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Abstract

Autophagy classically functions as a physiological process to degrade cytoplasmic components, protein aggregates,
and/or organelles, as a mechanism for nutrient breakdown, and as a regulator of cellular architecture. Its biological
functions include metabolic stress adaptation, stem cell differentiation, immunomodulation and diseases regulation,
and so on. Current researches have proved that autophagy dysfunction may contribute to the pathogenesis of some my-
opathies through impairment of myofibres regeneration. Studies of autophagy inhibition also indicate the importance
of autophagy in muscle regeneration, while activation of autophagy can restore muscle function in some myopathies. In
this review, we aim to report the mechanisms of action of autophagy on muscle regeneration to provide relevant refer-
ences for the treatment of regenerating defective myopathies by regulating autophagy. Results have shown that one key
mechanism of autophagy regulating the muscle regeneration is to affect the differentiation fate of muscle stem cells
(MuSCs), including quiescence maintenance, activation and differentiation. The roles of autophagy (organelle/protein
degradation, energy facilitation, and/or other) vary at different myogenic stages of the repair process. When the mus-
cle is in homeostasis, basal autophagy can maintain the quiescence state and stemness of MuSCs by renewing organelle
and protein. After injury, the increased autophagy flux contributes to meet biological energy demand of MuSCs during
activation and proliferation. By mitochondrial remodelling, autophagy during differentiation can promote the meta-
bolic transformation and balance mitochondrial-mediated apoptosis signals in myoblasts. Autophagy in mature
myofibres is also essential for the degradation of necrotic myofibres, and may affect the dynamics of MuSCs by affecting
the secretion spectrum of myofibres or the recruitment of supporting cells. Except for myogenic cells, autophagy also
plays an important role in regulating the function of non-myogenic cells in the muscle microenvironment, which is also
essential for successful muscle recovery. Autophagy can regulate the immune microenvironment during muscle regen-
eration through the recruitment and polarization of macrophages, while autophagy in endothelial cells can regulate
muscle regeneration in an angiogenic or angiogenesis-independent manner. Drug or nutrition targeted autophagy
has been preliminarily proved to restore muscle function in myopathies by promoting muscle regeneration, and further
understanding the role and mechanism of autophagy in various cell types during muscle regeneration will enable more
effective combinatorial therapeutic strategies.
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Introduction

Comprising about 30-40% of the whole-body mass, skeletal
muscle is the organ with the largest proportion in the body.
However, various genetic defects, substantial tissue damage,
or exogenous signal changes all lead to muscle dysfunction
and myopathies.? Myopathies are gradually becoming a seri-
ous public health problem in many countries, and this phe-
nomenon will intensify with the ageing process.>* These my-
opathies with high prevalence not only compromise quality
of life and diminish functional capacity but also greatly in-
crease social and economic burden. So the mechanism of my-
opathies has always been an intensely investigated area with
the hope that an increased understanding will lead to thera-
pies to restore skeletal muscle structure and function. Cur-
rent studies suggest that regenerative dysfunction may con-
tribute to the pathogenesis of myopathies. In this process,
muscle stem cells (MuSCs) have attracted the most attention.
In addition, successful muscle regeneration also requires the
self-degradation of the damaged myofibres and the regula-
tion of other supporting cells in the microenvironment. Fail-
ure of muscle to regenerate properly can have a severe im-
pact on the organism, which is particularly evident in some
chronic injury myopathies, such as Duchenne muscular dys-
trophy (DMD).> Therefore, the process of regeneration fol-
lowing muscle injury has been an intensely investigated area
to restore muscle structure and function when the regenera-
tive process is impaired. But it is difficult to regulate this pro-
cess due to the complexity of the dynamic changes of cell
composition during muscle regeneration.

Autophagy refers to a series of tightly regulated catabolic
processes, all of which transport cytoplasmic components to
the lysosome for degradation. As a highly inducible dynamic
metabolic process under the effect of the environment, hor-
mones and other factors, autophagy can drive rapid cellular
responses under conditions such as metabolic stress.® Recent
researches have demonstrated that autophagy is activated
and plays a crucial role in muscle regeneration. Moreover,
drug activated autophagy has been proved to improve some
myopathies by promoting muscle regeneration, indicating
that autophagy has great clinical potential in the treatment
of myopathies.®> However, the detailed function of autophagy
in muscle regeneration has not been summarized. Autophagy
can promote myogenic differentiation and accelerate muscle
recovery by removing excess/damaged organelles/protein or
by regulating intracellular oxidative stress signals.”® Autoph-
agy can also regulate non-myogenic cells in muscle microen-
vironment, such as immune cells and endothelial cells, thus
affecting the regeneration of muscle.®*° These results high-
light an emerging area of autophagy in the muscle regenera-
tion. The studies of the molecular mechanism of autophagy
regulation may serve as a target for future therapies to
strengthen muscle function recovery in myopathies. The
areas of focus for this review are the role of autophagy in

muscle regeneration, specifically in the myogenic cells and
non-myogenic cells in the microenvironment.

