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The mechanistic target of rapamycin complex 1 (mTORC1) integrates various types of signal inputs, such
as energy, growth factors, and amino acids to regulate cell growth and proliferation mainly through the 2
direct downstream targets, eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1) and
ribosomal protein S6 kinase 1 (S6K1). Most of the signal arms upstream of mTORC1 including energy
status, stress signals, and growth factors converge on the tuberous sclerosis complex (TSC) � Ras ho-
mologue enriched in brain (Rheb) axis. Amino acids, however, are distinct from other signals and
modulate mTORC1 using a unique pathway. In recent years, the transmission mechanism of amino acid
signals upstream of mTORC1 has been gradually elucidated, and some sensors or signal transmission
pathways for individual amino acids have also been discovered. With the help of these findings, we
propose a general picture of recent advances, which demonstrates that various amino acids from lyso-
somes, cytoplasm, and Golgi are sensed by their respective sensors. These signals converge on mTORC1
and form a huge and complicated signal network with multiple synergies, antagonisms, and feedback
mechanisms.

© 2021 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The mammalian or mechanistic target of rapamycin (mTOR) as
suggested by Huang and Fingar (2014) is an atypical serine (Ser)/
threonine (Thr) kinase that is quite conserved through evolution
(Jewell et al., 2013). The kinase exists in 2 different protein com-
plexes in mammalian cells named mTOR complex 1 (mTORC1) and
complex 2 (mTORC2) respectively. The activity of mTORC1 is
regulated by various cues including intracellular energy status,
extracellular growth factors such as insulin, stress factors, and the
availability of amino acids (AA). The integrated responses in
mTORC1 activity plays a central role in the regulation of cell growth
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and proliferation by affecting various intracellular processes
including autophagy and overall protein synthesis (Bhaskar and
Hay, 2007). Unlike other factors that affect mTORC1 activity, the
transduction pathway of AA signal has not been fully elucidated as
yet but great progress in understanding this pathway has been
made in recent years. The aims of the present review were to
describe a general picture of recent advances in this area.
2. mTOR and mTORC1 signaling pathway

2.1. mTOR

mTOR was the binding target of rapamycin identified in
mammalian cells. In 1975, V�ezina et al. (1975) isolated a strain of
Streptomyces hygroscopicus in the soil of the Easter Island that can
secrete an antifungal macrolide named rapamycin (Abraham and
Wiederrecht, 1996). Clinical use of rapamycin as an antifungal
drug was soon stopped due to its immunosuppressive and anti-
proliferative effects. Later research interest in rapamycin was
mainly on the mechanisms of its immunosuppressive and anti-
proliferative effects. It was found that rapamycin caused binding
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
s/by-nc-nd/4.0/).
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to FK506-binding protein 12 kDa (FKBP12) and other proteins after
entering fungi cells to depress cell proliferation (Yang and Guan,
2007). The discovery of anti-rapamycin mutants of Saccharomyces
cerevisiae led to the identification of the 2 wild genes encoding 2
approximate 300 kDa rapamycin binding proteins named TOR1 and
TOR2 respectively (Heitman et al., 1991). The homologue of rapa-
mycin binding protein in mammalian cells (mTOR) was soon
identified but was encoded by only one gene (Brown et al., 1994;
Chiu et al.,1994; Sabatini et al., 1994). Further studies revealed that
mTOR is an atypical Ser/Thr protein kinase belonging to the phos-
phatidylinositol 3-kinase-related protein kinase (PIKK) family,
which exists in 2 different protein complexes named mTORC1 and
mTORC2 respectively in mammalian cells with different function
and structure (Schmelzle and Hall, 2000; Saxton and Sabatini,
2017).

As an important functional complex in mammalian cells,
mTORC1 consists of mTOR, regulatory-associated protein of mTOR
(Raptor), 40 kDa Pro-rich AKT substrate (PRAS40, also known as
AKT1S1), DEP domain-containing mTOR-interacting protein (Dep-
tor), and mammalian lethal with SEC13 protein 8 (mLST8, also
known as GbL) (Fig. 1A). In addition, some reports regard FKBP38 as
a bona fide component of mTORC1 (Yoon and Choi, 2016). As a
scaffold protein mTOR, Raptor can bind substrates and modulate
the phosphorylation of mTOR (Yonezawa et al., 2004). PRSA40
combines with Raptor and regulates mTORC1 activity through
protein kinase B (PKB, also known as Akt) (Sancak et al., 2007).
Deptor can interact with mTOR and inhibit its kinase activity, and
then regulate the function of the endoplasmic reticulum (ER)
through its transcription (Catena and Fanciulli, 2017). The up-
regulation of mLST8 can positively regulate mTORC1 activity, but
its role in different cells may have different degrees of the opposite
function (Kakumoto et al., 2015). Regardless, this result suggests
that mLST8may not be necessary formTORC1 (Guertin et al., 2006).

Due to its insensitivity to rapamycin and uncertain function,
there has been limited knowledge of mTORC2. Since entering the
21st century, new findings have contributed to an understanding of
the structure and functional mechanism of mTORC2 which are
summarized by Yang and Guan (2007). The composition of mTORC2
is different from mTORC1, in which rapamycin-insensitive com-
panion of mTOR (Rictor) (Sarbassov et al., 2004) and Sin1 (also
known as Mip1) (Jacinto et al., 2006) are defined as essential sub-
units of mTORC2, but not mTORC1 (Fig. 1B). Rictor and Sin are
homologues of the TOR2 subunits AVO3 and AVO1 in yeast,
respectively, which means that mTORC2 is evolutionarily
conserved, just like mTORC1. mTORC2 also includes mLST8 and
Deptor, consistent with mTORC1, whereas mLST8 is necessary to
maintain the function of mTORC2, inconsistent with mTORC1
(Guertin et al., 2006) (Fig. 1B). The knockout of Rictor or Sin1 leads
to a decrease in the protein levels of other mTORC2 components,
Fig. 1. Compositions of mTORC1 (A) and mTORC2 (B). mTORC1 ¼ mechanistic target of ra
associated protein of mTOR; mTOR ¼ mammalian or mechanistic target of rapamycin; Dep
with SEC13 protein 8; mTORC2 ¼ mechanistic target of rapamycin complex 2; Sin1 ¼ Mip1
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implying the importance of both in maintaining the stability of the
mTORC2 complex (Yang et al., 2006). mTORC2 was initially thought
to function upstream of Rho GTPases to regulate the actin cyto-
skeleton (Jacinto et al., 2004). Subsequently, mTORC2 was identi-
fied as having a new subunit PRR5 (Woo et al., 2007), which can
regulate Akt activity together with Sin1. Due to this, mTORC2 has
been considered as a potential upstream signal node for mTORC1
(Yang and Guan, 2007) (Fig. 1B).

2.2. The mTORC1 signaling pathway

As a key integrator of cues, including nutrient and growth factor
availability as well as stress, mTORC1 responds to multiple varia-
tions in cells and regulates various cell activities (Fig. 2). Following
the evolution from single-celled organisms to advanced mammals,
the signal-network upstream of mTORC1 has become more com-
plex and diverse. These changes have helped animals adapt to
harsh living environments and meet different functional needs in
their various respective organs and tissues. One classical regulator
of mTORC1 is Ras homologue enriched in brain (Rheb), a small
GTPase, whose activity is determined by its guanine nucleotide
state. Some studies have shown that Rheb can respond to growth
factor stimuli and available nutrients, antagonizing the mTOR
endogenous inhibitor, FKBP38, in a GTP-dependent manner (Bai
et al., 2007), and bind to the carboxyl terminal of the mTOR cata-
lytic domain to regulate its kinase activity using phospholipase D1
(PLD1) (Long et al., 2005a; Sancak et al., 2007; Sun et al., 2008). The
upstream target of Rheb is the tuberous sclerosis complex (TSC),
which includes TSC1 (also known as hamartin) and TSC2 (also
known as tuberin), and has recently been proposed to contain a
third subunit, TBC1D7 (Dibble et al., 2012). TSC2 is a component of
the TSC complex that mainly regulates the mTORC1 signal. As the
GTPase-activating protein (GAP) of the Rheb, it induces Rheb to lose
the function of activating mTORC1 by converting the GTP bound to
Rheb into GDP (Inoki et al., 2003a). TSC1 is responsible for stabi-
lizing the structure and function of TSC2 (Chong-Kopera et al.,
2006). The TSC is mainly regulated by growth factors and energy
signals. By sensing glucose and ATP levels, Thr1227 and Ser1345 on
TSC2 are phosphorylated by AMP-activated protein kinase (AMPK)
(Inoki et al., 2003b). Follow-up studies by Inoki et al. found that
AMPK can also transmit signals via another evolutionarily
conserved signaling pathway, the canonical Wnt pathway (Inoki
et al., 2006). Raptor is also one of its downstream targets (Gwinn
et al., 2008). There are also reports that the mTORC1 signaling is
related to Hexokinase-II (HK-II), which is a predominant isoform in
the heart, as well as adipose and skeletal muscle. In the case of
glucose deprivation, HK-II binds to and inhibits mTORC1, then in-
duces autophagy (Roberts et al., 2014). Roh and others believe that
telomerase is involved in this process (Roh et al., 2018).
pamycin complex 1; PRAS40 ¼ 40 kDa Pro-rich AKT substrate; Raptor ¼ regulatory-
tor ¼ DEP domain-containing mTOR-interacting protein; mLST8 ¼ mammalian lethal
; Rictor ¼ rapamycin-insensitive companion of mTOR.



