Morphological analysis by hematoxylin and eosin staining
of muscles at P21 revealed a normal overall muscle morphol-
ogy without inflammatory infiltrate and/or centrally nucleated
fibers (Figure S1D). In agreement, no significant apoptosis
was detected in both WT and atg7Δ mice by TUNEL assay on
cryosections (Figure S1E). At P21 immunofluorescence stain-
ing for MYH4/MyHC-IIb (myosin, heavy polypeptide 4, ske-
letal muscle) and MYH1/MyHC-IIx (myosin heavy chain 1),
both markers of glycolytic fibers, were likewise unchanged, as
well as MYH7/MyHC-I (myosin, heavy polypeptide 7, cardiac

muscle, beta) as marker of oxidative fibers (Figure S2A). By
contrast, we showed a reduction in the proportion of MYH2/
MyHC-IIa (myosin, heavy polypeptide 2, skeletal muscle,
adult)-positive fibers in atg7Δ mice compared to WT
(Figure 3(e)). A decrease of type IIa fibers can be associated
with no changes in type IIx and IIb fibers when the mixed IIa
and IIx fibers lose the expression of IIa, but retain the IIx
myosin, and this occurred in atg7Δ mice (Figure 3(e)). This
may lead to a reduced oxidative metabolism and dysregulated
energy homeostasis.

Figure 3. Skeletal muscle growth deficiency in atg7Δ mice during postnatal phase. (a) Weight curve and (b) growth index, calculated as hindlimbs skeletal muscle
weight (TA, GC, QD) normalized to body weight, of WT and atg7Δ mice from P7 to P21 (n ≥ 7 per genotype). (c) Representative LAM/laminin immunostaining (red) of
TA sections from WT and atg7Δ mice at P21; DAPI is used for nuclear staining (blue) (left panel) (scale bar: 50 μm). Analysis of mean cross sectional area (CSA) (middle
panel) and fiber CSA distribution (right panel) (n = 4 per genotype) are provided. (d) Quantitative reverse transcription PCR (RT-qPCR) and immunoblotting analysis of
myogenic differentiation markers MYOG and MYOD1 in GC at P21. Densitometric analysis is provided (n ≥ 6 per genotype). (e) Representative MYH immunostaining
on TA sections from WT and atg7Δ mice at P21. Percentage of MYH2 (green), and double-positive MYH2 and MYH1 fibers (yellow squares) are provided. LAM/laminin
is used for fiber outline (gray); DAPI is used for nuclear staining (blue) (scale bar: 100 µm) (n ≥ 3 per genotype). Values are expressed as mean ± SEM. * vs WT (*
P < 0.05, ** P < 0.01, *** P < 0.001).
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Both skeletal muscle and adipose tissue are responsible for
energy balance, and during development PAX7+ cells contri-
bute to muscle, brown adipose tissue (BAT) and dermis [22].
As expected, atg7Δ BAT displayed an absence of ATG7, accu-
mulation of SQSTM1 and nonlipidated MAP1LC3 (Figure
S2B), indicating an impairment in the autophagic process.
Conversely, in white adipose tissue (WAT) we failed to detect
Atg7 deletion, as well as SQSTM1 andMAP1LC3 accumulation
(Figure S2B), excluding autophagy disruption in this tissue. In
atg7Δ mice, BAT mass was decreased in proportion to overall
body mass (Figure S2C) and adipose markers such as CEBPB/
C/EBP-beta (CCAAT/enhancer binding protein [C/EBP], beta)
and PPARG/PPAR-gamma (peroxisome proliferator activated
receptor gamma) were downregulated (Figure S2D) demon-
strating that BAT differentiation is affected in our model. The
atg7Δ model shared many similarities with the knockout of
Atg7 in MYF5+ progenitors [18] and although WT and atg7Δ
mice showed equivalent basal serum-free fatty acid and trigly-
ceride levels (Figure S2E), indicating that lipolysis provided
unchanged levels of lipid fuel, we cannot exclude a β-oxidation
impairment as reported in Myf5-Atg7 knockout pups [18].

Defective autophagy negatively affects neonatal
myogenesis in vivo

Loss of muscle mass could be due to activation of atrophy-
related genes, atrogenes, that are involved in the ubiquitin-
proteasome degradation system [23]. Thus, we monitored
expression levels of the atrophy-related ubiquitin ligases
Trim63/Murf-1 (tripartite motif-containing 63) and Fbxo32/
Atrogin-1 (F-box protein 32) in hindlimb muscles of WT and
atg7Δ mice at P14 and P21, i.e. when delay in muscle growth
was still initial and well advanced, respectively (Figure 4(a)).
Neither was changed at both time points, demonstrating that
disrupted autophagy in the PAX7+ progenitors does not
induce a typical atrophy program.

Whether autophagy influences neonatal myogenesis lead-
ing to smaller muscles was investigated further. At P21 the
mean number of myonuclei (Figure 4(b)) and the number of
neonatal PAX7+ satellite cells (Figure 4(c)) were reduced in
atg7Δ mice, suggesting that autophagy is crucial for prolifera-
tion and differentiation of neonatal satellite cells (nSCs).

We assessed proliferation directly by an immunofluores-
cence analysis of the cell proliferation marker MKI67/Ki67 on
neonatal muscle sections at P7: atg7Δmice showed a reduction
in the number of MKI67+ cells compared to WT (Figure 4(d)).
Consistently, at P21, the mRNA levels of Mki67 and Ccnd1
(cyclin D1), an important regulator of cell cycle progression,
were significantly lower in atg7Δ mice (Figure 4(e)) indicating
an impairment in cell proliferation that could account for the
defect in muscle growth of atg7Δ mice.

Defective autophagy results in an altered muscle GH-IGF1
pathway

An important physiological regulatory pathway driving post-
natal skeletal muscle expansion is the GH (growth hormone)-
IGF1 (insulin-like growth factor 1) axis, whose alterations are
also associated with a dwarf phenotype in mice [24–26]. In

skeletal muscle of atg7Δ mice at P21, Ghr (growth hormone
receptor) mRNA and protein levels were reduced, as was the
expression of Igf1 mRNA (Figure 5(a)). By contrast no
changes in Ghr and Igf1 mRNA levels were observed in the
liver (Figure 5(b)), indicating a muscle-restricted reduction of
IGF1 levels.

AKT phosphorylation on threonine 308, a downstream
effector of IGF1 signaling, was lower in atg7Δ mice at P21
confirming the alteration of this axis (Figure 5(c)).

Next we checked whether MTOR (mechanistic target of
rapamycin kinase) was affected [27]. No changes were detected
in the phosphorylation levels of MTOR downstream targets
RPS6/S6 (ribosomal protein S6) and EIF4EBP1 (eukaryotic
translation initiation factor 4E binding protein 1) (Figure 5(c)),
likely excluding the involvement of MTOR in this phenotype.