Muscle regeneration in myopathies

Myopathies comprise a series of structurally abnormal and
metabolically disturbed muscle diseases that are character-
ized by muscle weakness and motor dysfunction. As myopa-
thies can occur owing to various causes, so they are chal-
lenging to treat. Among these myopathies, traumatic
muscle injuries, hereditary muscular dysfunction and muscu-
lar atrophy induced by multiple factors (ageing, ischaemia,
cancer cachexia, and immobilization) are being emphasized
for their high incidence rate.**™3 Besides, although toxic my-
opathies (induced by snake venom, barium chloride, chloro-
quine, etc.) are rare in humans, their serious injuries involv-
ing the whole body cannot be ignored.*** In different types
of myopathies, one thing in common is the process of mus-
cle regeneration and repair caused by the abnormality of
myofibres structure. For instance, traumatic and toxic mus-
cle injuries usually lead to necrosis of myofibres, which re-
quires the filling of regenerated myofibres. In the muscle at-
rophy caused by ageing, the age-related reduction in muscle
repair efficiency also contributes to the development of
sarcopenia.’® While in DMD patients, the lack of dystrophin
protein results in the damage of myofibres during contrac-
tion. The chronic injury will cause inflammation, which in
turn inhibits myofibres regeneration.'®* Abnormal muscle re-
generation has been found in multiple kinds of myopathies,
which may involve complex reasons, including stem cell ag-
ing, inflammation, fibrosis, and so on.'***'>® Regardless
of the cause, enhancing the capacity of regeneration has
proved as a potential therapeutic strategy.'” Therefore, the
process of muscle regeneration has been an intensely inves-
tigated area with the hope that an increased understanding
will lead to therapies to restore optimal skeletal muscle
structure and function. As an important biological process
to maintain cell homeostasis under stress, autophagy is acti-
vated in the process of muscle regeneration and has been
proved to be essential for successful myofibres recovery. A
further understanding of the role of autophagy in muscle
regeneration is required to define therapies in various
myopathies.

Link between autophagy and muscle
regeneration

Canonical degradative autophagy usually results from various
stress conditions, such as starvation, hypoxia, oxidative
stress, protein aggregation, endoplasmic reticulum (ER) stress
and others. The common target of these stress conditions is
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the Unc-51-like kinase 1 (ULK1) complex, which then triggers
nucleation of the phagophore by phosphorylating compo-
nents of the class Ill PI3K (PI3KC3) complex I. The PI3KC3
complex | phosphorylates the lipid head group of phos-
phatidylinositol to generate phosphatidylinositol-3-phos-
phate (PI3P) in the rough endoplasmic reticulum, which is
an essential early event in autophagy initiation. This nucle-
ation process also requires ATG9A vesicles as seeds for mem-
brane formation.*® ATG8 family members are responsible for
the subsequent phagophore expansion process. The nascent
LC3 (mammalian homolog of yeast ATGS) is processed at its
C-terminal by the cysteine protease ATG4 to form cytoplas-
mic LC3-1. LC3-I exposes a glycine residue that binds to phos-
phatidylethanolamine (PE) and then converts to LC3-II (the
characteristic signature of autophagic membranes). ATGS8s
not only further attract components of the autophagic ma-
chinery that contain an LC3-interacting region (LIR) but also
are necessary for sealing the phagophore membrane.'®
ATGYA is also involved in lipid scrambling and maintaining
plasma membrane integrity during autophagosome forma-
tion to promote membrane expansion.*®?° Following expan-
sion and sealing of the phagophore, the autophagosome un-
dergoes maturation and fusion, which involves gradual
clearance of ATGs from the nascent autophagosome outer
membrane and fusion with lysosomes. This fusion process re-
quires the concerted actions of multiple regulators of mem-
brane dynamics, including SNAREs (soluble N-ethylmalei-
mide-sensitive  factor attachment protein receptor),
tethering proteins and RAB GTPases, and also transport of au-
tophagosomes and late endosomes/lysosomes towards each
other.?* Finally, acidic hydrolases in lysosomes degrade the
autophagic cargo, and salvaged nutrients are released back
to the cytoplasm, where they are used again by cells and per-
form a variety of biological functions.

Autophagy is activated in response to biological stress and
also plays a key role in the organ regeneration and the main-
tenance of cellular homeostasis,>* which is extremely impor-
tant for metabolically active tissues, such as skeletal muscle.
First evidence linking autophagy to muscle regeneration
comes from the study of response to strenuous exercise in
myofibres. In 1984, Salminen et al. first found that many au-
tophagic vacuoles were produced near necrotic myofibres
and in regenerated myofibres after intense physical exercise.
Therefore, a hypothesis has been proposed that the in-
creased autophagic activity after muscle injury could be
closely related to myofibres regeneration.>? In subsequent
decades, autophagy has been proven as an essential cellular
process for timely muscle regeneration.® Among them, the
most direct evidence is that drug inhibition of autophagy
leads to incompletely skeletal muscle recovery from injury.
Another evidence of the necessity of autophagy is the knock-
out mouse studies of autophagy proteins (Figure 1). By
disrupting muscle regeneration, autophagy dysfunction is
also responsible for the pathogenesis of some myopathies.

The observed autophagy defects vary from disease to disease
but have been proven to involve all steps of the autophagic
cascade (from induction to lysosomal cargo degradation)
and impair both non-selective and selective autophagy.*
The benefits of any autophagy-modifying therapies—depend
on the specific mechanism of autophagic dysfunction. As a
result, optimal treatment strategies require further
understanding of the mechanisms of autophagy in muscle
regeneration.