Fig. 2. Regulation of mTORC1 signaling pathway by growth factors, energy and oxygen levels. IGF-1 ¼ insulin-like growth factor-1; PIP2 ¼ Phosphatidylinositol-4,5-triphosphate;
PIP3 ¼ Phosphatidylinositol-3,4,5-triphosphate; Sin1 ¼ Mip1; Rictor ¼ rapamycin-insensitive companion of mTOR; mTOR ¼ mammalian or mechanistic target of rapamycin;
Deptor ¼ DEP domain-containing mTOR-interacting protein; mLST8 ¼ mammalian lethal with SEC13 protein 8; PI3K ¼ phosphatidylinositol-3-kinase; PDK1 ¼ 3-phosphoinositide-
dependent protein kinase-1; PKD1 ¼ phosphoinositide-dependent kinase 1; Akt ¼ protein kinase B; AMPK ¼ AMP-activated protein kinase; TSC ¼ the tuberous sclerosis complex;
REDD1 ¼ transcriptional regulation of DNA damage response 1; PRAS40 ¼ 40 kDa Pro-rich AKT substrate; Raptor ¼ regulatory-associated protein of mTOR; Rheb: Ras homologue
enriched in brain; PLD1 ¼ phospholipase D1; ULK1 ¼ Unc-51-like kinase 1; ATG13 ¼ autophagy-related gene 13; FIP200 ¼ focal adhesion kinase family-interacting protein of
200 kDa; TFEB ¼ transcription factor EB; S6K1 ¼ ribosomal protein S6 kinase 1; IRS1: insulin receptor substrate 1; 4EBP1 ¼ eukaryotic translation initiation factor 4E-binding
protein 1.
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The reception of growth factor signals by TSC is relatively
complicated and mainly depends on 2 key nodes: phosphatidyli-
nositol-3-kinase (PI3K) and Akt. Taking insulin and insulin-like
growth factor-1 (IGF-1) as an example, first, they bind to their re-
ceptors, promoting the phosphorylation of the insulin receptor
substrate (IRS), which allows the latter to bind and activate PI3Kwith
its SH2 domain (Myers et al., 1992). Activated PI3K produces Phos-
phatidylinositol-3,4,5-triphosphate (PIP3) and directly and/or indi-
rectly activates Akt through 3-phosphoinositide-dependent protein
kinase-1 (PDK1) (Bond, 2016). Akt is the key to the upstream
signal of mTORC1, which receives growth factor signals through the
PI3K pathway and stimulates mTORC1 in at least 2 independent
ways. This is through either phosphorylation ofmultiple sites of TSC2
and/or PRAS40, or negative feedback from mTORC1 (Huang and
Manning, 2009; Menon et al., 2014). Additionally, as a downstream
target of mTORC2, Akt connects mTORC1 and mTORC2 in series
(Huang and Manning, 2009; Yang and Guan, 2007). mTORC1 also
senses the availability of oxygen, and when the intracellular oxygen
concentration decreases, REDD1 (also known as RTP801/Dig2/
DDIT4) is activated by transcription and signals to TSC2 (Brugarolas
et al., 2004). Most inputs rely on the PI3K/Akt and TSC pathways to
control mTORC1 activity, but AA signals are relatively independent
(Bond, 2016; Goberdhan et al., 2016; Kim, 2009; Roccio et al., 2006).
We discuss how AA regulate mTORC1 in section 3.

Recent studies have revealed some other pathways that regulate
mTORC1 signal. The ubiquitin-proteasome system (UPS) involves
many aspects of cellular processes, such as cellular differentiation,
cell cycle progression and survival. There is some evidence which
also supports the key role of ubiquitin-mediated modification in
the dynamic regulation of mTORC1 signaling pathways. E3 ligase is
a substrate recognition subunit that can recognize specific protein
motif sequences in the substrate for binding. Ubiquitin-mediated
mTORC1 signal regulation, which mostly using E3 ubiquitin li-
gases as main tools, can regulate mTORC1 and its downstream
activities by degrading protein targets, for example, mTOR, Deptor,
Akt and key proteins related to mTORC1 signaling pathway, to
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terminate mTORC1 signaling, regulating protein cell positioning or
promoting the binding of proteins to their binding partners (Jiang
et al., 2019; Yeh et al., 2018; Zhao and Sun, 2012). Some fatty
acids have been reported to act as regulators of mTORC1 signaling.
For example, palmitate activates mTORC1/p70S6K signaling
through AMPK inhibition, phosphorylation of Raptor (Kwon and
Querfurth, 2015) and enhancing the recruitment of mTOR on the
lysosomal membrane (Yasuda et al., 2014), but this process seems
to be accompanied by insulin resistance (Kumar and Tikoo, 2015).
Besides, docosahexaenoic acid, another fatty acid, induces auto-
phagy and promotes apoptosis of human cancer cells through p53/
AMPK/mTOR signaling (Jing et al., 2011). Under stress conditions,
for example, DNA damage and some toxic conditions, the tumor
suppressor p53 plays an important role in maintaining cell ho-
meostasis. Activation of p53 inhibitsmTOR activity and regulates its
downstream targets, including autophagy, which involves AMPK
activation and requires TSC complex, both of which respond to
energy deprivation (Feng et al., 2005). p53 and mTORC1 signaling
machineries can cross-talk and coordinately regulate cell growth,
proliferation, and death. For a detailed explanation, please refer to
Budanov's and Feng's reviews (Budanov, 2011; Feng, 2010). Besides,
microRNA, a class of short (18 to 22 nucleotides) noncoding RNA
that regulate the expression of a wide variety of genes, have been
reported to control the expression of the protein components of
mTORC1 as well as mTORC2 through epigenetic regulation (Zhang
et al., 2017).

The main functions of mTORC1 in mammalian cells are pro-
moting protein synthesis, stimulating ribosome, lipid and nucleo-
tide biosynthesis and inhibiting autophagy (Kim et al., 2013; Ma
and Blenis, 2009). Surprisingly, only 2 direct downstream targets
of mTORC1, ribosomal protein S6 kinase 1 (S6K1) and eukaryotic
translation initiation factor 4E-binding protein 1 (4EBP1), have
been identified (Avruch et al., 2009) (Fig. 2). Both 4EBP1 and S6K1
are proteins that modulate translation initiation. These kinds of
proteins are usually the main regulatory hubs of cellular translation
control mechanisms (Gingras et al.,1999). The translation initiation
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of mRNA requires the loading of the eukaryotic translation initia-
tion factor 4F (eIF4F) complex at the 50 cap structure of the nascent
mRNA, which is composed of eukaryotic translation initiation fac-
tors 4E (eIF4E), 4G (eIF4G) and 4A (eIF4A) (Sonenberg et al., 2000).
4EBP1 binds competitively to eIF4E and inhibits its interactionwith
eIF4G. Activated mTORC1 can phosphorylate 4EBP1, thus dissoci-
ating it from eIF4E (Ma and Blenis, 2009). S6K include S6K1 and
S6K2. It is worth noting that S6K1 has been reported to play a
significantly stronger role in the mTORC1 signaling pathway than
S6K2 (Fingar et al., 2004; Richardson et al., 2004). S6K are activated
by phosphorylation and modulate the interaction between
eukaryotic translation initiation factor 4B (eIF4B) and eIF4A, which
can enhance the RNA helicase activity of eIF4A and promote the
initiation of translation (Ma and Blenis, 2009). In addition, S6K1 has
the ability to stimulate ribosomal biosynthesis (Jastrzebski et al.,
2007) and can promote the phosphorylation of ribosomal protein
S6 (rpS6), an important component of 40S ribosomes (Magnuson
et al., 2012; Ruvinsky and Meyuhas, 2006). mTORC1 also has
transcriptional effects on various enzymes that contribute to purine
synthesis, which will increase the metabolic flux of the de novo
purine synthesis pathway in cells, thereby affecting the nucleotide
pool that can be used for nucleic acid synthesis (Ben-Sahra et al.,
2016).

How then does mTORC1 activity affect cell growth and prolif-
eration? A relatively convincing line of evidence indicates that the
activation of eIF4A helicase activity mediated by S6K is crucial for
the disassembly of the 50UTR, which is carried by mRNA and en-
codes many regulators modulating cell proliferation and growth,
such as hypoxia-inducible factor 1a (HIF1a), cyclin D1, fibroblast
growth factor (FGF), vascular endothelial growth factor (VEGF) and
IGF-1 (Ma and Blenis, 2009).

Autophagy is an intracellular protein degradation process that is
conserved in eukaryotes including yeasts and mammals. Under
conditions of nutrient starvation, intracellular protein is trans-
ported to lysosomes and degraded, and this process is regulated by
mTORC1 (Noda, 2017). At least 3 downstream proteins of mTORC1,
unc-51-like autophagy-activated kinase 1 (ULK1), autophagy-
related gene 13 (ATG13) and transcription elongation factor b
(TFEB), have been found, indicating the manner in which mTORC1
directly adjusts autophagy (Hosokawa et al., 2009; Vega-Rubin-de-
Celis et al., 2017) (Fig. 2). Atg13, the direct substrate of mTORC1, is a
serine-rich protein, which is hyper-phosphorylated under nutrient-
rich conditions. When mTORC1 is inhibited, Atg13 is rapidly
dephosphorylated with the help of protein phosphatase 2A (PP2A).
Atg13 and the 200 kD focal adhesion kinase family interacting
protein (FIP200) form a complex with Ulk1. Under nutrient-rich
conditions, the Atg13-FIP200-Ulk1 complex associates with
mTORC1 through its subunit Raptor, leading to phosphorylation of
Ulk1 and Atg13. Conversely, under starvation conditions, Ulk1 is
dephosphorylated and separated from mTORC1, leading to auto-
phosphorylation and up-regulation of kinase activity, then phos-
phorylates Atg13 (Rabanal-Ruiz et al., 2017; Zachari and Ganley,
2017). TFEB is phosphorylated by active mTORC1 under nutrient-
rich conditions and is recruited in the cytoplasm. After starvation,
dephosphorylated TFEB enters the nucleus and up-regulates some
genes related to lysosomes, such as cathepsin and vacuolar Hþ-
ATPase (V-ATPase) and autophagy-related genes. These are regu-
lated by mTORC1 activity and affect autophagy levels (Nnah et al.,
2019).