Whereas the MAPK/ERK (mitogen-activated protein
kinase) pathway has been implicated in IGF1-dependent mus-
cle growth regulation, the phosphorylation levels of MAPK1/
ERK2 (mitogen-activated protein kinase 1)-MAPK3/ERK1
were not affected in our dwarf mice (Figure 5(c)), suggesting
that IGF1 and AKT are the main factors that are affected by
GH1. The transcription factor STAT5 (signal transducer and
activator of transcription 5) is essential for IGF1 expression in
the liver and muscle [28,29] and loss of STAT5 has an impact
on postnatal growth with a more severe phenotype in male
[28], in agreement with the known sexually dimorphic pattern
of GH pulses. Moreover STAT5 directly regulates the levels of
the Ar (androgen receptor) gene [30], a known regulator of
muscle growth [31]. In atg7Δ mice, STAT5 was less active
(Figure 5(d)) and this may explain why skeletal muscle mass
was preferentially reduced in males. Consistently, Ar expres-
sion decreased in male atg7Δ mice (Figure 5(d)).

Defective autophagy severely decreases proliferative
potential and differentiation capacity of neonatal
satellite cells (nSC)

To examine directly whether atg7Δ mice have a defect in nSC
proliferation and differentiation, we established primary mus-
cle cells cultures from WT and atg7Δ mice at P10, by negative
selection against the lineage markers ITGAM/CD11b (integrin
alpha M), PECAM1/CD31 (platelet/endothelial cell adhesion
molecule 1), PTPRC/CD45 (protein tyrosine phosphatase,
receptor type, C) and LY6A/Sca-1 (lymphocyte antigen 6 com-
plex, locus A) to exclude the Lin-negative population. As
expected, the expression of ATG7 was absent in cell culture,
and autophagy was blocked as demonstrated by suppression of
MAP1LC3 lipidation and accumulation of SQSTM1 in western
blotting analysis (Figure S3A). Consistent with this observa-
tion, immunofluorescence analysis showed an accumulation of
SQSTM1 aggregates in nSCs from atg7Δ mice (Figure S3B).

The proliferation index of nSCs from atg7Δ mice was lower
at both 24 and 48 h in growth conditions (Figure 6(a)) as was
the expression of MKI67 (Figure 6(b)), confirming that the
reduced skeletal muscle mass in atg7Δ mice is accompanied
by reduced nSC proliferative capacity.

Cell density can affect satellite cell differentiation. To assess this
aspect we switched nSCs to a mitogen-poor differentiation med-
ium (DM) and monitored their differentiation. Differentiation
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occurs in 2 phases: single myoblasts fuse to form nascent myo-
tubes, followed by recruitment of new nuclei to existingmyotubes,
leading to larger fully differentiated, myotubes. The fusion index is
a valid proxy of the first phase efficiency, while the mean number
of nuclei/myotube and the percentage ofmyotubes with 5 ormore
nuclei are indexes of second phase effectiveness [25].

When nSCs were seeded at low confluence, they prolifer-
ated for 2 days before switching to DM. After 48 h of DM,
both WT and atg7Δ mice formed multinucleated myotubes
(Figure 6(c)); however, the expression levels of the myogenic
markers Myog and Myh2 were reduced (Figure 6(c)).
Consistently, the atg7Δ fusion index was significantly reduced

Figure 4. Defective autophagy negatively affects neonatal myogenesis in vivo. (a) RT-qPCR analysis of atrogenes Trim63 and Fbxo32 in GC of WT and atg7Δ mice at
P14 and P21 (n ≥ 3 per genotype). (b) Mean number of myonuclei in single fibers from WT and atg7Δ mice at P21 (n ≥ 4 per genotype). (c) PAX7 immunostaining
(red). Percentage of PAX7+ cells on total DAPI nuclear counterstaining (blue) is provided. LAM/laminin is used as a fiber outline (green) (scale bar: 20 µm) (n ≥ 3 per
genotype). (d) MKI67 immunostaining (red). Percentage of MKI67+ cells on total DAPI nuclear counterstaining (blue) is provided (scale bar: 50 µm) (n = 3 per
genotype). (e) RT-qPCR analysis of proliferation-related genes Ccnd1 and Mki67 in GC of WT and atg7Δ mice at P21 (n ≥ 5 per genotype). Values are expressed as
mean ± SEM. * vs WT (* P < 0.05, ** P < 0.01, *** P < 0.001).
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Figure 5. The GH-IGF1 pathway is altered in atg7Δ mice skeletal muscle. (a) RT-qPCR analysis of Ghr and Igf1 and immunoblotting analysis of GHR in GC of WT
and atg7Δ mice at P21 (n ≥ 5 per genotype). GAPDH is used as a loading control. (b) RT-qPCR analysis of Ghr and Igf1 in liver of WT and atg7Δ mice at P21
(n ≥ 5 per genotype). (c) Representative immunoblot analysis of phospho-AKT on threonine 308 (p-AKT Thr308) normalized to total AKT (n ≥ 10 per
genotype), phospho-RPS6 (p-RPSS6) normalized to total RPS6 (n ≥ 6 per genotype), phospho-EIF4EBP1 (p-EIF4EBP1) normalized to total EIF4EBP1 (n ≥ 8 per
genotype), phospho-MAPK1/3 (p-MAPK1/3) normalized to total MAPK1/3 (n ≥ 6 per genotype) in GC protein extracts. Densitometric quantifications are
provided. (d) Representative immunoblot analysis of phospho-STAT5 normalized to total STAT5 and RT-qPCR analysis of Ar in GC extracts (n ≥ 5 per genotype).
Values are expressed as mean ± SEM. * vs WT (* P < 0.05, ** P < 0.01).
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(Figure 6(d)) and the myotube diameter was 50% smaller than
in WT (Figure 6(e)). The mean number of nuclei/myotube as
well as the number of myotubes with 5 or more nuclei were
severely reduced in atg7Δ mice, in agreement with a lower
fusion index (Figure 6(f)), suggesting an impairment in term-
inal differentiation of satellite cells.

Conversely, when nSCs were seeded at high confluence and
immediately switched to DM without a proliferation step, the
fusion index was not reduced (Figure 6(g)), while we observed
defective myotube growth, as shown by a reduced number of
nuclei/myotubes and myotubes with 5 or more nuclei
(Figure 6(g)).