Autophagy in myogenic cells
Quiescence and function of muscle stem cells

Adult skeletal muscle almost has no turnover under normal
conditions, so MuSCs are in quiescence (a GO reversible
arrested state).?®> Upon injury or be exposed to other stimuli,
quiescent MuSCs can respond in time and then be activated
to re-enter the cell cycle to participate in the regeneration
process.>* Due to the characteristics of muscle regeneration,
the state of MuSCs quiescence appears to be a reasonable
way to maintain a low activity stem cell population in the
absence of regenerative demand, yet functionally prepare
for the future regeneration demands at any moment.?
Previous evidence suggests that the changes in niche with
cell-autonomous signals (induced by aging and other factors)
can destroy the quiescent state of MuSCs and blunt the ca-
pacity of muscle regeneration, thereby resulting in myopa-
thies such as age-related sarcopenia.>>?” In these processes,
the imbalance of autophagy may play a key role.?®

Evidence is accumulating that autophagy is essential for
the maintenance of the quiescence state and normal func-
tion of stem cells,®® and constitutive autophagic activity is
also present in quiescent MuSCs.%® In senescent MuSCs, the
phosphorylation of AMPK and its downstream target
P27 decreased, and the resulting stress of suppressed au-
tophagy makes MuSCs more prone to apoptosis. Further
study found that quiescent MuSCs actively maintain organ-
elle and protein turnover by autophagy.® During aging, the
ability of MuSCs to clear damaged cellular materials (spe-
cially mitochondria) through autophagy declines, which will
result in higher levels of reactive oxygen species (ROS).2
Subsequently, pl6INK4a (also called Cdkn2a, induced by
ROS) can change quiescent MuSCs into an irreversible
pre-senescence state by inhibiting the expression of retino-
blastoma (Rb) protein/E2F-regulated genes (related to cell
cycle).?%3 Reactivating autophagy, either by genetically in-
troducing Atg7 or via treatment with the autophagy activator
rapamycin, can rescue the capacity of aged MuSCs to
regeneration.?® In addition to the induction of autophago-
somes, the maintenance of MuSCs quiescence state also
depends on eventual autophagosome clearance, and the
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Figure 1 Link between autophagy and muscle regeneration. (A) Biological processes and related molecular mechanisms of classical degradative au-
tophagy. (B) Inhibition of autophagy impairs skeletal muscle regeneration in animal models of muscle injury. As an inhibitor of PI3KC3,
3-Methyladenine (3-MA) can specifically block autophagosome formation. Treatment of myotoxic injury mice with 3-MA resulted in decreased recov-
ery of muscle strength and mitochondrial enzyme activity. Chloroquine (CQ) can inhibit the fusion of autophagosome and lysosome, thus blocking the
autophagic flux. Similar to the results of 3-MA, blocking the late process of autophagy with CQ also reduced the rate of regeneration with accumulation
of sarcomere and nuclear debris. Skeletal muscle-specific knockout of UlkZ, a kinase critical for autophagy initiation, attenuates the recovery of mito-
chondrial network and muscle strength in mice after muscle injury. In addition, genetic deletions of Atg5, Becn1, Atg16l, and Atg7all lead to autophagy

attenuation after muscle injury and impair muscle regeneration as well.

hypothalamic—pituitary-gonad (HPG) is involved in this pro-
cess. With aging, the HPG axis activity gradually decreases,
which will not affect the formation of autophagosome, but
will lead to abnormal clearance of autophagosomes.®* Mech-
anistically, androgen receptor was recruited to androgen re-
sponse elements in the transcription of the transcription fac-
tor EB (Tfeb) promoter in MuSCs, thereby activating TFEB
and its target genes.?* As a master gene for lysosomal bio-
genesis, TFEB is required for autolysosome biosynthesis and
autophagosomes degradation.3? Therefore, the excessive ac-
cumulation of autophagosomes induced by aging also leads
to the accumulation of ROS, which allows MuSCs to acquire
a state of quiescence destruction analogous to that of senes-
cence. Together, these findings indicate that autophagy is a
key factor for the regeneration ability of muscle stem cells
by maintaining quiescence and preventing senescence, both
through induction and clearance of autophagosomes. How-
ever, whether there is a destruction of the quiescence state
of MuSCs in other myopathies caused by genetic defects is
still largely unknown.

Activation and proliferation of muscle stem cells

After muscle injury, MuSCs are activated to escape quies-
cence stage and start to proliferate; some daughter MuSCs
continue to differentiate, whereas others return into quies-
cence to complete the self-renewal of MuSCs.®® With the
changes of the myogenic transcription factors expression, dif-
ferentiated MuSCs then form multinucleated myotubes and
proceed through a stage of regeneration that is dominated
by terminal differentiation and growth.

