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The mechanistic target of rapamycin (mTOR) complex 1, mTORC1, integrates nutrient and growth factor signals
with cellular responses and plays critical roles in regulating cell growth, proliferation, and lifespan. mTORC1
signaling has been reported as a central regulator of autophagy by modulating almost all aspects of the autophagic
process, including initiation, expansion, and termination. An increasing number of studies suggest that mMTORC1
and autophagy are critical for the physiological function of skeletal muscle and are involved in diverse muscle

diseases.

MTORC1 autophagy muscle diseases

| 1. Introduction of mMTORC1

The mechanistic target of rapamycin (MTOR) is an evolutionarily conserved serine/threonine kinase. It was first
identified as a target protein of rapamycin through the screening of rapamycin-resistant mutants in yeast I,
Rapamycin can form a complex with FK506-binding protein (FKBP) that inhibits cell cycle progression by inhibition
of the yeast TOR1 and TOR2 W, Subsequent studies in mammalian cells identified the homologous protein, termed
mTOR, which shares more than 40% conservation in amino acid sequence with yeast TOR1 and TOR2 2. mTOR
exists as two structurally and functionally different complexes, known as mTOR complex 1 (mTORC1) and 2
(mTORC?2) respectively (Figure 1). mTORC1 is composed of the central mMTOR kinase, the scaffolding protein
LST8 Bl the inhibitory subunit DEPTOR [l the Ttil/Tel2 complex required for mTOR complex stability and
assembly Bl Raptor, and PRAS40. Raptor (regulatory-associated protein of mTOR) is critical for mTORC1
assembly, stability, and substrate specificity [EIlZl_ and associates with PRAS40 (Proline-rich AKT substrate 40 kDa),
which functions as an inhibitor of mMTORC1 activity 8. mTORC2 shares the components mTOR, LST8, DEPTOR
and Ttil/Tel2 that are similarly present in mTORC1, in addition to the unique subunits, Rictor and SIN1 £,
mTORC1 and mTORC?2 can be distinguished by their acute response to rapamycin 19, Rapamycin is an antifungal
metabolite produced by Streptomyces hygroscopicus, which possess immunosuppressive and anti-proliferative
properties in mammalian cells. Rapamycin allosterically inhibits mMTORCL. In contrast, mTORC2 shows insensitivity

to acute rapamycin treatment 1911],
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Figure 1. A schematic representation of mTOR complexes.

Genetic studies and pharmacological research using rapamycin have demonstrated that mTORCL1 is a master
regulator of cell growth and metabolism which senses and integrates different nutritional and environmental cues,
including growth factors, energy levels, cellular stress, and amino acids 22, Growth factor activation of mMTORC1 is
mediated by a Ras family GTPase, RAS homolog enriched in brain (Rheb), following receptor-coupled PI3K
activation and the AKT-dependent phosphorylation and inhibition of the tuberous sclerosis complex (TSC) 1/2 3],
The TSC complex can also be stabilized by LKB1-AMPK signaling 24l In contrast, amino acids can stimulate
MTORCL1 in a PI3K/Akt axis-independent manner and induce the translocation of mMTORCL1 to the lysosomal
surface where mTORCL is activated upon contact with Rheb. This process requires many complexes, such as the
v-ATPase, Ragulator, the Rag GTPases, and GATOR1/2 23],

| 2. Regulation of Autophagy by mTORC1

In the absence of nutrients or growth factors, mMTORCL1 activity is reduced. In turn, it activates cellular catabolic
processes while suppressing anabolic processes. Reduced mTORC1 activity increases the activity of eukaryotic
translation initiation factor 4E-binding protein 1 (4E-BP1) and inhibits ribosomal protein S6 kinase 1 (S6K1) to block
protein translation 8. mTORC1 inactivation also activates autophagy, an evolutionarily conserved catabolic
process that recycles long-lived proteins or damaged organelles and provides energy or macromolecular
precursors for cell survival 228 This degradation process is coordinately modulated by multiple autophagic
regulators [1211201211122123] Among these regulators, mTORC1 signaling plays critical roles in regulating each step of
the autophagy process, including induction, nucleation, elongation, and formation of a double-membrane
autophagosome, followed by the fusion of the autophagosome with a lysosome to form autolysosomes to degrade

and recycle autophagosome-sequestered substrates (Figure 2).
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Figure 2. Regulation of autophagy by mTORC1. mTORC1 plays critical roles in the regulation of each step of the

autophagy procedure, including autophagy initiation, nucleation, membrane expansion, and termination.