Figure 6. Defective autophagy decreases nSC proliferation and differentiation. (a) Proliferation index of WT and atg7Δ nSCs at 24 (n = 7 per genotype) and 48 h
(n ≥ 6 per genotype). (b) Representative immunoblot analysis of the proliferation marker MKI67 in WT and atg7Δ nSC protein extracts. (c-e) Experiments performed
with WT and atg7Δ nSCs seeded at low density (25 x 103 cells/0.8 cm2) and differentiated into myotubes after 2 days of proliferation. (c) Representative MYH
immunostaining (red) and DAPI nuclear counterstaining (blue) (scale bar: 100 µm) and RT-qPCR analysis of myogenic markers Myog, Myod1 and Myh2 (n ≥ 5 per
genotype). (d) Fusion index, calculated as the percentage of the number of nuclei within myotubes over the total number of nuclei, is provided (n = 5 per genotype).
(e) Mean myotubes diameter (n = 5 per genotype). (f) Mean number of myonuclei/myotube (n ≥ 5 per genotype) (left panel) and percentage of myotubes with 5 or
more nuclei (right panel) (n = 5 per genotype). (g) Experiments performed with WT and atg7Δ nSCs seeded at high density (125 x 103 cells/0.8 cm2) and immediately
differentiated into myotubes. Representative MYH immunostaining (red) and DAPI nuclear counterstaining (blue) (scale bar: 100 µm). Fusion index (left panel), mean
number of myonuclei/myotube (middle panel) and percentage of myotubes with 5 or more nuclei (right panel) are calculated (n = 3 per genotype). Values are
expressed as mean ± SEM. * vs WT (* P < 0.05, ** P < 0.01, *** P < 0.001).
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Altogether, these data indicate that autophagy is required
for both phases of differentiation: formation of myotubes
controlling the number of myoblasts available for fusion,
and accretion of nascent myotubes. This also suggests that
autophagy has a crucial role in the overall functions of nSCs
resulting in an in vivo delay of skeletal muscle growth.

Autophagy is required for induction of the GH-IGF1 axis

Given the involvement of the GH-IGF1 axis observed in atg7Δ
mice and considering the effects of GH on myoblasts [24,25],
we evaluated this axis on primary nSC cultures.

GH stimulates IGF1 production in myoblasts [32,33] and
this IGF1 promotes cell proliferation in an autocrine manner
[24]. In agreement with this model, in growth condition
mRNA (Ghr) and protein levels of GHR and Igf1 mRNA
were significantly reduced in atg7Δ nSCs, compared to WT
(Figure 7(a)), accounting for lower levels of proliferation.

GH controls myotube growth by enhancing the accumula-
tion of nuclei in nascent myotubes [24,25]. GH did not
enhance myotube growth when added once at the beginning
of differentiation, whereas it boosted myotube size when
added 24 h after differentiation induction, or twice, at time
0 and after 24 h (Figure 7(b) and (c), blue bars), as previously

described [24,25]. These GH effects were completely blunted
in atg7Δ mice, as shown by the analysis of the mean number
of nuclei/myotube and the quantification of myotube dia-
meter (Figure 7(b) and (c), green bars). Altogether, our data
indicate that autophagy is essential for GH-IGF1 function
during neonatal myogenesis affecting GHR levels and nSC
behavior.

To identify the pathway involved in this phenotype among
the different signals that control cell proliferation, we con-
ducted a gene expression analysis. Published data [34,35]
identified 139 genes, specifically expressed in proliferating
conditions, and referred to them as a ‘Myoblasts signature’.
This signature is composed of cell cycle regulators and many
controllers of mitosis. Within this group, we selected 93 genes
whose mRNA is highly expressed in proliferative conditions
and we analyzed this last group of genes comparing WT and
atg7Δ nSCs after 24 h in growth medium. None of these genes
was significantly changed in atg7Δ mice (Table S1), suggesting
that none of these pathways is involved in the decreased atg7Δ
nSCs proliferative capacity.

Next, we examined other known regulators of GHR expres-
sion in both neonatal muscles and satellite cells. Several
microRNAs (miRNAs) have been described to directly bind
Ghr transcript and to negatively regulate its expression [36,37].

Figure 7. Autophagy is required for GH-IGF1 functions. (a) RT-qPCR analysis of Ghr and Igf1 in WT and atg7Δ nSCs (n ≥ 6 per genotype) and representative
immunoblotting analysis of GHR and GADPH, as a loading control, in nSC protein extracts (n ≥ 3 per genotype). * vs WT (* P < 0.05, *** P < 0.001). (b)
Myoblasts were switched into differentiation medium (DM) and treated with GH (600 ng/ml) at the beginning (0), after 24 h (24 h) or twice at time 0 and
after 24 h (0 h + 24 h) of differentiation and finally harvested at 48 h. Mean number of myonuclei/myotube is calculated. (c) Myoblasts were treated with
GH (600 ng/ml) after 24 h of differentiation induction and the mean myotubes diameter is provided. *vs WT untreated control (ctr) nSCs (n = 4
experiments) (* P < 0.05, ** P < 0.01, *** P < 0.001). Values are expressed as mean ± SEM.
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The levels of miRNAs were unchanged (Mir16 andMir142–3p)
or even reduced (Mir129–5p and Mir202–3p) in atg7Δ mouse
muscles at P21 compared to WT (Figure S3C), excluding their
potential role in downregulating GHR levels. Among transcrip-
tional activators and repressors of the Ghr promoter [38], we
found that the expression level of the activators, Cebpb and Ets1
(E26 avian leukemia oncogene 1, 5ʹ domain) as well of the
repressor Hes1 (hes family bHLH transcription factor 1) were
unchanged in nSCs ruling out their involvement in the impair-
ment of GHR levels (Figure S3D). By contrast mRNA and
protein levels of the activator DDIT3 were reduced in muscle
(Figure 8(a)) as well as in growing atg7Δ nSCs (Figure 8(b)).

To validate DDIT3 as positive modulator of the Ghr promoter
in the mouse model, we silencedDdit3 in the C2C12 cell line.Ghr
mRNA levels changed accordingly with Ddit3 expression levels,
following an identical pattern and indicating that DDIT3 is able to
control Ghr expression (Figure S3E). DDIT3, in concert with
ATF4 (activating transcription factor 4), sustains the ER stress
response [39,40]. However, Atf4 expression was not enhanced in
atg7Δ cells (Figure S3F), suggesting that the ER stress response is
not associated with the dwarf phenotype of our mice.

Similar to chronic knockdown, acute genetic deletion of
Atg7 by Cre recombinase administration to floxed nSCs
(Figure 8(c)), led to reduction of Ddit3, Ghr and Igf1 expres-
sion levels (Figure 8(c)), suggesting that the effect of autop-
hagy impairment is specific and not due to compensatory
events of a chronic adaptation.