MuSCs activating out of the quiescence stage to generate
proliferating progeny that will differentiate or self-renew en-
counter different bioenergetic requirements at each
juncture.>* Previous researches have shown that autophagy
was induced during MuSCs activation after muscle injury. Au-
tophagy flux was increased upon SC activation from quies-
cence, both in vivo and in vitro, and was even increased to a
higher level at the proliferation stage.>**3® In Atg1611 mutant
mouse, where autophagy flux is reduced but still present,
muscle regeneration was impaired due to a lack of MuSCs ac-
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tivation after damage. AtgZ6LI-null mice had a greater pro-
portion of MuSCs (Pax7*/MyoD~) and lower proportion of
muscle precursors (Pax7*/MyoD*) or committed myoblasts
(Pax7~/MyoD*) than wild type.® Compared with quiescent
MuSCs in GO (QSCs), activated MuSCs (ASCs) and proliferating
MuSCs contained higher ATP content and mitochondrial
activity.?” Thus, increased autophagy flux may help support
the cellular energy demands generated during MuSCs activa-
tion and proliferation. Inhibition of autophagy can signifi-
cantly reduce the number of ASCs re-entering the cell cycle,
ATP production and mitochondrial activity during MuSCs acti-
vation, which can be partially remedied by supplementing ex-
ogenous metabolite sodium pyruvate.®® Further studies found
that Sirtuinl (SIRT1) may mediate ATG7 deacetylation and
AMPK phosphorylation during MuSCs activation, thereby acti-
vating autophagy and MuSCs.?® These data suggest that SIRT1
may provide nutrients needs that meet biological energy de-
mand by activating autophagy during this key transition from
quiescence to activation.®®

Differentiation and fusion of myoblasts

Previous studies have reported that autophagic signals (e.g.
decreased SQSTM1 and increased ATG7, BECN1, ULK1, LC3B
levels) are further activated during myoblast differentiation,
both in vivo and vitro.”2>3%3° During the differentiation of
C2C12 myoblasts in vitro, Jon et al. found that although the
expression of ATG5-ATG12 complex gradually increased dur-
ing myogenic differentiation, the autophagy flux shown by
LC3 was activated only in the early stage of differentiation
(first day of differentiation).*® Therefore, they believe that
autophagy is a transient phenomenon, which is robustly
up-regulated only during the early steps of differentiation.
However, more evidence shows that autophagy is
up-regulated in the whole differentiation cycle of myoblasts
in vitro.”*®3% |n addition, muscle injury studies in LC3-GFP
mice also confirmed that autophagy was continuously acti-
vated during MuSCs activation and differentiation in vivo
and showed a stronger autophagy level in the differentiated
regenerated myofibres (the centre contains nucleus), which
indicates that autophagy is also up-regulated in the late stage
of differentiation.>® In the process of autophagy activation,
myoblasts are often accompanied by the transformation of
metabolic mode (glycolysis to oxidative phosphorylation)
and the increase of the number of mitochondria.** With the
deepening of research, the need for autophagy during myo-
genic differentiation has been well documented. Disruption
of autophagy, whether at the initiation, cargo trafficking, or
lysosomal fusion steps, inhibits myogenic differentiation and
impairs strength recovery after muscle injury. For example,
inhibition the formation of autophagosomes by treatment
with 3-MA or knockdown of Atg5 and Atg7 impairs
myogenesis, accompanied by mitochondrial dysfunction.”-*°

Similar effects were seen when myoblasts were treated with
Baf-Al, an autophagy inhibitor that can interfere the fusion
of autophagosome and lysosome.*® Together, these findings
show that autophagy is necessary for myogenic differentia-
tion, and the regulatory role of autophagy in myoblast differ-
entiation and fusion is summarized as follows.

Mitochondrial remodelling in differentiation and
fusion

Myoblasts are primarily dependent on glycolysis to meet
their quiescent metabolic needs, and therefore have a more
sparse mitochondrial population. In contrast to myoblasts,
the mature myotube is a metabolically active cell type that
relies heavily on oxidative phosphorylation (OXPHOS).** To
meet this high energetic demand, myotubes contain a large
number of mitochondria arranged in a complex network.*®
Therefore, differentiation of primitive myoblasts into mature
myotubes requires a metabolic transformation to support the
increased energetic demand of skeletal muscle contractions.
Autophagy is crucial for this shift in energy metabolism
patterns.** Mitochondrial renewal during myogenic differen-
tiation has been shown to be a necessary process, and the
onset of regeneration of muscle is always accompanied by a
marked activation of mitochondrial biogenesis.*> These
events lead to an increase in the amount of mitochondrial
protein and the copy number of mitochondrial DNA. Current
studies have found that instead of simply producing mito-
chondria and adding oxidative phosphorylation components,
myoblasts first clear the original mitochondria of glycolysis
mode through mitophagy and then regenerate mitochondria
of new metabolic mode. Mitophagy is a conserved mecha-
nism to selectively remove unwanted or damaged mitochon-
dria, which has been shown to play an important role in mi-
tochondrial function and biogenesis.*® During early
myogenic differentiation, autophagy was further up-regu-
lated, which was coincident with Dynamin 1 like (DNM1L)-
mediated fragmentation of mitochondrial networks, a decline
in cellular mitochondrial protein, and an increase in mito-
chondrial LC3B-I.*° The high degree of co-localization be-
tween autophagosome and mitochondria will help to elimi-
nate the old mitochondrial network (glycolysis). As
differentiation progresses, autophagy flux decreases, accom-
panied by an up-regulation of mitochondrial fusion protein
OPA1 and the key factor of mitochondrial production
PGClo.”*° At this point, mitochondrial content increased sig-
nificantly and dense mitochondrial networks (OXPHOS).
When autophagy is inhibited, such as by interference with
Atg7, the colocalization of mitochondria and autophagic
puncta is reduced, which impairs mitochondrial network re-
modelling and inhibits myoblast differentiation. Consistent
with the effects observed in myoblasts interfering with
Atg7, a similar phenomenon occurs when BCL2 interacting
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protein 3 (BNIP3), the critical regulator of mitophagy,*® is
knocked out.” Myoblasts treated with Baf-A1 also underwent
mitochondrial fragmentation early during differentiation but
failed to reconstitute their networks. An abundance of auto-
phagosomes remained until 6 days differentiation, while in-
stances of elongated mitochondria were rare when compared
with control.*® Collectively, these data demonstrate that the
induction of autophagy and intact autophagic flux during
early differentiation appears to be required for mitochondrial
network reconstruction and myotube formation.