2.1. Regulation of ULK1 Complex during Autophagy Initiation

In mammals, the activation of Unc51-like kinase 1 (ULK1) complex, composed of the Ser/Thr kinase ULK1, ATG13,
FIP200, and ATG101, is essential for autophagy induction. The ULK1 complex serves as the main interface where
the direct intervention of mMTORC1 in autophagy occurs and its activity is mainly regulated by mTORC1- and AMP-
activated protein kinase (AMPK)-mediated phosphorylation 2423l |n nutrient-rich conditions where mTORCL1 is
active, mTORC1 phosphorylates ULK1 at the Ser757 site, disrupting the interaction of AMPK and ULK1, leading to
the inhibition of autophagy induction 24, mTORC1 also phosphorylates ATG13, a component of ULK1 complex, at
Ser258 to decrease ULK1 complex activity and suppress autophagy [28. During starvation and environmental
stresses where mMTORCL1 is inactive, mMTORC1 dissociates from the ULK1 complex and ULKL1 is activated by
AMPK-dependent phosphorylation at multiple sites 24, ULK1 phosphorylation by AMPK is able to induce
autophagy [24l. In addition, recent studies suggest that mTORC1-mediated autophagy via ULK1 can also be
regulated by protein kinase G 1 (PKG1) in the heart [27[28] Together, these findings suggest that mTORC1 plays

critical roles in autophagy induction through the regulation of the ULK1 complex.

2.2. Regulation of PI3BKC3-Beclin 1-ATG14 Complex during Nucleation

After ULK1-mediated autophagy initiation, the nucleation of phagophore requires the lipid kinase activity of class IlI
phosphatidylinositol 3-kinase (PI3KC3), also known as Vacuolar protein sorting 34 (Vps34), which generates
phosphatidylinositol-3 phosphate (PI3P) from phosphatidylinositol at the phagophore to promote pre-
autophagosome formation. PI3BKC3 forms two distinct complexes (PI3KC3-Cl and PI3KC3-CIl). PI3KC3, VPS15,
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and Beclin 1 make up the core subunits that are conserved in both complexes. Complex | (PI3KC3-CI) contains
ATG14, activating molecule in Beclin 1-regulated autophagy protein 1 (AMBRAL1) and nuclear receptor-binding
factor 2 (NRBF2), while complex Il includes UV radiation resistance-associated gene protein (UVRAG) 22, Among
them, PI3KC3-Cl has been shown to regulate the nucleation of phagophores. Upon mTORCL1 inhibition or ULK1
complex activation, ULK1 complex targets the sub-domains of the endoplasmic reticulum (ER), known as
omegasomes, and recruits PI3KC3-Cl to produce PI3P at phagophore, facilitating the nucleation of

autophagosomes B3],

MTORCL1 inhibition activates the ULK1 complex, which in turn induces the phosphorylation of Beclin 1 at Serl5
and Ser30, thus causing the activation of the PI3KC3-CI [32l33], |n addition, it has been reported that mTORC1 can
also directly regulate the activity of the PI3BKC3-CI by phosphorylating its components ATG14, AMBRAL, and
NRBF2. mTORCL1 inhibits PI3BKC3 activity by directly phosphorylating ATG14 on multiple sites. Mutation of these
phosphorylation sites on ATG14 enhances autophagic flux B4, NRBF2 can be phosphorylated by mTORC1 at
S113 and S120. The inhibition of such phosphorylation events increases VPS34 complex assembly and activity,
enhancing autophagy flux 2. In addition, mTORC1 can directly phosphorylate AMBRA1 at Ser52 under normal
conditions. The inhibition of mMTORCL1 results in the dephosphorylation of AMBRAL and increases its interaction
with E3-ligase TRAF6, which subsequently ubiquitinates ULK1 on Lys-63. This K63-linked ubiquitination stabilizes
ULK1 and induces its kinase activity, leading to an increase in autophagy induction B9, Thus, these studies
suggest that mTORC1 strictly restricts the nucleation of phagophores through the targeting of multiple components
of the PI3KC3-Cl complex.

2.3. Regulation of Autophagosome Expansion

When PI3P is generated at the omegasome, PI3P subsequently recruits Ptdins3P-binding effectors, including
Atg18/WD-repeat domain phosphoinositide-interacting protein-2 (WIPI-2) and FYVE domain-containing protein 1
(DFCP1), which in turn recruit more autophagy machinery proteins 837, WIPI2 binds to ATG16L and recruits the
ATG12-ATG5-ATG16L complex to the phagophore. The WIPI-2-recruited ATG12-ATG5-ATG16L complex is part of
a conjugation system where the El-like ATG7 transfers LC3-1 to the E2-like enzyme ATG3 that associates with
ATG12 on the complex, catalyzing the conjugation of ATGS8/LC3 proteins with membrane resident
phosphatidylethanolamine (PE) [28l. This lipidation of the ATG8/LC3 process generates LC3-ll, which is the

characteristic signature of autophagic membranes and is involved in the ATG9 vesicle sequestration of cargo 22
[40]