DDIT3 expression correlates negatively with the presence
of NFE2L2 [41,42], and dysregulation of autophagy results in
prolonged NFE2L2 activation in a SQSTM1-dependent man-
ner [43]. Consistently, in atg7Δ mice we found accumulation
of SQSTM1 and increased levels of NFE2L2 in both nSCs
(Figure 8(d)) and muscle (Figure 8(e)), highlighting the invol-
vement of NFE2L2 in the atg7Δ phenotype. To conclusively
assess whether a direct link between autophagy, NFE2L2,
DDIT3 and GH signaling exists we used a genetic approach
by which we rescued ATG7 expression in atg7Δ nSCs.
Lentiviral infection of Atg7 restored expression levels of the
protein (Figure 9(a)) and basal autophagy, revealed by a
lipidated MAP1LC3 band (Figure 9(a)) and by SQSTM1
reduction in western blot and immunofluorescence analyses
(Figure 9(a) and (b)).

It is noteworthy that rescued ATG7 was sufficient to recover
both proliferative capacity of nSCs as indicated by the higher
number of MKI67+ cells (Figure 9(c)) and differentiation cap-
ability, as shown by improved myotube growth (Figure 9(d))
and enhanced myogenic marker expression (Figure 9(e)), con-
firming that autophagy is crucial for neonatal myogenesis. Of
note, ATG7 expression normalized NFE2L2 levels in agree-
ment with SQSTM1 levels (Figure 9(f)) leading to increased
DDIT3 expression (Figure 9(g) and (h)) and Ghr levels
(Figure 9(h)). Accordingly, the Igf1 levels were also enhanced
after overexpression of ATG7 (Figure 9(h)), providing evidence
that the GH-IGF1 axis is under the control of autophagy,
through NFE2L2 and DDIT3 regulation.

To confirm the involvement of DDIT3 and GHR in the
mechanism responsible for the atg7Δ mouse dwarf phenotype
we rescued both by lentiviral infection of atg7Δ nSCs. Rescue of
DDIT3, as shown by immunofluorescence and mRNA analysis

(Figure 10(a) and (b)), restored differentiation capacity improv-
ing myotube growth to the level of WT (Figure 10(c)). Of note,
Ghr expression increased after DDIT3 restoration (Figure 10
(d)), confirming that GHR levels depend on DDIT3 levels.
Similarly, GHR overexpression (Figure 10(e)) had a positive
effect on myotube development replacing the normal differen-
tiation capacity of atg7Δ nSCs (Figure 10(f)).

Discussion

This study demonstrates that autophagy plays a necessary role
in neonatal myogenesis and in normal muscle growth, and
defines which signaling pathways downstream of it are
involved in its biological effect.

Deletion of Atg7 and impairment of autophagy in embryo-
nic MYF5+ progenitors slightly affects myocyte size [18].
MYF5 is expressed at E10.5 in embryonic myoblasts and
persists in fetal and adult myoblasts [5], whereas it is down-
regulated in differentiated myogenic cells. Despite this,
MYF5+ cells partially contribute to adult myonuclei [19],
and consequently, loss of Atg7 in MYF5+ progenitors is not
the best model to investigate the role of autophagy in muscle
development.

By deleting Atg7 specifically in PAX7+ progenitors, we
have now found that autophagy does not affect fetal myo-
genesis, but reduces neonatal muscle fiber growth leading to
a dwarf phenotype of mice, specifically starting at day 10
after birth. Thus, in this conditional knockout the role of
autophagy is restricted to the neonatal phase. This suggests
that autophagy in muscle development is important also
before adulthood, and its modulation may be useful for
neuromuscular disorders alongside classical therapies and
rehabilitation. Little is known about the relevance of autop-
hagy during embryonic myogenesis, which might be
explored after conditional deletion of Atg7 under the control
of Pax3, a gene playing a key role in that specific develop-
mental phase [8].

Several signaling pathways regulate myogenesis. TGFB1
and BMP signaling as well as the CTNNB1 pathway can affect
fetal myogenesis and satellite cells [3,6–8]. By contrast, these
molecules have no effects on embryonic myogenesis; more-
over extrinsic signals from connective tissue are important for
the switch from fetal to adult muscle [9]; thus, evaluating the
full range of factors that regulate fetal, neonatal, and adult
myogenesis is of interest to understand the molecular basis of
muscle development.

Our study reveals a significant role of GH-IGF1 in mediat-
ing the effect of autophagy on neonatal myogenesis. The GH-
IGF1 axis has a well-established role in skeletal muscle devel-
opment [24–26,28]. Igf1 as well as igf1r (insulin-like growth
factor 1 receptor) null mice are runted [24,44], similar to the
dwarf phenotype observed in atg7Δ mice characterized by
reduced myonuclei and smaller myofibers without other
signs of muscle degeneration.

Of note, the involvement of GH-IGF1 may also explain
why the appearance of the muscle defect occurs preferentially
in male mice, because GH through STAT5 leads to produc-
tion of localized IGF1 that is essential for normal postnatal
growth preferentially in males [28,30]. Besides, STAT5
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Figure 8. Both NFE2L2 and DDIT3 are dysregulated in atg7Δ muscle and satellite cells. (a) RT-qPCR and immunoblotting analysis of DDIT3 in GC from WT and atg7Δ
mice at P21. Densitometric quantification is provided (n ≥ 6 per genotype).*vs WT (* P < 0.05, ** P < 0.01, *** P < 0.001). (b) RT-qPCR analysis (n ≥ 7 per genotype)
and representative nuclear immunostaining (red) of DDIT3 in WT and atg7Δ nSCs (scale bar:25 µm). DAPI is used as a nuclear stain (blue). Percentage of DDIT3-
positive nuclei is provided (n = 3 per genotype).*vs WT (* P < 0.05, ** P < 0.01). (c) Acute Atg7 deletion mediated by TAT-Cre recombinase: nSCs derived from Atg7
floxed homozygous mice (Atg7fl/fl) and negative for Cre recombinase expression were treated or not with TAT-Cre recombinase for 4 h and cultured in proliferation
medium (GM) for 48 h. Representative immunoblot analysis of ATG7, MAP1LC3 and GAPDH, as a loading control, are shown (left panel) and RT-qPCR analysis of Atg7,
Ddit3, Ghr and Igf1 are provided (n ≥ 3 experiments) (right panel). * vs untreated Atg7fl/fl (* P < 0.05, ** P < 0.01, *** P < 0.001). (d) Representative immunoblotting
analysis of ATG7, SQSTM1, NFE2L2 and GAPDH as loading control in WT and atg7Δ nSCs (n ≥ 4 per genotype) and of (e) SQSTM1, NFE2L2 and GAPDH as a loading
control in GC from WT and atg7Δ mice at P21 (n = 7 per genotype). Densitometric quantifications are provided.*vs WT (* P < 0.05, *** P < 0.001). Values are
expressed as mean ± SEM.
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controls AR expression, the dysregulation of which impairs
muscle growth [30,31]. Consistently, in male atg7Δ mice

STAT5 signaling was less activated and AR was
downregulated.