3. AA signaling upstream of mTORC1

In mammalian cells, AA, especially essential AA (EAA), are not
only used as substrates for protein synthesis but also as signal
molecules for various signaling pathways, such as the mTORC1
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pathway, to promote protein synthesis (Kimball, 2002). Studies
have shown that the stimulation of mTORC1 by AA is stronger than
that by insulin and other signals (Appuhamy et al., 2011). AA
availability, in particular branched-chain AA (BCAA) availability, is
so necessary for mTORC1 activity that growth factors and energy
cannot activate mTORC1 without AA (Segev and Hay, 2012).
Currently, it is generally believed that the main function of the AA
signaling upstream of the mTORC1 is to regulate its subcellular
localization so that the latter is easily activated by Rheb. It is not
clear whether the AA signal itself can directly phosphorylate mTOR.

As a signal node upstream ofmTORC1, TSC can interferewith the
activation of mTORC1 as the GAP of Rheb, another key player in the
mTORC1 signaling pathway. Growth factor and hormone signals
phosphorylate TSC2 through the AMPK/Akt pathway. This phos-
phorylation causes TSC to lose GAP activity, and promotes mTORC1
activation. Either AA availability or growth factor absence can
change the subcellular localization of TSC and inhibit mTORC1,
demonstrating that TSC is also a target of AA signaling
(Demetriades et al., 2016). Another line of research has also shown
that AA availability can redistribute TSC2 to the lysosomal surface,
which indirectly obstructs mTORC1 from responding to growth
factors and energy signals (Demetriades et al., 2014). TSC2-null
cells are insensitive to growth factors and energy loss rather than
AA loss, implying that AA signaling does not depend on TSC (Smith
et al., 2005).

3.1. Lysosome-dependent AA perception: the ‘inside-out’ model

In recent years, researchers have gradually recognized that
lysosomal localization is the key to mTORC1 activation by AA. A
cell-free system study demonstrated that only a single lysosome
structure can satisfy the regulation of mTORC1 by AA (Zoncu et al.,
2011). After entering lysosomes, AA can be sensed, and this signal
was transmitted in a step-by-step manner through a number of key
protein complexes, including V-ATPase, Ragulator and Rag GTPase.
This process recruits mTORC1 to the lysosomal membrane where it
can be activated by Rheb. Zoncu et al. (2011) named this model of
inside to outside perception as the ‘inside-out’ model.

3.1.1. Rag GTPase
The evidence that AA promote mTORC1 to localize to the lyso-

somal surface came from a study from Sancak et al. (2008, 2010)
which suggested that Rag GTPase is a key in this process. Rag is a
small GTPase from the Ras superfamily. There are 4 Rag proteins in
mammal, namely Rag A, Rag B, Rag C and Rag D. Rag A and Rag B are
highly related in sequence and are functionally equivalent, as are
Rag C and Rag D (Jewell et al., 2013). In mammalian cells, Rag
GTPase exist as a heterodimer involving Rag A or Rag B binding to
Rag C or Rag D, and are necessary for mTORC1 activation, as well as
their own stability (Sancak et al., 2008) (Fig. 3). The activation state
of Rag GTPases is reflected by their guanine nucleotide state, which
is regulated by AA signals. In AA-rich conditions, Rag GTPase are in
their active form (Rag A/B$GTP - Rag C/D$GDP). Otherwise, this
complex widely presents in its inactive form (Rag A/B$GDP - Rag C/
D$GTP). After activation, Rag GTPase binds to Raptor and localizes
mTORC1 to the surface of lysosome, where mTORC1 kinase can be
stimulated by the active Rheb (Sancak et al., 2008). The cryo-
electron microscope structure of Rag A/C bound to mTORC1
shows the details of Rag A/C binding to the Raptor subunit of
mTORC1. The binding of Rag heterodimer does not change the
conformation of mTORC1, but activates it by targeting mTORC1 to
the lysosome, which is contrary to the allosteric activation of Rheb
(Anandapadamanaban et al., 2019). It was also shown that Raptor
has a newly discovered element called a ‘Raptor claw’, which is
responsible for recognizing and specifically binding Rag C$GDP



Fig. 3. Lysosomal regulation of mTORC1 by AA: the ‘inside-out’ model. PRAS40 ¼ 40 kDa Pro-rich AKT substrate; Raptor ¼ regulatory-associated protein of mTOR;
mTOR ¼mammalian or mechanistic target of rapamycin; Deptor ¼ DEP domain-containing mTOR-interacting protein; mLST8 ¼mammalian lethal with SEC13 protein 8; Rag ¼ Ras-
related GTP binding; GDP ¼ guanosine50-diphosphate; GTP ¼ guanosine 50-triphosphate; V-ATPase¼ vacuolar Hþ-ATPase; FLCN ¼ Folliculin; FNIP1/2 ¼ folliculin interacting protein
1/2; Rheb ¼ Ras homologue enriched in brain; PAT1 ¼ Proton-assisted Amino acid Transporter 1; AA ¼ amino acid; SLC38A9 ¼ solute carrier family 38 member 9.
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instead of Rag C$GTP, linking the activity of Rag GTPase and the
lysosomal location of mTORC1 (Rogala et al., 2019). In addition,
although Rag A and Rag B, as well as Rag C and Rag D, are homol-
ogous and evolutionarily conserved among yeast, insects and
advanced mammals, they differ in their expression (Averous et al.,
2014; Shimobayashi and Hall, 2016) and function (Dubouloz et al.,
2005; Efeyan et al., 2014; Han et al., 2012; Kim et al., 2008). Un-
expectedly, Rag GTPase also functions as an inhibitor of mTORC1 in
the absence of AA. In AA starvation, S6K1 and 4EBP1 phosphory-
lation levels in Rag GTPase-deficient mouse embryonic fibroblasts
(MEF) are higher than MEF in a control group (Averous et al., 2014).
Rag GTPase can sense AA deficiency and recruit TSC2 to the surface
of the lysosome, which inhibits the activation of mTORC1 through
Rheb (Demetriades et al., 2014; Deng et al., 2015). Moreover, Rag
GTPase activity can be controlled by a complex called GAP activity
towards Rags (GATOR) (Deng et al., 2015; Jin et al., 2015).
3.1.2. Ragulator
The discovery of Rag GTPase preliminarily demonstrated the

manner of AA sensing and mTORC1 activation with lysosomes as
the venue. However, it has been shown that the structure of Rag
GTPase lacks a lipid-anchoringmotif, whichmeans that it cannot be
directly localized, but rather should bind to a related protein on the
lysosomal membrane (Jewell et al., 2013). Soon, a pentamer
(initially thought to be a trimer) called Ragulator was discovered to
be an activator of Rag GTPase. It contains p18, also called LAMTOR1,
which contains a lipid-anchoring motif. This motif can help Ragu-
lator and its binding partner, Rag GTPase, to bind to lysosomal
membranes through palmitoylation and myristoylation (Bar-Peled
and Sabatini, 2014; Jewell and Guan, 2013; Sancak et al., 2010;
Shimobayashi and Hall, 2016). In addition to LAMTOR1, the com-
ponents of Ragulator include p14 (LAMTOR2) andMP1 (LAMTOR3),
as well as C7orf59 (LAMTOR4) and HBXIP (LAMTOR5) (Bar-Peled
et al., 2012). As the guanine exchange factor (GEF) of Rag A/B,
Ragulator can also convert the GDP connected with Rag A/B into
GTP, subsequently activating the Rag heterodimer (Fig. 3). Deletion
of any part of the pentamer ablates the GEF activity of Ragulator,
indicating that this GEF works as an intact pentamer rather than a
single subunit or trimer (Bar-Peled et al., 2012; Jewell et al., 2013).
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Even in the absence of control by Rag C/D, it has been shown that
Rag A/B,GTP alone is sufficient to activate Rag GTPase, which
provides a powerful argument for Ragulator being a key signal
protein complex upstream of Rag GTPase (Sancak et al., 2008). In
short, Ragulator has been recognized as a key in the AA-mediated
mTORC1 signaling pathway, which is located upstream of and ac-
tivates Rag GTPase by sensing AA availability in the lysosomal
lumen (Fig. 3). Strangely, the result of structural analysis shows that
there is no known GEF sequence in Ragulator (Bar-Peled et al.,
2012). Later studies have proposed a special mechanism of how
Ragulator activates Rag GTPase without any GEF structure (Shen
and Sabatini, 2018).