The details of the mechanism of mammalian mitophagy
have been summarized in several excellent reviews,*®>°
and the mitophagy involved in muscle regeneration is also
gradually being revealed. Mice with muscle injury treated
with 3-MA showed decreased mitochondrial enzyme activity,
suggesting that autophagy plays an important role in regulat-
ing mitochondrial remodelling during muscle regeneration.>*
Along with mitochondrial remodelling, ULK1 is also activated
during muscle regeneration.®**%2 At initial stages of PINK1/
Parkin-mediated mitophagy, ULK1 complex is recruited to
depolarized mitochondria.>® Given the key role of ULK1 in au-
tophagosome induction and mitophagy,®>* Jarrod A. Call
et al. explored in depth the role and the mechanism of
ULK1-mediated mitophagy in muscle regeneration. Using
muscle-specific UlkZ knockout mice, they found that UlkZ is
required for mitochondrial network remodelling during mus-
cle regeneration.3®>? In mammalian skeletal muscle, another
key factor regulating mitochondrial autophagy is protein ki-
nase CSNK2/CK2. Phosphorylation of translocase of outer mi-
tochondrial membrane 22 (TOMM22, the central component
of the translocase of outer mitochondrial membrane) by
CSNK2/CK2 promoted the introduction of PINK1 into mito-
chondrial intima, where it was degraded by presenilin associ-
ated rhomboid like (PARL). While, lack of phosphorylated
TOMM?22 fosters PINK1 to accumulate on the outer mem-
brane of mitochondria and induces mitophagy.>®> Although
mitophagy mediated mitochondrial remodelling is necessary
in myoblast differentiation and muscle regeneration, the role
of various types of mitophagy in muscle regeneration is un-
clear. In addition, the induction mechanism of myoblast mi-
tophagy also needs to be further studied in order to target
autophagy to regulate mitochondrial function recovery dur-
ing muscle regeneration.

Stress and apoptosis signals in differentiation and
fusion

Myoblast differentiation is accompanied by significant levels
of cellular stress and apoptosis, including elevated levels of
ROS>® and apoptotic signals. Moderate stress signals and pro-
teolytic caspase (CASP) activation are required by skeletal
muscle development. ROS is also essential mediator of skele-
tal muscle,®” repressing mitochondrial ROS production results

in the failure of myoblast differentiation.>® AS a decisive
myogenic transcription factor in myoblast differentiation,
MyoD is also an activator of caspase-3 and apoptosis, which
also suggests the role of apoptotic signals in myoblast
differentiation.>® However, overexpression of ROS or apopto-
tic signals in myoblasts due to physiological dysfunction can
also cause failure of myoblast differentiation and induce cell
death.?%%! So it is important that the level of ROS and CASP
activation are tightly regulated and are maintained at a
‘sub-apoptotic’ threshold in myogenic differentiation stage.
While in some myopathies, this balance of MuSCs is broken,
which makes them more prone to apoptosis.>>®? Recent re-
searches have found that autophagy is involved in regulating
related signalling during skeletal muscle differentiation, and
contributes to cell specialization rather than cell death.®®
Autophagy-deficiency during myoblast differentiation aug-
ments apoptotic signalling, ER-stress responses, and cell
death. Knockdown of Atg7 increased transient CASP3
activation, DNA fragmentation and the apoptosis rate of
myoblasts. Similarly, in addition to inhibit autophagy flux,
3-MA treatment during differentiation also increased
myoblasts apoptosis.®® Furthermore, mitophagy plays an
important role in removing damaged mitochondria before
mitochondria-mediated apoptotic signalling can be induced,
thus decreasing cell stress and death.®* Previous researches
have found that opening of the mitochondrial permeability
transition pore (mPTP) and loss of mitochondrial
membrane integrity can result in CASP-dependant and -inde-
pendent apoptotic signalling via factors such as CYCS (cyto-
chrome c) and AIFM1/AIF (apoptosis-inducing factor, mito-
chondrion-associated 1).°®® While cytosolic CYCS and
AIFM1 levels were significantly greater in shAtg”7 myoblasts
during differentiation. Furthermore, differentiating shAtg”7
myoblasts displayed CASP9 activation during differentiation.”
The aforementioned results indicate that autophagy regu-
lates mitochondria-mediated apoptotic signalling during
myoblast differentiation and protects differentiating myo-
blasts from apoptotic cell death.