Multiple studies have demonstrated that mTORC1 negatively regulates autophagosome expansion by
phosphorylating WIPI2 and p300 acetyltransferase #4142 mTORC1 phosphorylates WIPI2 at Ser395 and the
phosphorylated WIPI2 interacts with E3 ligase HUWE1 to promote its proteasomal degradation. The mTORC1-
regulated protein stability of WIPI2 affects both basal and starvation-induced autophagy “1. Moreover, mTORC1
also directly phosphorylates p300 acetyltransferase to activate p300 by relieving its autoinhibition. P300-mediated
LC3 acetylation prevents its interaction with E1 ubiquitin ligase ATG7, thus leading to autophagy inhibition. Upon
starvation, reduced mTORC1 activity induces the dephosphorylation of p300. This dephosphorylation event
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inactivates p300 and causes the deacetylation of LC3, thereby increasing LC3-ATG?7 interaction, LC3 lipidation,
and autophagosome expansion 42,

2.4. Regulation of Autophagosome Maturation and Termination

After becoming fully sealed, the autophagosome subsequently fuses with lysosome to degrade the engulfed
material. Autophagosomes and lysosomes are tethered by diverse tethering machinery, such as Rab GTPases,
homotypic fusion and vacuole protein sorting (HOPS) complex, ATG14, and UVRAG [43144145] The fusion of the
autophagosome membrane with the Ilysosome membrane involves the HOPS complex that tethers
autophagosomes to lysosomes as well as Syntaxin-17 (Stx-17) to facilitate membrane fusion 8. Pacer was
identified as a vertebrate-specific autophagy activator and is found to facilitate the biogenesis of PI3P on
autophagosomes. Furthermore, Pacer interacts with Stx17 and recruits HOPS to autophagosomes 2. In addition,
UVRAG, a component of the PISKC3 complex Il (PIBKC3-CIl), is required for the interaction between the
autophagosome and PISKC3-CIl. The association of UVRAG with HOPS increases autophagosome-lysosome
fusion 44, At the last stage of autophagy, lysosomal membranes are recycled from autolysosomes to maintain

lysosome homeostasis, a process termed Autophagic lysosome reformation (ALR) 8,

It has been shown that mTORC1 directly interacts with and phosphorylates UVRAG at Ser498 in nutrient-rich
conditions 42, This mTORC1-dependent phosphorylation of UVRAG inhibits the interaction between UVRAG and
the HOPS complex. However, upon starvation, the dephosphorylation of UVYRAG induced by mTORCL1 inactivation
promotes its interaction with HOPS and enhances autophagosome maturation 42, Besides Ser498, mTORCL1 also
phosphorylates UVRAG at Ser550 and Ser571 to maintain ALR B2, The phosphorylation of UVRAG at Ser550 and
Ser571 induces the activation of PI3KC3 and generates PI3P at lysosome. The mutation of these mTORC1-
dependent phosphorylation sites on UVRAG causes the failure of lysosome regeneration and induces cell death
during starvation, suggesting the indispensable function of mTOR in ALR B9, A recent study has identified Pacer
as a substrate of MTORC1. mTORCL1 phosphorylates Pacer at Serl57 and this phosphorylation abolishes the
interaction of Pacer with HOPS and Stx17, thus preventing autophagosome maturation during nutrient-rich
conditions B, During starvation, dephosphorylated Pacer in turn recruits HOPS complex for autophagosome

maturation 311,

2.5. nMTORC1-Dependent RNA Metabolism

While earlier studies mostly focused on mTORC1 downstream signals linked to cytoplasmic protein metabolism,
recent studies have shown that mMTORC1 signaling plays critical roles in RNA metabolism, ranging from pre-mRNA
splicing, polyadenylation, and mRNA methylation. mTORCL1 activation has been shown to induce global mRNA 3'-
UTR shortening 2. In the previous study, researchers further found that mTORC1 regulates RNA processing of
autophagy-related gene (Atg) transcripts and alters ATG protein levels and activities through the cleavage and
polyadenylation (CPA) complex. Specifically, mMTORC1 activity suppresses CDK8 and DOA/CLK2 kinases, which
directly phosphorylate CPSF6, a component of the CPA complex. The phosphorylation status of CPSF6 affects its
localization, RNA binding, and starvation-induced alternative RNA processing of Atgl/ULK1l and Atg8/LC3
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transcripts, nutrient, and energy metabolism, thereby modulating autophagy and metabolism B3l Alternatively,
MTORCL1 also regulates the phosphorylation of the decapping enzyme Dcp2. Phosphorylated Dcp2 associates
with RCK family members and binds to Atg8/LC3 transcripts to degrade them, leading to autophagy inhibition 241,
Furthermore, recent studies further demonstrate the roles of mMTORC1 in RNA methylation. mTORC1-activated
S6K enhances the translation of Wilms' tumor 1-associated protein (WTAP), an adaptor for the NG6-
methyladenosine (mfA) RNA methyltransferase complex, leading to an increase in m®A levels. Increased m6A
activity promotes c-Myc transcriptional activity and the proliferation of mTORC1-activated cancer cells 22, In
addition, mTORC1 stabilizes the m8A methyltransferase complex through the chaperonin containing TCP1 (CCT)
complex. The upregulation of m®A modification promotes the degradation of Atg transcripts, including Atgl and
Atg8, and inhibits autophagy 8. Collectively, these studies uncover another layer of mTORC1 regulation of
autophagy through RNA metabolisms.