3.1.3. V-ATPase
How does Ragulator sense AA availability and where does the

upstream signal come from? The answer was given by Zoncu et al.
(2011). They demonstrated that V-ATPase may be the key protein
complex upstream of Ragulator. V-ATPase, a multi-subunit complex
located in the lysosome, divides into 2 domains, V0 and V1. Located
inside the lysosomal membrane and containing 5 subunits, the V0
region acts as a channel to pump protons into the lysosome, which
help maintain the pH value inside and outside. The V1 region,
which contains 8 subunits and localizes outside the lysosome,
provides energy for the proton pumping function of the V0 region
by hydrolyzing ATP (Nishi and Forgac, 2002). Rag GTPase interacts
with V1, and Ragulator interacts with V0 and V1. Both of these in-
teractions are affected by AA availability (Jewell et al., 2013) (Fig. 3).
Inhibiting the function of V-ATPase also makes mTORC1 activity
insensitive to AA levels (Abu-Remaileh et al., 2017; Zoncu et al.,
2011). Moreover, stimulation of starved cells with 14C-labelled
AA revealed their rapid recruitment in the lysosome (Zoncu et al.,
2011), supporting the ‘inside-out’ model. A study from Abu-
Remaileh et al. (2017) demonstrated that V-ATPase modulates the
outflow of many kinds of AA, including arginine (Arg), in a pH-
dependent manner, thus affecting mTORC1 activity.

3.1.4. Rheb
The regulatory role of TSC has already beenmentioned above. At

present, the only identified catalytic domain of TSC2 is its GAP
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domain at its C-terminus, which converts Rheb-bound GTP to GDP,
decreasing its activation, thus inhibiting mTORC1 (Roccio et al.,
2006). Rheb, another small GTPase from the Ras superfamily, was
first found in Drosophila. Rheb catalytic activity is determined by
the conversion of GTP/GDP, which is regulated by TSC (Yamagata
et al., 1994). In mammalian cells, Rheb localizes to various intimal
structures, including lysosomes, endoplasmic reticulum (ER), the
Golgi, mitochondria and peroxisomes (Melser et al., 2013;
Takahashi et al., 2005; Thomas et al., 2014; Zhang et al., 2013). It
was reported that Rheb is an important activator of the insulin-
mediated mTORC1 signaling pathway. Insulin signal stimulation
increased the proportion of Rheb,GTP, and then phosphorylated
S6K1 and 4EBP1 in a mTORC1-dependent manner, which could be
inhibited by rapamycin (Tabancay et al., 2003; Tzatsos and Kandror,
2006) (Figs. 2 and 3). A recent study showed that Lysosome-
anchored E3 ligase RNF152 catalyzes Rheb ubiquitination and
promotes its binding to the TSC complex, which is of regulatory
importance for the mTOR system (Deng et al., 2019). In terms of AA
signaling, although it does not rely on TSC, Rheb participation is still
required. When AA levels are sufficient, the proportion of
Rheb,GTP in cells increases significantly. Conversely, the activation
of Rheb by insulin is blocked when AA are absent (Roccio et al.,
2006; Smith et al., 2005). Overexpression of Rheb,GTP makes
S6K1 insensitive to AA starvation (Long et al., 2005a, 2005b; Tee
et al., 2003). Active Rheb is necessary for the ‘inside-out’ model
because mTORC1 has difficulty being fully stimulated regardless of
AA levels or the absence of growth factors.

Understanding of AA signaling in the lysosomal membrane has
become gradually clearer due to progress in research over the past
few years. Researchers have begun to define mTORC1, Rag GTPase,
Ragulator, V-ATPase and Rheb together as a super complex in the
lysosome (Yao et al., 2017) and have explored its crystal structure as
a whole through the use of a cryo-electron microscopy technology,
which is helpful for systematically determining how mTORC1
perceives the availability of AA on the lysosomal membrane. Some
related molecular mechanisms have also been revealed through
these efforts (Peng and Jewell, 2020). In addition, some key nodes
such as Folliculin (FLCN) and its chaperone FINP, as well as Proton-
assisted Amino acid Transporter 1(PAT1) and solute carrier family
38 member 9 (SLC38A9), which play signaling roles with this super
complex, have also been found. FLCN is an evolutionarily conserved
tumor suppressor, whose loss-of-function mutations cause a fa-
milial cancer syndrome called Birt-Hogg-Dube’ syndrome (BHD)
(Nickerson et al., 2002). FINP include FINP1 and FINP2. FLCN-FINP2
senses AA availability and serves as the GAP of Rag C/D, but FLCN-
FINP1 seems to have GAP function only for Rag D. It is worth noting
that FLCN-FINP1/2 localizes on the lysosomal surfacewhen cells are
AA starved. The mechanism of Rag GTPase regulation and the effect
of AA availability in response in cytoplasm or the lysosomal lumen
is still unclear (Tsun et al., 2013), although recent studies have
shown that Leu levels can be maintained in the lysosomal lumen
(Wu et al., 2016). PAT1 (or SLC36A1), belonging to the PAT (or
SLC36) family, a class of proton-assisted AA transporters, was first
found to have a positive regulatory effect on mTORC1 in Drosophila
(Goberdhan et al., 2005). Based on the results of PAT1 co-
immunoprecipitation with Rag GTPase on membranes of late
endosomes and the lysosome, €Ogmundsd�ottir et al. (2012) sug-
gested that PAT1 may participate in mTORC1/lysosome co-
localization through interaction with Rag GTPase, Ragulator and
V-ATPase. PAT1, whose overexpression can completely inhibit
mTORC1 regulation, has the effect of transporting AA out of the
lysosome (Zoncu et al., 2011). There is, thus, a functional antago-
nism between PAT1 and FLCN-FINP1/2 on the surface of the lyso-
some (Wu et al., 2016). Similar to PAT in structure, SLC38A9 is a
member of the AA transporter SLC38 family located on the
1014
lysosome. In recent years, SLC38A9 has been thought to transmit
Arg signals and activate mTORC1 and also participate in glutamine
(Gln) transport (Scalise et al., 2019; Wang et al., 2015). Stable
expression of FLAG-labeled SLC38A9 isomer 1 (SLC38A9.1) immu-
noprecipitates with LAMTOR1/2 (both Ragulator components), and
Rags, suggesting that SLC38A9 interacts with them. Additionally,
SLC38A9.1 binds to V-ATPase, a transmembrane complex that
mediates AA signaling (Wang et al., 2015). Overexpression of
SLC38A9.1, or only its Ragulator binding site, makes mTORC1 acti-
vation insensitive to AA deletion. This subsequently suggested that
SLC38A9 mediates the transporting of various EAA, including Leu,
out of the lysosome in an Arg-dependent manner (Scalise et al.,
2019). SLC38A9 has no homologue in Drosophila, inferring that
its role may not be necessary for the regulation of mTORC1
(Goberdhan et al., 2016). In summary, it has currently been shown
that mTORC1 forms a super complex with Rag GTPase, Ragulator
and V-ATPase in the lysosome, and FLCN-FINP1/2, PAT1 and
SLC38A9 cooperate with this complex to respond to AA signaling
(Fig. 3). Furthermore, SLC38A9 seems to be a specific Arg sensor and
most likely directly senses Arg levels.

mTOR appeared before both the insulin receptor and PI3K
(Avruch et al., 2006). Moreover, in the evolution of single-celled
organisms to mammals, the AA signaling upstream of mTORC1
has certainly changed. The high homology of Gtr and Rag GTPase
implies the selectivity of organism evolution. Rag A and B are
incredibly close in function and sequence (the same is true for Rag C
and D). What, then, is the evolutionary meaning of the ‘one divides
into two’? This fundamental question has not been thoroughly
answered, though many studies have shown that there are func-
tional and expression differences between Rag A and B (or Rag C
and D) (Efeyan et al., 2013, 2014; Han et al., 2012; Sancak et al.,
2008). It has been currently proposed that in mammals, mTORC1
is recruited to the lysosome in response to AA availability using the
‘inside-out’mechanism, whereas AA depletion releases mTORC1 to
the cytoplasm or unknown regions, which differs from single-
celled organisms. For example, in yeast, TORC1 is always located
on the surface of vesicles, which are functionally similar to
mammalian lysosomes, and does not respond to AA availability
(Binda et al., 2009). Rheb plays a key role in catalyzing mTORC1 in
response to changes in growth factors such as insulin, and energy
states in advanced mammalian cells (Avruch et al., 2006; Roccio
et al., 2006; Tabancay et al., 2003; Tee et al., 2003). In single-
celled organisms, however, there is no PI3K or insulin, so Rheb
does not have similar functions. mTORC1 integrates AA, glucose,
growth factors, stress and other input signals, regulates anabolism,
including protein and lipid synthesis, as well as catabolism, such as
autophagy. Cell growth and proliferation involve crucial processes,
such as translation, which require a large amount of energy
(Shimizu et al., 2001). These must have sufficient rawmaterials and
power to drive protein synthesis in order to ensure normal growth
and proliferation, which may prompt mammals to evolve finer
sensory mechanisms (Ma and Blenis, 2009). The change from Gtr1/
2 to Rag GTPase doubled the number of sites that can receive these
signals, which meant that the types of upstream signals can be
diversified more accurately than before. This contributed to inte-
grating these sophisticated network signals and choosing the most
appropriate cellular status. The emergence of hormones enabled
organs or tissues to convey information to each other and to make
physiological adjustments according to their external environment.
Thus, it was significant that Rheb evolved as a growth factor target
to receive such signals and transmit them to mTORC1 over evolu-
tionary time. The lysosomal localization of mTORC1 determines its
activation and must be determined by both AA availability and
growth factor signals. AA availability is responsible for localizing
mTORC1 to the lysosomal surface, while growth factors activate
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mTORC1 through Rheb, both of which are indispensable (Wang
et al., 2015). This ‘double insurance’ is beneficial for mammal's
adaptations to different environments and also avoids the uncon-
trolled mTORC1 activity caused by unilateral disordered inputs.
These 2 signals have also been shown to have synergistic effects in
activating mTORC1 (Avruch et al., 2006; Roccio et al., 2006; Yoon
et al., 2020). However, notwithstanding, as sufficient evidence has
not been found to demonstrate this yet, these evolutions from
simple to complex have considerable practical significance.