Figure 9. Rescue of ATG7 normalized NFE2L2 and DDIT3 levels and restores GH-IGF1 functions in atg7Δ nSCs. WT and atg7Δ nSCs were infected with control
lentivirus (LV ctr) or lentivirus expressing ATG7 (LV Atg7). (a) Representative immunoblot analysis of ATG7, MAP1LC3, SQSTM1 and GAPDH, as a loading control. (b)
Representative SQSTM1 immunostaining (red). DAPI is used for nuclear counterstaining (blue); phalloidin (ThermoFisher Scientific, A22287) is used for cell outline
(gray) (scale bar: 10 µm). (c) Percentage of MKI67+ cells of total DAPI nuclear counterstaining (n = 3 experiments). (d) Mean number of myonuclei/myotube (left
panel) and percentage of myotubes with 5 or more nuclei (right panel) (n = 3 experiments). (e) RT-qPCR analysis of myogenic markers Myog, Myod1 and Myh2 (n ≥ 3
experiments). (f) Representative immunoblotting analysis of ATG7, MAP1LC3, NFE2L2 and GAPDH as a loading control (n = 3 experiments). (g) Representative DDIT3
nuclear immunostaining (red) and DAPI as nuclear counterstaining (blue) (scale bar: 25 µm). (h) RT-qPCR analysis of Ddit3, Ghr and Igf1 (n ≥ 3 per treatment). * vs WT
nSCs infected with LV ctr (* P < 0.05, ** P < 0.01, *** P < 0.001); + vs atg7Δ nSCs infected with LV ctr (+ P < 0.05, ++ P < 0.01). Values are expressed as mean ± SEM.
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The reduced number of PAX7-positive cells, detected in
neonatal muscles of transgenic mice, suggests the existence of
an impairment in neonatal precursor cells; indeed atg7Δ nSCs

displayed a reduced proliferative capacity associated with low
expression levels of GHR and Igf1 mRNA without changes
either in cell cycle regulators or in mitosis controllers. This

Figure 10. Rescue of DDIT3 and GHR restored myogenic capacity of atg7Δ nSCs. WT and atg7Δ nSCs were infected with control lentivirus (LV ctr) or lentivirus
expressing DDIT3 (LV Ddit3) or GHR (LV Ghr). (a) Representative DDIT3 nuclear immunostaining (red) and DAPI nuclear counterstaining (blue) (scale bar: 25 µm). (b)
RT-qPCR analysis of Ddit3 after lentivirus infection (n ≥ 4 per treatment). (c) Representative MYH immunostaining (red) and DAPI nuclear counterstaining (blue) (scale
bar: 50 µm). Mean number of nuclei/myotube and percentage of myotubes with nuclei number ≥ 5 are provided (n = 3 per treatment). (d) RT-qPCR analysis of Ghr
after infection with LV Ddit3 of atg7Δ nSCs (n = 3 per treatment). (e) RT-qPCR analysis of Ghr after infection with LV Ghr of atg7Δ nSCs (n = 3 per treatment). (f)
Representative MYH immunostaining (red) and DAPI nuclear counterstaining (blue) (scale bar: 100 µm). Mean number of nuclei/myotube and percentage of
myotubes with 5 or more nuclei are provided (n = 3 per treatment). * vs WT nSCs infected with LV ctr (* P < 0.05, *** P < 0.001); + vs atg7Δ nSCs infected with LV ctr
(+ P < 0.05, ++ P < 0.01, +++ P < 0.001). Values are expressed as mean ± SEM.
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finding is in agreement with the observation that IGF1
increases proliferation and in turn fusion of myoblasts [24].
However, autophagy is required for both phases of the myo-
genic differentiation process. Autophagy, affecting GH signal-
ing, controls both proliferation, hence the number of
myoblasts available for fusion, and the accretion of nascent
myotubes, promoting myonuclear addition and maturation of
nascent myotubes.

Overall, our findings demonstrate that the effectiveness of
the GH-IGF1 axis in muscle depends on autophagy and
results in changes of nSC proliferation and differentiation,
leading to neonatal myogenesis impairment in vivo. So far,
we described a genetic knockout approach and analyses long
after the gene deletions; however, we used a Cre recombinase
approach to inhibit autophagy acutely in floxed nSCs. These
experiments were designed to avoid compensatory or second-
ary effects associated with chronic autophagy inhibition. We
examined the correlation between autophagy and the GH-
IGF1 pathway immediately after gene deletion. It is interest-
ing to note that the effects of chronic inhibition of autophagy
in nSCs are the same of those of acute inhibition, reinforcing
the specificity of the results observed.

We have also identified DDIT3 as the downstream mole-
cular target of autophagy involved in GHR regulation and
responsible for myogenic impairment of atg7Δ nSCs. DDIT3
is an activator of the human GHR promoter [38] that we
validated also in the mouse system and it is one of the master
genes involved in mitochondrial unfolded protein response
(mtUPR) [45,46] and ER stress [39]. In neonatal muscle and
growing nSCs, loss of autophagy specifically reduced DDIT3
expression, without impairing other regulatory factors, as for
instance miRNAs and promoter repressors. In agreement,
DDIT3 expression was completely restored after ATG7 recov-
ery and DDIT3 overexpression normalized Ghr levels, con-
firming that DDIT3 is under the control of autophagy, and
that both affect GHR expression.

DDIT3 is a member of the CEBP transcription factor
family that can be activated by ER stress [47], amino acid
starvation, oxidative stress [48] and mtUPR [45]. DDIT3 is
negatively regulated by NFE2L2 levels [41,42,49], a transcrip-
tion factor that is directly linked to autophagy. Autophagy
disruption enhances NFE2L2 activation with a mechanism
mediated by SQSTM1 [43], that sequesters KEAP1 (kelch-
like ECH-associated protein 1) into phagophores impairing
NFE2L2 ubiquitination and degradation [43]. In atg7Δ mice,
NFE2L2 levels were increased as were those of SQSTM1;
ATG7 recovery normalized both NFE2L2 and SQSTM1 levels
and in turn DDIT3 expression, confirming that DDIT3 is a
target of NFE2L2 and that both depend on an intact autop-
hagy process.

Autophagy deficiency enhances mitochondrial dysfunc-
tions associated with a stress response that involves ATF4
and results in induction of FGF21 (fibroblast growth factor
21) in muscle [50]. Accordingly, atg7−/- muscles fail to control
protein folding enhancing an ER stress response, associated
with ROS generation [23]. In our model, the reduced levels of
DDIT3 and the unchanged levels of Atf4 can exclude the
induction of ER stress via EIF2AK3/PERK in the absence of
Atg7. The apparent discrepancy between our data and those in

the aforementioned studies may be reconciled by the fact that
the Pax7 promoter is activated in satellite cells; conversely, the
Myl1 (myosin, light polypeptide 1) promoter is activated only
in differentiated myofibers. Thus, autophagy could enhance
different responses during development or in differentiated
muscle fibers.