Degradation and regeneration of myofibres

Skeletal muscle is mainly composed of myofibres, and single
nucleus RNA-seq (snRNA-seq) have revealed that 68% of nu-
clei in adult skeletal muscle originates from multinuclear
myofibres.®” As the principle component of the MuSCs niche,
myofibres are in direct contact with MuSCs, so they play an
important role in the function of MuSCs.®® Because skeletal
muscle injury is mainly caused by mechanical movement or
trauma, which will lead to the death of myofibres,®® so the
degradation of injured myofibres is the primary problem to
be solved in the process of skeletal muscle regeneration. De-
cades of pathological observations have reached a consensus
that regeneration of skeletal muscle usually starts with
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myofibres degeneration, a step that requires the initiation of  restore dystrophin and nNOS localisation without degenera-
myofibre necrosis.”® Extracellular matrix remnants from de-  tion, this will delay the degradation of myofibres, thus slow
graded skeletal myofibres, also called “ghost fibres”, govern  skeletal muscle regeneration.’ During muscle regeneration,
MusSCs divisions and migration during muscle regeneration.”*  UlkZ deletion mediated autophagy abnormality in adult
Furthermore, the degraded myofibres not only provide space  myofibres can also inhibit MuSCs proliferation. How does
for the regenerated myofibres but also release factors into the  myofibres autophagy indirectly affect satellite cell dynamics?
MuSCs microenvironment. Damaged myofibres can induce One possibility is that autophagy may be crucial for secretory
MuSCs to enter the cell cycle by secretion of damaged- factor expression and secretion in damaged myofibres. An-
myofibre-derived factors (DMDFs).”? By releasing Tenascin-C  other possibility is autophagy may contribute to the degener-
(TNC), which was found to critical for MuSCs proliferation, ation of damaged myofibres by autophagy-induced cell death,
necroptotic myofibres can also facilitate muscle which would be critical for setting the stage for satellite cell
regeneration.”® Recent researches show that autophagy can proliferation via timely recruitments of non-muscle derived
expedite tissue regeneration by enhancing waste clearance af-  Sertoli cells, such as macrophages, endothelial cells, and FAPs
ter tissue injury.”® Autophagy was activated early in the regen-  (Fibroadipogenic progenitors). Therefore, regulation of
erative stage after muscle injury, while blocking autophagy  myofibres autophagy may be a new therapeutically targeted
flux by using chloroquine or Atg5/Becnl knockdown slows in the future for improving muscle regeneration. However,
the regeneration rate with accumulation of sarcomere and these conjectures have not been rigorously tested, due to
nuclear debris.”* After muscle injury with CTX (cardiotoxin), the lack of solid experimental data.

attenuated autophagy flux makes myofibres more susceptible In conclusion, the importance of autophagy of muscle de-
to infiltration by circulating immunoglobulins. These rived cells in the process of muscle regeneration is gradually
myofibres internalise dystrophin and nNOS (nitric oxide syn-  being confirmed, which involves the whole differentiation cy-
thase one). Importantly, these myofibres have the ability to cle of MuSCs (Figure 2) and the degradation of myofibres. In
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addition to the myogenic cells, autophagy can also play a reg-
ulatory role by affecting the differentiation and function of
non-myogenic cells in the microenvironment of regeneration.

Autophagy in non-myogenic cells
Skeletal muscle immune cells and regeneration

Alongside MuSCs, the innate immune system also plays an
important role in skeletal muscle regeneration.® Following
damage, muscle tissues exhibit traditional inflammatory.
Macrophages play a dominate role in the inflammatory infil-
trate of regenerating period. During the early proliferative
stage of muscle regeneration, macrophages tend to be M1
phenotypes, and during the differentiation and growth phage
of regeneration, macrophages tend to be M2 phenotypes.
Inflammatory M1 macrophages first appear in the degenera-
tive milieu. In this case, they secrete cytokines such as
ADAMTS1, IFNy, IGF-1, IL-6, IL-1B, and TNFa to stimulate
MusSCs proliferation while simultaneously restricting differen-
tiation and fusion of MuSCs.*' Following this phase, the
anti-inflammatory type, M2 macrophages become the domi-
nant macrophage phenotype in the recovery tissue. Several
compelling investigations have established that IL-107° and
fatty acid metabolism reprogram’® may play a central role
in regulating the switch of muscle macrophages from a M1
to M2 phenotype in injured muscle in vivo. If this switch is
delayed and the M1 phenotype is prolonged, inflammatory
cytokines could be produced continuously and myogenesis
is impaired, indicating that the importance of this precisely
timed phenotypic transformation.”” Once M2 macrophages
are present, they mark the beginning of the regenerative
phase and support angiogenesis by initially secreting high
levels of vascular endothelial growth factor (VEGF), which
helps subsequent muscle recovery.”” In addition, M2 macro-
phages can also directly foster MuSCs proliferation and myo-
genic differentiation through secretory factor IGF-1, TNFa,
TGFB and growth differentiation factor 3 (GDF3).1! Recent
studies have shown that autophagy is extensively involved
in monocyte differentiation and macrophage polarization.
Following the activation by inflammatory signals, monocytes
differentiate into macrophages or dendritic cells by means
of autophagy.”® Macrophagic differentiation and acquisition
of phagocytic functions also require both UlkZ and Atg7 de-
pendent autophagy.” In addition to monocytes differentiate
into macrophages, autophagy can also influence the polariza-
tion of the macrophages. Macrophage-specific Atg7 knockout
mice showed a change in the proportion to pro-inflammatory
M1 macrophages®; thus, this may also influence the immune
microenvironment during skeletal muscle regeneration. Be-
sides the macrophages, injured muscle is also infiltrated by
a specialized population of regulatory T (Treg) cells, which

control both the inflammatory response, by promoting the
M1-to-M2 switch, and the activation of satellite cells.®* Al-
though autophagy has been shown to enforce functional in-
tegrity of regulatory T cells by coupling environmental cues
and metabolic homeostasis,®? direct evidence for its role in
muscle regeneration has not been reported.