3.2. Sensing AA in the cytoplasm through GATOR and Leucyl-tRNA
synthetase

The current progress on the ‘inside-out’ model, which shows
that Rag GTPase locates on the lysosomalmembrane, converging on
multiple signals to sense the AA level in the lysosomal lumen has
been described above. In addition, lysosomal AA have regulatory
effects on mTORC1. Studies of leucyl-tRNA synthetase (LRS) and
GATOR have revealed that mTORC1 activation can respond to free
AA in the cytoplasm.

3.2.1. GATOR
The discovery of GATOR stems from the identification of pro-

teins from the co-precipitation of Rag by Bar-Peled et al. (2013).
GATOR contains 8 proteins and acts as a GAP for Rag A/B. It is a
multimeric complex composed of GATOR1 and GATOR2. GATOR1 is
a trimer composed of DEP domain-containing protein 5 (DEPDC5),
Nprl2 and Nprl3, and the GATOR2 pentamer consists of Mios,
WDR24,WDR59, Seh1L and Sec13 (Bar-Peled et al., 2013). The latest
research suggests that Arg78 on Nprl2 is a key for GATOR1's GAP
function (Shen et al., 2019). CUL3-KLHL22, an E3 ubiquitin ligase,
seems to promote the degradation of DEPDC5, a component of
GATOR1, which is regulated by AA and is conserved across evolu-
tion (Chen et al., 2018). The modulation of mTORC1 by GATOR1 is
upstream of Rag GTPase. Sensing the AA depletion, GATOR1 can
localize to the surface of lysosomes, then bind Rag A/B and acts as
their GAP to inhibit the lysosomal localization and activation of
mTORC1, which is the opposite of the function of Ragulator. On the
contrary, responding to AA availability, GATOR2 can combine with
GATOR1 and inhibit its GAP function, rather then positively con-
trolling mTORC1 (Bar-Peled et al., 2013; Fingar, 2015) (Fig. 4). The
discovery of GATOR was very meaningful. First, it made up for the
Fig. 4. Cytoplasmic AA-sensing pathway upstream of mTORC1. CASTOR ¼ cellular arginine
towards Rags 1; SAM¼ S-adenosylmethionine; SAMTOR¼ S-adenosylmethionine sensor ups
alanyl-prolyl (FG-GAP) repeat containing 2 (ITFG2), chromosome 12 open reading frame 66
LRS ¼ leucyl-tRNA synthetase; Rag ¼ Ras-related GTP binding; GDP ¼ guanosine50-dipho
Raptor ¼ regulatory-associated protein of mTOR; mTOR ¼ mammalian or mechanistic
mLST8 ¼ mammalian lethal with SEC13 protein 8.
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shortcomings of previous models, which lacked key upstream
signals for the negative control of Rag GTPase. Second, it opened up
a new research direction upstream of Rag-Raptor. Subsequent
studies have shown that various key signaling proteins or com-
plexes, such as RNF152, Skp2 and Sestrins, can affect Rag GTPase
and mTORC1 by GATOR.

3.2.2. RNF152 and Skp2
The discoveries of RNF152 and Skp2 were almost simultaneous.

RNF152 promotes TSC2 binding to Rag A, which helps in TSC
lysosomal localization, and negatively regulates mTORC1. Coinci-
dentally, Skp2 also binds to Rag A and inhibits mTORC1 (Deng et al.,
2015; Jin et al., 2015) (Fig. 4). Roles of RNF152 and Skp2 have many
similarities. For example, they both need the participation of
GATOR1, both act on Rag A and inactivate it through poly-
ubiquitination, both recruit TSC to lysosomal membranes, and most
importantly, both are regulated by the availability of AA (Fingar,
2015). The difference between RNF152 and Skp2 is that they are
activated under different conditions. RNF152 is thought to be
initiated during intracellular AA withdrawal, whereas the role of
Skp2 has been shown to prevent the over-activation of mTORC1 in
the case of long-term AA saturation (Fingar, 2015).

3.2.3. SAMTOR and CASTOR
SAMTOR and CASTOR are receptors of cytoplasmic Met and Arg,

respectively. In addition to RNF152 and Skp2, other GATOR regu-
lators have been identified in recent studies. KICSTOR, a tetramer
composed of KPTN, ITFG2, C12orf66 and SZT2, localizes to the
lysosomal surface and recruits GATOR1, which responds to a loss of
glucose and AA (Wolfson et al., 2017). A subsequent study focused
on the role of SZT2 (Peng et al., 2017). Regarding KISCTOR, Gu et al.
(2017) further identified a previously unreported protein called
SAMTOR. SAMTOR combines with KICSTOR and GATOR1 to form a
super complex, promoting the GAP activity of GATOR1 and inhib-
iting the interaction between GATOR1 and GATOR2. SAMTOR
indirectly senses the availability of cytoplasmic Met by binding to
S-adenosylmethionine (SAM), a type of Met metabolite. After
binding SAM, SAMTOR promotes the activation of mTORC1 through
disassociating itself from GATOR1 (Gu et al., 2017). In summary,
SAMTOR is a Met receptor that indirectly senses cytoplasmic Met
availability through SAM and regulates mTORC1 activity through
GATOR1 and KICSTOR (Fig. 4). However, Arg seems to have a special
sensor for mTORC1; GATOR2 ¼ GAP activity towards Rags 2; GATOR1 ¼ GAP activity
tream of mTORC1; KICSTOR ¼ Kaptin (KPTN), Integrin alphaphenylalanyl-glycyl-glycyl-
(C12orf66) and seizure threshold 2 homolog (SZT2)-containing regulator of mTORC1;
sphate; GTP ¼ guanosine 50-triphosphate; PRAS40 ¼ 40 kDa Pro-rich AKT substrate;
target of rapamycin; Deptor ¼ DEP domain-containing mTOR-interacting protein;



Fig. 5. AA sensing from the Golgi. The location of AA and the mechanism of sensing by
Rab1A are still unclear, so the dotted line is used here. AA ¼ amino acid;
PRAS40 ¼ 40 kDa Pro-rich AKT substrate; Raptor ¼ regulatory-associated protein of
mTOR; mTOR ¼ mammalian or mechanistic target of rapamycin; Deptor ¼ DEP
domain-containing mTOR-interacting protein; mLST8 ¼ mammalian lethal with SEC13
protein 8; Rab1A ¼ Ras related protein Rab 1A; PAT4 ¼ phytochrome A signal trans-
duction 4; Rheb ¼ Ras homologue enriched in brain.
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regulatory manner for GATOR2. Separate from SLC38A9, it was
recently reported that CASTOR is also an Arg sensor that senses a
lack of cytoplasmic Arg and completes the activation of GATOR1 by
inhibiting GATOR2 (Chantranupong et al., 2016; Saxton et al., 2016)
(Fig. 4). CASTOR1 and CASTOR2, appearing in the form of a
homodimer (CASTOR1-CASTOR1) or heterodimer (CASTOR1-
CASTOR2), were found through identification by co-
immunoprecipitation and mass spectrometry in research by
Chantranupong et al. (2016). CASTOR2 has a higher affinity with
GATOR2 than CASTOR1, but it does not respond to Arg availability
(Wong, 2016).

3.2.4. LRS and Sestrins
LRS and Sestrins are receptors for leucine. Lately, EAA, especially

BCAA, have received extensive attention due to their strong stim-
ulus signal in the mTORC1 signal pathway. The BCAA Leu has been
recognized as the most effective AA in mTORC1 activation in a large
number of studies (Averous et al., 2014; Beugnet et al., 2003; Fox
et al., 1998; Hara et al., 1998). Researchers have also made new
discoveries about the Leu signaling pathway, which include the
interactions of LRS and Rag D as well as Sestrins and GATOR2. As an
aminoacyl-tRNA synthetase, LRS can catalyze the aminoacylation of
tRNALEU. That is, it can sense the level of intracellular Leu and
promote the charge to its corresponding tRNA. Han et al. (2012)
found that LRS has the additional function of binding intracellular
Leu, then activating Rag GTPase by combining with Rag D and
acting as its GAP, which promotes the lysosomal localization of
mTORC1 (Fig. 4). Another study demonstrated that LRS is a Leu
biosensor upstream of Vps34 (a class III PI3K)-PLD1 in the mTORC1
signaling pathway by controlling PLD1's lysosomal localization and
activation (Yoon et al., 2016). In a recent study, it was shown that
the interaction between LRS and Rag D can be constrained by low
energy (Yoon et al., 2020). Regarding Sestrins, they are not newly
identified. As early as 1999, Sestrins (Sestrin1/2/3) have been seen
as a tumor suppressor suppressing p53 transcription activity target
in the public eye (Velasco-Miguel et al., 1999), and have been
continuously shown to have a negative effect on mTORC1
(Chantranupong et al., 2014; Peng et al., 2014). Budanov and Karin
(2008) demonstrated that Sestrin1 and Sestrin2, the products of 2
p53 target genes, activate AMPK, target it to phosphorylate TSC2,
stimulate its GAP activity, thereby inhibiting mTOR, step by step.
The study demonstrating Sestrins to be a direct receptor for Leu
came from Wolfson et al. (2016). They suggest that adding Leu
instead of Arg promoted the dissociation of Sestrin1 (or Sestrin2)
and WDR24 (a component of GATOR2). Sestrin2 dissociates
GATOR2 from GATOR1 and loses its inhibitory effects, whereas Leu
availability can cancel it (Fig. 4). LRS and Sestrins in the Rag
GTPaseemTORC1 pathway have positive and negative roles,
respectively, acting as ‘ON’ and ‘OFF’ switches, which both oppose
and complement each other (Lee et al., 2018).