Mitochondrial dysfunctions have been found in adult
atg7Δ mice, where they are associated with ROS production,
and contribute to acquisition of senescence and to impaired
regenerative capacity of adult satellite cells [17]. The authors
reporting these findings show that adult quiescent satellite
cells display numerical and functional impairments, suggest-
ing that basal autophagy is required for the postnatal estab-
lishment and the maintenance of the quiescent stem cell
population. These results are not in contrast with our present
findings, and therefore we cannot exclude that mitochondrial
dysfunctions could contribute to the phenotype observed in
neonatal mice and nSCs. However, adult satellite cells (after
P21) differ significantly from neonatal progenitors, in that
they are quiescent cells derived from neonatal PAX7+ pro-
genitors and they do not require PAX7 for their maintenance
and function [1].

In conclusion, our results provide in vivo evidence that
basal autophagy, by regulating the GH-IGF1 pathway, con-
trols specifically neonatal satellite cell activity, including pro-
liferation and terminal differentiation and impairs selectively
neonatal myogenesis. Disrupting autophagy, NFE2L2 accu-
mulates accordingly with higher SQSTM1 levels and this
leads to reduced DDIT3 expression. DDIT3, in turn, controls
GHR expression reducing local production of IGF1.
Collectively, we identify autophagy as an important factor
for muscle maturation in the neonatal phase, and we identify
a novel mechanism regulating nSC behavior.

Materials and methods

Animals

All procedures involving mice were carried out in strict
accordance with the Italian law on animal care (D.L. 26/
2014), as well as European Directive (2010/63/UE).

Mice with Atg7 deletion in satellite cells, here referred to as
atg7Δ mice, were generating by crossing Atg7fl/fl mice (pro-
vided by M. Sandri, Venetian Institute of Molecular Medicine;
Department of Biomedical Science, University of Padova,
Padova, Italy) [23] with Pax7Cre mice (provided by P.
Muñoz-Cánoves, Pompeu Fabra University, CIBER on
Neurodegenerative Diseases -CIBERNED- Barcelona, Spain)
[17]. All mice used in this study were between 6–21 days after
birth and had age-matched littermate controls. Genomic
DNA isolated from mice containing an Atg7fl/fl was subjected
to PCR analysis using the primers described by Komatsu and
co-workers [51].

Atg7fl:
Fw: 5ʹ-TGGCTGCTACTTCTGCAATGATGT-3ʹ;
Rev: 5ʹ-CAGGACAGAGACCATCAGCTCCAC-3ʹ.
Cre recombinase:
Fw: 5ʹ-CACCAGCCAGCTATCAACTCG-3ʹ;
Rev: 5ʹ-TTACATTGGTCCAGCCACCAG-3ʹ.
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Animal experimentation was approved by the Ministero
della Salute (approval numbers n° 0214). All efforts were
made to reduce both animal suffering and the number of
animals used.

Preparation of embryos

Mouse mutants were genotyped and interbred, and embryos
were harvested at the indicated time points. Embryos were
fixed in 4% paraformaldehyde (PFA; Sigma-Aldrich, P6148),
embedded and cryopreserved in a sucrose (VWR, 443815S)
gradient (30%-20%-10%), and frozen with OCT freezing med-
ium (Tissue-Tek O.C.T. Compound; VWR, 25608–930) in iso-
pentane (Sigma-Aldrich, 277258). Cryostat sections 10–20 µm
were labeled with antibodies for ATG7,MYH and LAM/laminin
(references for antibodies were reported in Table 1).

Free fatty acid and triglyceride serum levels

Free fatty acid and triglyceride serum levels (Cayman, 700310
and 10010303) were measured according to the manufacturer’s
protocol by fluorimetric and colorimetric assays, respectively.

Neonatal satellite cells isolation and culture conditions

To obtain purified nSCs we applied a standardized, automated
tissue dissociation protocol using the gentleMACS™ Octo
Dissociator with Heaters (Miltenyi Biotec, Bergisch Gladbach,

Germany) that efficiently produces a viable single-cell suspen-
sion preserving cell surface markers.

Dissociation is followed by magnetic depletion of lineage
PECAM1-, PTPRC-, ITGAM-, and LY6A/Sca-1-positive cells
using the Satellite Cell Isolation Kit (Miltenyi Biotec, 130–104–
268), according to the manufacturer’s protocols.

nSCs were cultured in DMEM (EuroClone, ECB7501L)
supplemented with 20% fetal bovine serum (EuroClone,
ECS0180L), 3% chick embryo extract (custom made) [52],
10 ng/ml basic FGF (PeproTech, 100–18B) and 1% penicil-
lin-streptomycin (EuroClone, ECB3001D/1) at 37°C with 5%
CO2. To assess myotube formation, nSCs were plated on
matrigel (BD Biosciences, 354234)-coated plates and cultured
for 2 days in growth medium, ensuring sufficient cell density
to promote fusion and differentiation. Myogenic differentia-
tion was induced in DMEM supplemented with 2% horse
serum (EuroClone, ECS0090L) and 1% penicillin-streptomy-
cin, and myotubes were immunostained for skeletal muscle
myosin and DAPI (ThermoFisher Scientific, 62248) to calcu-
late fusion index and number of nuclei. Both were determined
from 3 to 5 randomly chosen microscopy fields and the fusion
index was expressed as the ratio of the number of nuclei
within myotubes over the total number of nuclei. Each experi-
ment was replicated at least 3 times.

To measure the hypertrophic response of GH, nSCs were
treated with 600 ng/ml of GH (Genotropin ® 0.4mg, Pfizer,
kindly provided by Dr. Pogliani Laura, Hospital Luigi Sacco-
ASST Fatebenefratelli Sacco) added at the beginning of differ-
entiation. Hormone was added daily and after 48 h the cells

Table 1. Antibodies list.