Vascular endothelial cells and regeneration

Endothelial cells (ECs) cover the inner wall of blood vessels
and act as a gatekeeper of tissue regeneration by adapting
oxygen and nutrient delivery to the metabolic needs of tis-
sues through angiogenesis. Vascular homeostasis is largely
dependent on proper behaviour of ECs, and therefore, not
surprisingly that change of main EC’s biological function
caused by pathological insults is associated with a variety of
diseases. EC-mediated angiogenesis occurs in many
physiological processes such as organ development, tissue
regeneration and tumour growth. While except for
angiogenesis-dependent manner, ECs also have the ability
to coordinate self-renewal and differentiation of stem cells
by providing membrane binding and secreted angiocrine fac-
tors, which is essential for tissue homeostasis and self-
renewal.®® Interestingly, emerging evidence is unravelling a
critical function of autophagy in ECs.2* Autophagy supports
angiogenesis during embryogenesis, while misregulations in
autophagic pathways can led to angiodysplasia in the yolk
sac.®

Skeletal muscle is a highly vascularized tissue and is char-
acterized by a remarkable capacity for regeneration. There-
fore, ECs themselves and ECs-mediated crosstalk with other
cells are essential for skeletal muscle recovery. In various
types of muscle injury, hypoxia inducible factor-1o (HIF1a) is
rapidly induced in the early stage due to disruption in the mi-
crovascular network.*®#¢ Attenuated angiogenesis due to im-
paired normal function of ECs can increase hypoxic areas
within the injured muscles and impair skeletal muscle
regeneration.?” Recent studies have suggested that autoph-
agy may be a dynamic mechanism that plays a critical role
in catabolic processes for cell survival under stressful
conditions,®® enabling ECs to adjust their bioenergetic and
biosynthetic requirements in response to the angiogenesis
following muscle injury.*®”” Therefore, autophagy occur in
ECs in response to hypoxia or serum depletion is necessary
for angiogenic behaviour,®® and activation of autophagy could
improve ECs survival and function by alleviating oxidative
stress.”® Lack of endothelial the glucocorticoid receptor (GR)
triggers autophagy flux, which will lead to activation of
Wnt/B-catenin signalling and promote angiogenesis.”! In a
muscle injury mouse model induced by hindlimb ischaemia,
the autophagy pathway was induced under prolonged hyp-
oxia in ECs, which could increase the angiogenic activities of
ECs under tissue regeneration and consequently helps
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regeneration of surrounding tissues.’®®* The transcription
factor TFEB, demonstrated as a crucial regulator of lysosomal
biogenesis and autophagy,®?> may mediate the link between
endothelial autophagy and angiogenesis. Mechanistically,
TFEB is up-regulated in ischaemic skeletal muscle, subse-
quently activates AMPKa signalling and up-regulates autoph-
agy, which are essential for angiogenesis during skeletal mus-
cle regeneration.®? How autophagy exactly contributes to the
maintenance of EC function remains to be further studied.
Nevertheless, preventing mitochondrial dysfunction and met-
abolic stress-induced endothelial injury by activating mitoph-
agy (including PTEN-induced kinase 1 and PARKIN) in re-
sponse to metabolic stress in ECs may contribute to the
intrinsic beneficial effect of EC-associated autophagy.”® Be-
yond the angiogenesis-dependent way, ECs can support the
muscle regenerative process through paracrine influence on
MuSCs and additional cells in the local milieu, secreting fac-
tors such as VEGF, angiopoietin-1 (Ang-1) and lactate.”” Au-
tophagy in ECs appears to have a fundamental role in secre-
tion, endothelial-specific conditional deletion of Atg/ or
Atg5 in mice exhibits impaired epinephrine-stimulated von
Willebrand factor (VWF) release.’® Moreover, conditioned
media from ECs that blocked autophagy could inhibit the pro-
liferation of muscle cells, suggesting that autophagic stimula-
tion in ECs has the capacity to affect the survival of adjacent
cells by secretions.’® Thus, autophagy may regulate ECs se-
cretory profile thereby influencing the intercellular communi-
cation in the process of skeletal muscle regeneration, a re-
search direction that needs to be experimentally validated
in future studies.

Together, these studies confirmed that autophagy in ECs
regulates skeletal muscle regeneration in an angiogenic and
angiogenesis-independent manner. Although most data sug-
gest that endothelial autophagy is beneficial for skeletal mus-
cle recovery, a connection that requires further experimental
validation.

Regulation of regeneration-defective
myopathies by targeting autophagy

For cases in which the autophagic defects underlie myopa-
thies, targeting autophagy in different cell populations consti-
tutes an obvious therapeutic objective. Activation of autoph-
agy by genetic, dietary, and pharmacological approaches has
been proved to restore myofibre structure and ameliorate
the muscle function in regeneration-defective myopathies.
The autophagy activator rapamycin can target defective au-
tophagy in regeneration-defective myopathies to rejuvenate
muscle strength, including aging muscles,?® muscular
dystrophies,”® and mitochondrial myopathies.’® Exogenous
supplement of the endogenous peptide apelin, induced by
muscle contraction, can enhance the regeneration ability of

aging muscle stem cells by triggering autophagy.®” In spite
of great potential, the limited specificity of these autophagy
modulators often prevent the development for clinical use.
For instance, the inhibition of mTORC1 using rapamycin not
only activates autophagy but also affects cellular metabolism,
growth, and survival.?® Therefore, although the specificity is
lower, the lower toxicity makes dietary regulation considered
as a safer regulation measure targeting autophagy.
Reactivating autophagy through starvation or a low-protein
diet can improve myofibres regeneration and function in col-
lagen VI muscular dystrophies and DMD.>*° Plant extract
polyphenol pterostilbene can promote muscle fibre remodel-
ling in collagen VI deficient mice via enhancing autophagic
flux.2® Although increasing evidence has shown the enor-
mous therapeutic potential of interventions autophagy, the
final application still needs our further researches.