3.3. AA sensing by Rab1A at the Golgi

It has been proposed that Rheb is expressed at some intimal
structures, including the lysosome and the Golgi. Coincidentally,
according to the latest research, mTORC1 can also localize to the
Golgi and be activated by Rheb there. Another small GTPase, Rab1A,
which lies on the Golgi, can mediate AA signaling independently of
Rag A/B (Thomas et al., 2014). With sufficient AA, GTP-bound
Rab1A, which is the active form, can recruit mTORC1 and help
Rheb activate it. Overexpression of Rab1A promotes mTORC1 signal
transduction and carcinogenic growth in an AA-dependent manner
(Thomas et al., 2014) (Fig. 5). Sanchez-Gurmaches and Guertin
(2014) explained in detail in their review, where they believed
that Rab1A functions in an AA sensing pathway distinct from the
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Rag pathway that is either redundant or senses a different AA pool,
but whether these 2 mechanisms work in parallel or are part of
contiguous endomembrane-based mTORC1 regulatory system re-
mains to be seen. Rab1A is often overexpressed in hepatocellular
carcinoma (HCC), thereby enhancing the overactive AA mTORC1
signal and promoting the malignant growth and metastasis of HCC
in vitro and in vivo. Therefore, Xu et al. (2015) believe that Rab1A is
an important biomarker for liver cancer prognosis and personalized
mTORC1 targeted therapy. It also promotes proliferation and
migration abilities via regulation of the mTOR/S6K1 pathway in
colorectal cancer (Cheng et al., 2019). In addition, PAT4 (SLC36A4), a
Golgi-based AA transporter, is thought to interact with mTORC1
and Rab1A at the Golgi apparatus (Fan et al., 2016) (Fig. 5). While
lysosomal-located mTORC1 senses AA on lysosomes, mTORC1
located on the Golgi may be regulated by AA trafficked back in a
retrograde fashion from the endosomal system or pumped into the
Golgi lumen by transporters (Goberdhan et al., 2016). This discov-
ery of an mTORC1 activation mechanism provides a powerful tool
for understanding the mTORC1 signaling regulated by AA.
3.4. Gln regulation of mTORC1

Gln has been shown to regulatemTORC1 by affecting autophagy,
transamination and other specific functions (Jewell et al., 2015;
Scott and Klionsky, 1998; Tan et al., 2017) (Fig. 6). Autophagy is an
evolutionarily conserved cellular process. Under starvation condi-
tions, proteins and some substances are encapsulated in autopha-
gosomes, and then transferred to the lysosome for degradation.
These processes release substances, including AA, that can be used
to synthesize key proteins to sustain life (Scott and Klionsky, 1998).
AA produced by autophagy can recover mTORC1 signaling and stop
autophagy, forming a complete feedback loop (Yu et al., 2010). Gln
enters the cell through SLC1A5, and then rapid outflows by SLC7A5/
SLC3A2 achieve bidirectional transport with extracellular Leu
(Nicklin et al., 2009). In a long-term lack of AA, Gln can supplement
the non-essential AA (NEAA) pool through transamination and
restore partial activity to mTORC1 (Tan et al., 2017). In another
study, it was suggested that Gln could up-regulate AA transporters
and provide more EAA from outside to restore mTORC1 activity
through the general AA control (GAAC) pathway (Chen et al., 2014).
a-ketoglutarate, a kind of Glnmetabolite, can activate Rag-mTORC1,



Fig. 6. Regulation of mTORC1 activation by Gln. SLC1A5 ¼ solute carrier family 1 member 5; NEAA ¼ non-essential AA; mTORC1 ¼ mechanistic target of rapamycin complex 1;
GAAC ¼ general amino acid control; a-KG ¼ a-ketoglutarate; PHD ¼ prolyl hydroxylase; Arf1: ADP ribosylation factor 1; SLC3A5/SLC7A2: solute carrier family 3 member 5/solute
carrier family 7 member 2; AA ¼ amino acid.
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which may occur through prolyl hydroxylase (PHD) (Dur�an et al.,
2012; Villar et al., 2015). Apart from autophagy and the GAAC
pathway, Gln has its specific ‘sensor’, the ADP ribosylation factor 1
(Arf1), which mediates Gln signaling and activates mTORC1 in a
form independent of Ragulator and Rag GTPase (Jewell et al., 2015).
Interestingly, Arf1 is widely localized to the Golgi apparatus, which
also provides another potential option for the activation of mTORC1
on Golgi (Carroll, 2020).
3.5. Potential extracellular AA sensing pathways

Although mechanisms of AA sensing in cells (especially on the
lysosome and cytoplasm) have been continuously demonstrated, it
is well known that mammals can also perceive the availability of
extracellular AA. First of all, in studies in vitro, we often observe
that mTORC1 activation can recover in response to supplementa-
tion within a few minutes after long-term AA starvation, despite
the AA transport being limited over such a short period of time,
which is not enough to activate mTORC1. Therefore, it is possible
that the AA levels of the external fluid can be sensed and pre-
liminary responses to mTORC1 activation can be prepared. Second,
most of the studies used the method of removing all AA, that is,
in vitro experiments on AA starvation treatment. However, in
mammals, even if starved for a long time, plasma AA levels will not
drop as significantly as in vitro (Stegink et al., 1991). This makes us
wonder whether the subcellular localization of mTORC1 can be
inhibited by the absence of AA in vivo. Based on this, Boh�e et al.
(2003) determined that there was indeed a perception of extra-
cellular AA inmammals, which affects mTORC1 activation and even
protein synthesis in muscle. Skeletal muscle cells have the inherent
ability to sense mechanical signals and convert this information
into biochemical events that regulate growth (Hornberger et al.,
2006). Goodman (2014) proposed that the mTORC1 signal is
necessary for protein synthesis and muscle mass changes in
response to exercises such as overload/resistance, endurance, and
sprints. By the way, many molecules and nodes, such as IGF-1,
ERK1/2, PA, TSC, AA, as well as metal ions, as Ca2þ, seem to play
important roles in the activation of mTORC1 signaling in response
to mechanical stimulation (Goodman, 2014; Hornberger, 2011).
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Several studies on G protein-coupled receptors, such as the heter-
odimers T1R1-T1R3 (Wauson et al., 2012) and GPRC6A (Fujiwara
et al., 2014), have shown some mechanisms for the extracellular
AA perception of mammals, although their details are still not
completely clear. In addition, mammals can, through extracellular
Ca2þ sensing receptors (Conigrave et al., 2000), utilize appetite
(Cummings and Overduin, 2007) and hormones (Kim and Guan,
2011) to sense extracellular AA.
3.6. Differences in the regulation of mTORC1 by AA

3.6.1. Stimulation intensities of mTORC1 by individual AA
There are hundreds of types of AA in nature, but only around 20

kinds can be used in protein biosynthesis. According to whether
they can be generated in mammals, these are divided into EAA and
NEAA. Generally speaking, the activation of mTORC1 is more
dependent on EAA, which can only be absorbed from the outside,
rather than NEAA, which can be synthesized in cells (Hara et al.,
1998). As early as the 20th century, studies have shown that
different AA have different stimulation intensities for mTORC1
(Wang et al., 1998; Zhou et al., 2016). At present, it is generally
believed that Leu and Arg are the strongest stimulators of mTORC1.
For example, in the study from Hara et al. (1998), the inhibitory
effect of the depletion of Leu or Arg on mTORC1 was similar to
depletion of all AA. It has also been reported that other BCAA such
as isoleucine (Ile) and valine (Val) also seem to have strong acti-
vation capacities (Appuhamy et al., 2012; Herningtyas et al., 2008).
In some specific tissues, other EAA such as Met and Thr have strong
stimulatory effects (Ryu and Han, 2011; Zhou et al., 2016). As
progress has continued, Gln has gradually attracted our attention in
mTORC1 signaling pathways (Chen et al., 2014; Jewell et al., 2015;
Tan et al., 2017). In fact, there is increasing evidence that specific
AA, such as BCAA and Arg, are stronger stimulators on mTORC1
signal than the others. Later studies revealed that these AA stim-
ulate mTORC1 signal through specific pathways. AA are the blocks
for protein synthesis in living organisms, and their respective
intracellular concentration is generally sensed by their specific
aminoacyl-tRNA syntheses. It is unrealistic and uneconomical to
sense and summarize the concentration of each AA, obviously. It is
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reasonable to prioritize the detection of certain representative AA.
First, take Leu as an example, it is the most frequently used AA in
proteins, and LRS is one of the most abundant proteins expressed in
yeast; secondly, under natural conditions, it is uncommon for some
AA to be overtaken and others to be completely absent, that is, if
cells have a sufficient supply of leucine, chances are high that the
other AA are present as well (Segev and Hay, 2012).