Antibody name Company Code
Application,
Dilution

Anti-ATG7 Sigma-Aldrich A2856 WB, 1:500; IF, 1:200
Anti- SQSTM1 Sigma-Aldrich P0067 WB, 1:3000; IF, 1:200
Anti-MAP1LC3 Sigma-Aldrich L8918 WB, 1:3000
Anti-LAM/laminin Sigma-Aldrich L9393 IF, 1:250
Anti-VCL/Vinculin Sigma-Aldrich V4505 WB, 1:1000
MYH Developmental Studies Hybridoma Bank MF20 WB, 1:100; IF, 1:50
MYH7 Developmental Studies Hybridoma Bank BA-D5 IF, 1:50
MYH2 Developmental Studies Hybridoma Bank SC-71 IF, 1:50
MYH4 Developmental Studies Hybridoma Bank BF-F3 IF, 1:50
MYH1 Developmental Studies Hybridoma Bank 6H1 IF, 1:50
PAX7 Developmental Studies Hybridoma Bank PAX7 IF, 1:20
MYOG (F5D) Developmental Studies Hybridoma Bank F5D WB, 1:250
GAPDH FL-335 Santa Cruz Biotechnology sc-25,778 WB, 1:5000
Anti-MKI67 [SP6] Abcam ab16667 WB, 1:500; IF, 1:200
Phospho-AKT (Thr308) Cell Signaling Technology 13038S WB, 1:1000
AKT Cell Signaling Technology 9272S WB, 1:1000
Phospho-EIF4EBP1/4E-BP1 (Thr37/46) Cell Signaling Technology 2855S WB, 1:1000
EIF4EBP1/4E-BP1 Cell Signaling Technology 9644S WB, 1:1000
Phospho-RPS6 (Ser240/244) Cell Signaling Technology 2215S WB, 1:1000
RPS6 (54D2) Cell Signaling Technology 2317S WB, 1:1000
Phospho-p44/42 MAPK1/ERK2-MAPK3/ERK1 (Thr202/Tyr204) Cell Signaling Technology 9101S WB, 1:1000
p44/42 MAPK1/ERK2-MAPK3/ERK1 Cell Signaling Technology 4695S WB, 1:1000
NFE2L2 Cell Signaling Technology 12,721 WB, 1:1000
Phospho-STAT5 (Tyr694) Cell Signaling Technology 9359 WB, 1:1000
STAT5 Cell Signaling Technology 9363 WB, 1:1000
Anti-DDIT3 Abcam ab11419 WB, 1:1000
GHR (B-10) Santa Cruz Biotechnology sc-137,185 WB, 1:1000
CEBPB (H-7) Santa Cruz Biotechnology sc-7962 WB, 1:1000
PPARG (E-8) Santa Cruz Biotechnology sc-7273 WB, 1:1000
MYOD1/MYOD (5.8A) Santa Cruz Biotechnology sc-32,758 WB, 1:1000
Goat anti-Mouse IgG1, Alexa Fluor 488 ThermoFisher Scientific A-21,121 IF, 1:500
Goat anti-Mouse IgG2b, Alexa Fluor 546 ThermoFisher Scientific A-21,143 IF, 1:500
Goat anti-Mouse IgM, Alexa Fluor 546 ThermoFisher Scientific A-21,045 IF, 1:500
Goat anti-Rabbit IgG (H + L), Alexa Fluor 546 ThermoFisher Scientific A-11,010 IF, 1:500
Goat anti-Rabbit IgG (H + L), Alexa Fluor 488 ThermoFisher Scientific A-11,034 IF, 1:500
Goat anti-Mouse IgG (H + L), Alexa Fluor 546 ThermoFisher Scientific A-11,003 IF, 1:500
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were harvested and the diameter of myotubes was measured,
counting 3 random fields for each condition and repeating the
experiments at least 4 times.

To acutely knockdown Atg7, nSCs from homozygous fl/fl
mice were isolated and treated with Cre recombinase (5 µM;
Merck Millipore, SCR508) for 4 h in DMEM 1% glutamine
(EuroClone ECB3000D). Then, the medium was replaced with
growth medium and the cells were harvested after 48 h. Each
experiment was replicated at least 3 times.

C2C12 culture conditions and transfection

C2C12 cells (ATCC, CRL-1772) were cultured in DMEM
(EuroClone, ECB7501L) supplemented with 20% fetal bovine
serum (EuroClone, ECS0180L) and 1% penicillin-streptomy-
cin at subconfluent densities.

To knock down Ddit3 in C2C12 cells, iBONI siRNA Pool (a
mix of 3 RNA duplex-small interfering RNAs) (Riboxx Life
Sciences, D-00101–0005) treatment was carried out using
Lipofectamine RNAiMAX (ThermoFisher Scientific, 13778100)
according to the manufacturer’s instructions. iBONI siRNA Pool
negative control (non-targeting siRNA; Riboxx Life Sciences,
K-00100–0005) was also used. siRNA were added at a concen-
tration of 50 nM, and 72–96 h after transfection cells were
harvested for RNA analysis. The sequences of siRNAs are listed
in Table S2. Each experiment was replicated at least 3 times.

Lentivirus infection

pLenti-CMV-Gfp-2A-Puro-Blank vector (abm, LV590),
pLenti-GIII-CMV-Mouse-Atg7-GFP-2A-Puro (abm, LV473195),
pLenti-GIII-CMV-Mouse-Ddit3-GFP-2A-Puro (abm, LV495317)
and pLenti-GIII-CMV-Mouse-Ghr-GFP-2A-Puro (abm,
LV456983) vectors were provided by Aurogene srl. The plasmids
were transfected into the HEK293T cell line (available in the lab)
using Lipofectamine LTX with Plus Reagent (ThermoFisher
Scientific, 15338100) to package into active virus particles. nSCs
were lentivirally transduced by 2 cycles of infection and harvested
24 or 48 h post infection.

Cell proliferation analysis

In nSC cultures, proliferative capacity was assayed using the
Cytotrack cell proliferation assay kit (CytoTrack Green 511/
525; Bio-Rad, 1351203), measuring the serial halving of cell
fluorescence intensity via flow cytometry [53]. Cells were
loaded with CytoTrack Green according to the manufacturer’s
protocol, plated at 5 × 105 cells per well and harvested after 24
and 48 h in growing conditions. The fluorescence was
acquired using a Gallios Flow Cytometer (Beckman-Coulter,
Brea, CA, USA) and analyzed with the software FCS Express 4
(De Novo System, Portland, OR, USA). The proliferation
index is defined as the average number of cells that an initial
cell became, and it was calculated using FCS Express software.
Each experiment was performed at least 3 times.

Quantitative real-time PCR analysis

RNA was isolated from muscles or nSCs in growing and
differentiated conditions (48 h) by phase separation in
TRIzol (ThermoFisher Scientific, 15596026) according to an
already described protocols [46,54]. Total RNA (1 µg) was
retro-transcribed using either Script Reverse Transcription
Supermix (Bio-Rad, 1708841) for mRNA analysis, or NCode
VILO miRNA cDNA synthesis kit (ThermoFisher Scientific,
A11193050) for microRNA analysis. PCR was performed
using SsoAdvanced Universal SYBR Green Supermix (Bio-
Rad, 1725271) and the CFX96 Touch Real-Time PCR
Detection System (Bio-Rad). The primers for RT-qPCR are
listed in Table S3. All reactions were run as triplicates and the
fold change was determined relative to either Rplp0 (riboso-
mal protein, large, P0; mRNA internal reference) or Rnu6 (U6
small nuclear RNA; miRNA internal reference) housekeeping
transcripts using the 2−ΔΔCT formula [53].