3. Roles of the mTORC1-Autophagy Pathway in Regulating
Skeletal Muscle Functions

Skeletal muscle is the most abundant tissue, comprising ~40% of body mass in humans, and plays key roles in
locomotion and maintaining metabolism. It serves as a protein reservoir in the human body which undergoes rapid
turnover, a process strictly controlled by the balance between protein synthesis and degradation. As a result,
skeletal muscle possesses an extreme sensitivity to the changes in both autophagy and mTORC1 activities. To
date, excessive muscle loss has been used as a prognostic index of negative outcomes for a variety of diseases

ranging from cancer, infections, and unhealthy aging .

3.1. mTORC1, but Not mMTORC2, Regulates Skeletal Muscle Sizes

In response to exercise or hormonal stimulation, new proteins are generated, increasing cellular volume and
muscle growth, a process named hypertrophy. In contrast, catabolic conditions such as cancer, infections,
diabetes, aging, or inactivity/disuse promote a net loss of proteins, causing shrinkage of the muscle volume, a
condition named atrophy (28l Therefore, the balance between biogenesis versus destruction defines the size and

the function of muscle cells.

Altered mTOR activity has been linked to both muscle hypertrophy and atrophy. Muscle-specific mTOR knockout
mice exhibit severe myopathy leading to premature death between 22 and 38 weeks of age 2. The mTOR and
Raptor (the scaffold protein of mMTORC1) knockout mice exhibited decreased postnatal growth due to the reduced
size of fast-twitch muscles and displayed a progressive muscle atrophy phenotype [B26d  However, muscle-
specific Rictor (a component of mMTORCZ2) knockout mice fail to show any significant phenotype. Similarly, a recent
study reported that muscle specific mTOR and Raptor double knockout in mice induces muscle atrophy and a
slower muscle relaxation, which may be caused by a shift of muscle types, from fast-twitch fibers to slow-twitch
fibers, and changes in the expression levels of calcium-related genes. The double knockout mice exhibit more
severe phenotypes compared to the mice with the deletion of either Raptor or mTOR alone 6. Consistent with

these results, the treatment of rapamycin, an inhibitor of mMTORC1, suppresses muscle growth 2], The deletion of
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muscular S6K1, a mTORC1 downstream target, induces energy stress and muscle cell atrophy 83, These studies

demonstrate that mMTORCL1, not mTORCZ2, is the major regulator in the control of muscle fiber size.

3.2. The Roles of mMTORC1-Autophagy Axis in Muscle Homeostasis

Interestingly, an early study reported that acute activation of mTORC1 in vivo drives muscle hypertrophy in the
short-term [64l: however, chronic mMTORC1 activation by TSC1 depletion in the muscle leads to severe and
progressive muscle atrophy, along with low body mass and early death 3. A recent study also observed that
activation of mMTORCL1 in aged muscle leads to progressive muscle fiber damage, fiber death, and loss of muscle
mass (€8], These muscle atrophy phenotypes induced by mTORC1 hyperactivation are primarily due to the lack of
autophagy in muscles 62!, Autophagy provides energy and building blocks for metabolisms and thus regulates the
level of amino acids, lipids, carbohydrates, and nucleic acids BZ[8 |t is also required for intracellular quality
control. The inhibition of autophagy leads to the accumulation of ubiquitinated protein aggregates and inclusion
bodies as well as cause abnormalities in mitochondria, peroxisomes, ER, and Golgi. For instance, similar to the
phenotypes in TSC1-deficient mice, the muscle-specific deletion of Atg7 causes muscle atrophy and muscle force
decreases 9. The accumulation of abnormal mitochondria, sarcoplasmic reticulum distension, the disorganization
of sarcomere, and the formation of aberrant concentric membranous structures were observed in Atg7-null
muscles, showing that autophagy is essential to preserving muscle mass and maintaining muscle integrity 69,
Therefore, these results suggest that both chronically aberrant increases and decreases in mTORCL1 activity and
deregulated autophagy result in muscle atrophy, implying that dynamic synthesis—degradation oscillations
modulated by the balance of the mTORC1-autophagy axis are essential for maintaining muscle homeostasis
(Figure 3).
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Figure 3. Protein homeostasis is regulated by the mTORC1-autophagy axis in muscles.
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