3.6.2. Differences in AA signaling between cell types
As of today, extensive studies have been carried out both in vitro

and in vivo on human and many other mammals (mouse, rat,
ruminant, pig, and so on), demonstrating that different tissues
respond dissimilarly to AA signals by mTORC1. In a study of a low-
protein diet supplemented with Leu to piglets, Leu increased
mTORC1 activity and protein synthesis efficiency in skeletal muscle
and most internal organs, but not in the liver (Murgas Torrazza
et al., 2010). We also found that the sensitivity of dairy cow
Fig. 7. Regulation of mTORC1 by AA in mammalian cells. SLC1A5 ¼ solute carrier family 1
member 2; GAAC ¼ general amino acid control; a-KG ¼ a-ketoglutarate; PHD ¼ prolyl hyd
sensor for mTORC1; LRS ¼ leucyl-tRNA synthetase; RAS40 ¼ 40 kDa Pro-rich AKT substrate;
target of rapamycin; Deptor ¼ DEP domain-containing mTOR-interacting protein; mLST8
PAT4 ¼ phytochrome A signal transduction 4; Rheb ¼ Ras homologue enriched in brain; Ar
activity towards Rags 1; SAMTOR ¼ S-adenosylmethionine sensor upstream of mTORC1; KIC
repeat containing 2 (ITFG2), chromosome 12 open reading frame 66 (C12orf66) and seizure t
ATPase; Rag ¼ Ras-related GTP binding; GDP ¼ guanosine50-diphosphate; GTP ¼ guanosine
enriched in brain; FLCN ¼ Folliculin; FNIP1/2 ¼ folliculin interacting protein 1/2; PAT1 ¼ P
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mammary glands to Leu was not as high as previously observed in
human muscle. In other words, the inhibitory effect of Leu starva-
tion onmTORC1wasmuch lower than that from removing all of the
EAA. The stimulation intensity of Ile seemed to be similar to Leu,
which was likely due to the characteristic of breast tissues
compared with other tissues (Appuhamy et al., 2012; Arriola Apelo
et al., 2014; Liu et al., 2017; Moshel et al., 2006). It has been pre-
viously reported that Ile may have a similar ability to increase milk
protein synthesis as Leu (Richert et al., 1997). This may be caused by
the particularity of mammary glands. Milk is a unique evolutionary
characteristic of mammals, which can ensure orderly postpartum
programming to regulate individuals to maintain proper growth
rates. In other words, it represents a highly complex endocrine
signaling system, not just a ‘simple food’. This is beneficial for
newborns to activate andmaintain mTORC1-dependent translation
and other mTORC1-mediated anabolic effects during growth. This
may require the mammary gland to regulate protein synthesis in a
member 5; SLC3A5/SLC7A2: solute carrier family 3 member 5/solute carrier family 7
roxylase; SAM ¼ S-adenosylmethionine; AA ¼ amino acid; CASTOR ¼ cellular arginine
Raptor ¼ regulatory-associated protein of mTOR; mTOR ¼ mammalian or mechanistic
¼ mammalian lethal with SEC13 protein 8; Rab1A ¼ Ras related protein Rab 1A;

f1: ADP ribosylation factor 1; GATOR2 ¼ GAP activity towards Rags 2; GATOR1 ¼ GAP
STOR ¼ Kaptin (KPTN), Integrin alphaphenylalanyl-glycyl-glycyl-alanyl-prolyl (FG-GAP)
hreshold 2 homolog (SZT2)-containing regulator of mTORC1; V-ATPase ¼ vacuolar Hþ-
50-triphosphate; SLC38A9 ¼ solute carrier family 38 member 9; Rheb ¼ Ras homologue
roton-assisted Amino acid Transporter 1.
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different way than other organs to adapt to its unique physiological
functions (Melnik, 2015). Another possible explanation is in cells
whose mTORC1 activation was affected by multiple AA, the
mechanism of mTOR activation may differ from cells whose
mTORC1 activation was mainly regulated by Leu (Lynch, 2001).
Some cells, such as hepatoma cell lines, have strong resistance to
AA removal, and Shigemitsu et al. (1999) suggested this may be
caused by a higher rate of endogenous autophagy. These findings
may also be due to inter-species variability, but we hold the opinion
that it is more likely due to organizational differences. First, most
tissues (or organs) have their own division of labor, which may lead
to discrepancies in AA uptake. Take mammary glands as an
example. When the supply of EAA decreases, mammals usually
choose to increase the blood flow of the mammary vein to obtain
sufficient raw materials for milk protein synthesis (Bequette et al.,
2000; Liu et al., 2019), which is not a common phenomenon in
other organizations. Second, the expressions and activities of AA
transporters differ between cells, the same as proteins involved in
the mTORC1 pathway, which also leads to varying results. Finally,
most of these results came from the respective research teams, and
the errors caused by the use of serum components in vitro exper-
iments, and by the compositions of diets in vivo experiments, are
inevitable.
4. Discussion

Here, we refer to previously proposed ideas (Bond, 2016;
Goberdhan et al., 2016; Peng and Jewell, 2020; Shimobayashi and
Hall, 2016; Tan et al., 2017; Zoncu et al., 2011) and integrate them
together (Fig. 7). mTORC1 may require the availabilities of various
AA in the lysosomal lumen and cytoplasm, as well as on the Golgi,
rather than a single availability. Rag GTPase seems to be crucial, first
of all, as the activation of Rag A/B needs to sense lysosomal AA
through the ‘super complex’ and SLC38A9, and then cytosolic AA
can release GATOR fromRag A/B. Additionally, Leu can combine and
affect Rag C/D through LRS. It is worth noting that although
mTORC1 signaling can be activated by the lysosome alone in a cell-
free system, GATOR and other potential proteins or complexes that
inhibit mTORC1may not be complete in this system. In addition, we
have seen that Arf1 and Rab1A on the Golgi mediate AA signaling in
each Rags-independent way, which can be used as a supplement to
this main route. Gln restores mTORC1 activity in many situations
(especially during AA starvation) in a variety of independent ways.
Here, we integrate them as much as possible. Some issues have not
been resolved through this effort, though. For example, why AA
must be sensed in different parts to regulate mTORC1 and where
AA that are sensed by FLCN-FINP1/2 come from.

We suggest that cells can sense signals from different AA at
multiple nodes and eventually converge them to mTORC1. Lyso-
somes may be the primary sensing site, which has been proven in
many studies. They are the so-called ‘AA pool’ in cells and under-
take the final step of autophagy, which means that AA produced by
protein degradation is recruited here. As a supplement, cells could
sense part of the AA in the cytoplasm, which helps them perceive
and respond to changes in the availability of AA in time. As themost
important NEAA, Gln is the main regulator of the cell NEAA pool,
which regulates mTORC1 activity in the above-mentioned ways, as
seems logical. The reason for the perceived availability of AA on the
Golgi apparatus is not yet clear. Maybe this avoids excessive
dependence on Rag GTPase to a certain extent. The controllability of
mTORC1 signaling is essential to the health of mammals as well as
other animals, but Rag GTPase is not evolutionarily conserved, as
mentioned above. In addition, we should probably analyze the
reason from the physiological function of the Golgi in protein
1019
modification, though there is currently no sufficient evidence. To
sum up, these all require more research to confirm.

Sensing AA signals at different nodes may have different
meanings. Take Leu, for example. In most cases, it may mainly
regulate mTORC1 activity through the ‘super complex’ on lyso-
somes and LRS. When AA is insufficient, Gln exerts its regulatory
function to partially restore mTORC1 activity to maintain cell sur-
vival, and accelerates the intake of Leu and other AA through the
bidirectional transport mechanism. At this time, cells may prepare
for the reactivation of mTORC1 in a special way, which is why AA-
starved cells can recover mTORC1 activity in just a few minutes
after supplementing with AA. Under some specific conditions,
Sestrins can be activated and inhibit the mTORC1 signaling
pathway, whereas Leu can quickly dissociate it from GATOR 2 by
directly binding to it. Extensive and sufficient research is still
needed to prove whether it is so.
5. Conclusion

Since the dawn of the 21st century, much progress has been
made in research on the AA signals upstream of the mTORC1
pathway. Researchers have identified key proteins, such as Rag
GTPase and Ragulator, observed the role of AA transporters, such as
PAT and SLC38A9 on this signal pathway, and even found 2 Leu
direct receptors, LRS and Sestrins, as well as the Arg receptor
CASTOR and the Met indirect receptor SAMTOR. Currently, the
lysosome is considered to be the main AA sensing site, where Rag
GTPase integrate signals from multiple pathways such as those
sensed by V-ATPase and GATOR (Bar-Peled et al., 2013; Fingar,
2015). AA (such as Leu, Arg, Met and Gln) can also be sensed in
the cytoplasm and act on different sites through LRS, Sestrins, Arf1,
and so on (Jewell et al., 2015; Lee et al., 2018). In addition, Rab1A,
another small GTPase located on the Golgi apparatus, can transmit
AA signals independently of Rag GTPase (Thomas et al., 2014). Now,
we collate the current research progress to summarize the current
scattered possible pathway mechanisms for observation. In addi-
tion, different species and cell types should be considered, because
current research hints that any pathway model may not be appli-
cable to all of them.