For gene expression analysis, a customizable PrimePCR 96-
well plate (Bio-Rad) was designed with a selection of 93 genes
from those reported as part of the ‘Myoblast Signature’ [34].
We selected genes whose mRNA levels were at least 10-fold
higher in proliferating myoblasts, and total RNA from WT
and atg7Δ mice-derived proliferating nCSs was extracted after
2 days in growth medium. The screening was replicated at
least 3 times. The list of genes and the fold change are
reported in Table S1

Immunofluorescence

For histology, muscles were dissected and immediately frozen
in liquid N2-cooled isopentane (Sigma-Aldrich, 277258) to
allow preparation of 5-μm thick sections [55].

For immunofluorescence, we followed protocols already
described [56]. In brief, frozen 5-μm cross-sections of muscle
were fixed with 4% PFA for 10 min and permeabilized with
0.1% Triton X-100 (Sigma-Aldrich, X100) in DPBS (EuroClone,
ECB4004L). Sections were then blocked for 30 min with blocking
solution: 2% normal goat serum (NGS; Vector Laboratories,
S-1000), 0.5% bovin serum albumin (BSA; Sigma-Aldrich,
A2058) in DPBS. All primary antibodies were diluted in blocking
solution and incubated at room temperature for 2 h. After incu-
bation with the appropriate fluorescent-labeled secondary anti-
bodies (Alexa Fluor conjugates; ThermoFisher, listed in Table 1),
nuclei were counterstained with Hoechst 33342 (ThermoFisher
Scientific, H1399) and slides were finally mounted with the
ProLong Gold antifade reagent (ThermoFisher Scientific,
P36984). The antibodies are listed in Table 1.

Immunocytochemistry was performed following the same
protocol with the exception of PAX7. Dissected muscles were
incubated overnight at 4°C in 30% sucrose, flash frozen,
cryosectioned at 10 µm, and stored at −80°C before staining.
Muscle sections were fixed for 3 min in 4% PFA and treated
for antigen retrieval by incubation in pre-heated citrate buffer
(10 mM sodium citrate, pH 6.0; Sigma-Aldrich, C9999), for
15 min at 80°C. Tissue sections were permeabilized with 0.1%
Triton X-100, 1% BSA in DPBS for 30 min and blocked in
10% NGS in DPBS for 30 min at room temperature. Primary
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antibody incubation in 0.1% Triton X-100, 1% BSA in DPBS
was carried out overnight at 4°C then sections were incubated
with fluorescently labeled secondary antibodies in 0.1% Triton
X-100, 1% BSA in DPBS for 1 h at RT. DAPI (ThermoFisher
Scientific, D1306) staining was used to label nuclei. Slides
were finally mounted with the ProLong Gold antifade reagent.

For cell staining, cells were plated in 8-well Nunc LabTeck
Chamber slides (ThermoFisher Scientific, 154534PK). Cells
were fixed with 4% PFA for 10 min at room temperature
and permeabilized with 0.1% Triton X-100 in DPBS for
5 min at room temperature. Cells were then blocked in block-
ing solution (10% NGS in DPBS), and labeled with primary
antibodies, prepared in blocking solution and incubated at 4°
C overnight. Cells were then incubated with Alexa Fluor-
conjugated antibodies in blocking solution for 1 h at room
temperature [54].

Confocal imaging was performed with a Leica TCS SP5
AOBS microscope system with oil immersion objective 63x/
1.47 (Leica, Wetzlar, Germany). Image acquisitions were con-
trolled by Leica LAS AF software (Leica, Wetzlar, Germany).

Histology and morphometric analysis

For the assessment of skeletal muscle morphology, LAM/laminin,
and hematoxylin and eosin (H & E) staining were performed as
previously described [57,58]. For quantitative analysis, cross-sec-
tional area (CSA) was analyzed in LAM/laminin-stained (see
Table 1) muscle sections using ImageJ software. For each muscle,
the distribution of myofiber was calculated by analyzing approxi-
mately 500 myofibers for each genotype [46,54].

For histological analyses, the number of fibers was counted
in H & E-stained (Bio-Optica, 05–06002/L, 05–10002/L) mus-
cle sections and analyzed using ImageJ software [46,54].

Single myofiber isolation of hind limb muscle and nuclei
immunofluorescence on single fibers was performed as pre-
viously described [59]. Nuclei of 30 individual fibers from
each genotype were analyzed.

Immunoblotting

Proteins were extracted from muscles, adipose tissues (BAT
and WAT) and cells. Muscles, BAT and WAT were homo-
genized with Ultra-Turrax (Ika Werke GmbH & Co. KG,
0003737000) in a lysis buffer containing 20 mM Tris-HCl,
pH 7.4, 10 mM EGTA, 150 mM NaCl, 1% Triton X-100, 10%
glycerol (Sigma Aldrich, G5516), 1% SDS (Sigma Aldrich,
L3771), supplemented with a cocktail of protease and phos-
phatase inhibitors (cOmplete and PhosSTOP; Sigma-Aldrich,
04693116001 and PHOSS-RO). Protein extracts from cells
were performed in RIPA buffer (50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 0.1% SDS [Sigma Aldrich, L3771], 1% NP-40
[Sigma-Aldrich, NP-40S], 0.25% sodium deoxycholate
[Sigma-Aldrich, D6750], 1 mM EDTA) supplemented with a
cocktail of protease and phosphatase inhibitors.

Protein concentrations were determined by Bio-Rad protein
assay (Bio-Rad, 500–0006). Thirty to 50 µg of total protein were
loaded on 4–20% polyacrylamide precast gels (Criterion TGX
Stain-free precast gels; Bio-Rad, 5678094). Proteins were trans-
ferred onto a nitrocellulose membrane using a Trans-Blot Turbo

SystemTM (Bio-Rad) and Transfer packTM (Bio-Rad, 1704156).
The antibodies used for the analyses are listed in Table 1 and
bands were visualized using HRP-linked secondary antibodies
(Bio-Rad, anti-mouse 1706516, anti-rabbit 1706515) and the
Clarity Western ECL substrate (Bio-Rad, 1705061), with
ChemiDoc MP imaging system (Bio-Rad). The blots were rou-
tinely treated with glycine (0.2 M, pH 2.5) stripping buffer and
reprobed with the appropriate antibodies.

Statistical analyses

Results are presented as mean + SEM. Statistical significance
was determined by Student’s t-tests for simple comparison or
by one-way ANOVA and Bonferroni post test for multiple
comparisons with Graph Pad Prism software. p < 0.05 was
considered statistically significant.
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