Prospects, challenges, and future
directions

Through the analysis of systemic and tissue-specific autoph-
agy related genes knockout mice, great progress has been
made in our understanding of the roles of autophagy in skel-
etal muscle regeneration after injury. Autophagy is a process
necessary for efficient activity of MuSCs at different myo-
genic stages of the repair process, although its role (organ-
elle/protein degradation, energy facilitation, and/or other)
may vary at each stage (Figure 3). However, there are rela-
tively few studies on the different stage of autophagy in
MuSCs and myofibres, and the underlying mechanisms need
to be further verified. When some of the proliferating MuSCs
return to the quiescence stage to replenish the stem cell
pool, the increased autophagy flux also returns to the resting
level. How is the inactivation of autophagy orderly regulated
in cells? In addition, asymmetric division of MuSCs is neces-
sary to supplement the stem cell reservoir. Whether the dif-
ference in autophagy levels between ASCs and QSCs occurs
during asymmetric division and determines the differentia-
tion fate of cells is also a question worthy of consideration.
Autophagy abnormalities are found in a variety of myopa-
thies, and autophagy activation seems to improve muscle re-
generation and most myopathies. However, stabilizing the
Dishevelled-2 by antagonizing selective autophagy can also
promote muscle regeneration.’®® While in some myopathies,
over activation of autophagy may also lead to muscle dys-
function, such as laminin a2 chain deficiency myopathies
(also known as MDC1A).2%% Therefore, a deeper understand-
ing of autophagy as a double-edged sword in muscle regener-
ation and myopathies is required.

Single-cell sequencing (scRNA-seq) has analysed the tem-
poral dynamics and heterogeneity of cell populations during
skeletal muscle regeneration.’®® Alongside the myogenic
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cells, other support cells are also involved in skeletal muscle
development and regeneration. These non-myogenic cells
appear in skeletal muscle according a strictly programmed
stage, and once the growth pattern of these support cells is
changed, the normal function of skeletal muscles will be
disrupted.’* These studies emphasize the importance of
supporting cell types and intercellular communication net-
works for normal skeletal muscle development and success-
ful muscle regeneration. Autophagy has been shown to regu-
late the differentiation of a variety of stem cells and influence
cell fate, while the deficiency of autophagy may lead to the
failure of ordered differentiation.®® In many previous studies
on autophagy in muscle regeneration, muscle tissue is often
deliberately confused with a single tissue containing only
muscle derived cells. The dynamic cell composition during re-
generation suggests that autophagy may be different in dif-
ferent cells. Whether autophagy can regulate the fate of
supporting cells during skeletal muscle development and re-
generation needs to be further investigated. Autophagy
may regulate skeletal muscle metabolism by influencing the
microenvironment of muscle tissue, rather than merely
playing its role in myogenic cells, which is indeed a point
worth thinking about.

A variety of animal injury models have been used to eval-
uate the factors affecting muscle regeneration, and the most
commonly used acute injury models involve injection of
myotoxins,’® injection of barium chloride,** cryoinjury,>® me-
chanical injury,*®®> and ischaemia—reperfusion.”” Despite sim-

ilar initial necrosis and complete regeneration in different
models, the cellular composition, inflammation, vascular re-
construction, and mitochondrial remodelling varied signifi-
cantly among the groups over the time course of
regeneration.3%77:10519¢ The convenient construction of mus-
cle injury models helps us to study the molecular mechanism
of muscle regeneration. However, these models are usually
difficult to reflect the human pathology. Therefore, model
mice corresponding to human myopathies should be devel-
oped to study the specific treatment, such as mdx mice,
which have the same dystrophin mutation as human pa-
tients. In addition, due to the complexity of myopathies
caused by autophagy deficiency, autophagy is rarely used in
clinical treatment. Defects at every stage of the autophagy
process (from induction to lysosomal cargo degradation)
can affect the normal function of skeletal muscle.** However,
different types of autophagy defects often cause different au-
tophagy phenotypes. In some myopathies, failure of autoph-
agy lysosomal degradation leads to impaired autophagy flux
despite the high expression of ATG proteins.'* Given the dif-
ferent autophagic defects that are observed in different skel-
etal myopathies, the pathogenesis of autophagy in various
myopathy needs to be further understood to evaluate
the benefits of autophagy-modifying therapies on a disease-
by-disease basis. In addition, clinically useful autophagy
activators should be designed based on careful characteriza-
tion of the autophagy defects associated with each specific
myopathies.
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In summary, an in-depth understanding of the pathogene-

sis of autophagy in different myopathies, and the detection

of the influence of autophagy on muscle microenvironment
combined with scRNA-seq will contribute to the clinical treat-
ment of autophagy deficient myopathies.
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