There are still many problems that require an urgent solution.
For example, the mechanism of V-ATPase and GATOR2 have not
been fully demonstrated. The significance of the evolution of yeast
Gtr1/2 with Rag GTPase frommammals is also unclear. In addition,
it is important to note that there are differences in AA signals in
different cells, while if not clearly explained, was discussed above.
The exploration of these problems will help us understand the
different needs of various organizations for AA. The potential re-
ceptors of Leu, Arg and Met have been found, which may explain
whywe have observed that their starvation has a strong inhibitory
effect on mTORC1. Interestingly, Thr and other AA are also
involved in the mTORC1 signaling pathway (Ryu and Han, 2011),
but the specific reason is unknown. Both LRS and Sestrins have a
low affinity for Ile (Han et al., 2012; Wolfson et al., 2016), whereas
Ile has been shown to have the same ability as Leu to activate
mTORC1 in cattle mammary glands (Appuhamy et al., 2012; Liu
et al., 2017), it is still not clear whether there is a connection be-
tween them. Potential receptors of other AA also await discovery
in the future.
Author contributions

Shizhe Zhang: Conceptualization, Writing- Original draft
preparation. Xueyan Lin: Writing - Review & Editing, Supervision.
Qiuling Hou: Writing - Review & Editing. Zhiyong Hu: Writing -



S. Zhang, X. Lin, Q. Hou et al. Animal Nutrition 7 (2021) 1009e1023
Review & Editing. Yun Wang: Writing - Review & Editing.
Zhonghua Wang: Funding acquisition, Supervision.
Conflict of interest

We declare that we have no financial and personal relationships
with other people or organizations that can inappropriately influ-
ence our work, and there is no professional or other personal in-
terest of any nature or kind in any product, service and/or company
that could be construed as influencing the content of this paper.
Acknowledgements

This research was supported by grants from the Modern Agro-
industry Technology Research System of China (No. CARS-36) and
Taishan Scholar Project of Shandong Province. The authors
acknowledge the contribution of LetPub (www.letpub.com) for its
linguistic assistance during the preparation of this manuscript.
References

Abraham RT, Wiederrecht GJ. Immunopharmacology of rapamycin. Annu Rev
Immunol 1996;14:483e510. https://doi.org/10.1146/annurev.immunol.14.1.483.

Abu-Remaileh M, Wyant GA, Kim C, Laqtom NN, Abbasi M, Chan SH, et al. Lyso-
somal metabolomics reveals V-ATPase- and mTOR-dependent regulation of
amino acid efflux from lysosomes. Science 2017;358(6364):807e13. https://
doi.org/10.1126/science.aan6298.

Anandapadamanaban M, Masson GR, Perisic O, Berndt A, Kaufman J, Johnson CM,
et al. Architecture of human Rag GTPase heterodimers and their complex with
mTORC1. Science 2019;(6462):203e10. https://doi.org/10.1126/science.aax3939.

Appuhamy JA, Bell AL, Nayananjalie WA, Escobar J, Hanigan MD. Essential amino
acids regulate both initiation and elongation of mRNA translation independent
of insulin in MAC-T cells and bovine mammary tissue slices. J Nutr 2011;141(6):
1209e15. https://doi.org/10.3945/jn.110.136143.

Appuhamy JA, Knoebel NA, Nayananjalie WA, Escobar J, Hanigan MD. Isoleucine and
leucine independently regulate mTOR signaling and protein synthesis in MAC-T
cells and bovine mammary tissue slices. J Nutr 2012;142(3):484e91. https://
doi.org/10.3945/jn.111.152595.

Arriola Apelo SI, Singer LM, Lin XY, McGilliard ML, St-Pierre NR, Hanigan MD.
Isoleucine, leucine, methionine, and threonine effects on mammalian target of
rapamycin signaling in mammary tissue. J Dairy Sci 2014;97(2):1047e56.
https://doi.org/10.3168/jds.2013-7348.

Averous J, Lambert-Langlais S, Carraro V, Gourbeyre O, Parry L, B'Chir W, et al.
Requirement for lysosomal localization of mTOR for its activation differs be-
tween leucine and other amino acids. Cell Signal 2014;26(9):1918e27. https://
doi.org/10.1016/j.cellsig.2014.04.019.

Avruch J, Hara K, Lin Y, Liu M, Long X, Ortiz-Vega S, et al. Insulin and amino-acid
regulation of mTOR signaling and kinase activity through the Rheb GTPase.
Oncogene 2006;25(48):6361e72. https://doi.org/10.1038/sj.onc.1209882.

Avruch J, Long X, Ortiz-Vega S, Rapley J, Papageorgiou A, Dai N. Amino acid regu-
lation of TOR complex 1. Am J Physiol Endocrinol Metab 2009;296(4):
E592e602. https://doi.org/10.1152/ajpendo.90645.2008.

Bai X, Ma D, Liu A, Shen X, Wang QJ, Liu Y, et al. Rheb activates mTOR by antago-
nizing its endogenous inhibitor, FKBP38. Science 2007;318(5852):977e80.
https://doi.org/10.1126/science.1147379.

Bar-Peled L, Chantranupong L, Cherniack AD, Chen WW, Ottina KA, Grabiner BC,
et al. A Tumor suppressor complex with GAP activity for the Rag GTPases that
signal amino acid sufficiency to mTORC1. Science 2013;340(6136):1100e6.
https://doi.org/10.1126/science.1232044.

Bar-Peled L, Sabatini DM. Regulation of mTORC1 by amino acids. Trends Cell Biol
2014;24(7):400e6. https://doi.org/10.1016/j.tcb.2014.03.003.

Bar-Peled L, Schweitzer LD, Zoncu R, Sabatini DM. Ragulator is a GEF for the rag
GTPases that signal amino acid levels to mTORC1. Cell 2012;150(6):1196e208.
https://doi.org/10.1016/j.cell.2012.07.032.

Ben-Sahra I, Hoxhaj G, Ricoult SJH, Asara JM, Manning BD. mTORC1 induces purine
synthesis through control of the mitochondrial tetrahydrofolate cycle. Science
2016;351(6274):728e33. https://doi.org/10.1126/science.aad0489.

Bequette BJ, Hanigan MD, Calder AG, Reynolds CK, Lobley GE, MacRae JC. Amino
acid exchange by the mammary gland of lactating goats when histidine limits
milk production. J Dairy Sci 2000;83(4):765e75. https://doi.org/10.3168/
jds.S0022-0302(00)74939-3.

Beugnet A, Tee AR, Taylor PM, Proud CG. Regulation of targets of mTOR (mammalian
target of rapamycin) signalling by intracellular amino acid availability. Biochem
J 2003;372(Pt 2):555e66. https://doi.org/10.1042/BJ20021266.

Bhaskar PT, Hay N. The two TORCs and Akt. Dev Cell 2007;12(4):487e502. https://
doi.org/10.1016/j.devcel.2007.03.020.
1020
Binda M, P�eli-Gulli MP, Bonfils G, Panchaud N, Urban J, Sturgill TW, et al. The Vam6
GEF controls TORC1 by activating the EGO complex. Mol Cell 2009;35(5):
563e73. https://doi.org/10.1016/j.molcel.2009.06.033.

Boh�e J, Low A, Wolfe RR, Rennie MJ. Human muscle protein synthesis is modu-
lated by extracellular, not intramuscular amino acid availability: a dose-
response study. J Physiol 2003;552(Pt 1):315e24. https://doi.org/10.1113/
jphysiol.2003.050674.

Bond P. Regulation of mTORC1 by growth factors, energy status, amino acids and
mechanical stimuli at a glance. J Int Soc Sports Nutr 2016;13:8. https://doi.org/
10.1186/s12970-016-0118-y.

Brown EJ, Albers MW, Shin TB, Ichikawa K, Keith CT, Lane WS, et al. A mammalian
protein targeted by G1-arresting rapamycin-receptor complex. Nature
1994;369(6483):756e8. https://doi.org/10.1038/369756a0.

Brugarolas J, Lei K, Hurley RL, Manning BD, Reiling JH, Hafen E, et al. Regulation of
mTOR function in response to hypoxia by REDD1 and the TSC1/TSC2 tumor
suppressor complex. Genes Dev 2004;18(23):2893e904. https://doi.org/
10.1101/gad.1256804.

Budanov AV. Stress-responsive sestrins link p53 with redox regulation and
mammalian target of rapamycin signaling. Antioxid Redox Signal 2011;15(6):
1679e90. https://doi.org/10.1089/ars.2010.3530.

Budanov AV, Karin M. p53 target genes sestrin1 and sestrin2 connect genotoxic
stress and mTOR signaling. Cell 2008;134(3):451e60. https://doi.org/10.1016/
j.cell.2008.06.028.

Carroll B. Spatial regulation of mTORC1 signalling: beyond the Rag GTPases. Semin
Cell Dev Biol 2020;S1084e9521(19):30136e43. https://doi.org/10.1016/j.semcdb.
2020.02.007.

Catena V, Fanciulli M. Deptor: not only a mTOR inhibitor. J Exp Clin Cancer Res
2017;36(1):12. https://doi.org/10.1186/s13046-016-0484-y.

Chantranupong L, Scaria SM, Saxton RA, Gygi MP, Shen K, Wyant GA, et al. The
CASTOR proteins are arginine sensors for the mTORC1 pathway. Cell
2016;165(1):153e64. https://doi.org/10.1016/j.cell.2016.02.035.

Chantranupong L, Wolfson RL, Orozco JM, Saxton RA, Scaria SM, Bar-Peled L, et al.
The Sestrins interact with GATOR2 to negatively regulate the amino-acid-
sensing pathway upstream of mTORC1. Cell Rep 2014;9(1):1e8. https://
doi.org/10.1016/j.celrep.2014.09.014.

Chen J, Ou Y, Yang Y, Li W, Xu Y, Xie Y, et al. KLHL22 activates amino-acid-dependent
mTORC1 signalling to promote tumorigenesis and ageing. Nature
2018;557(7706):585e9. https://doi.org/10.1038/s41586-018-0128-9.

Chen R, Zou Y, Mao D, Sun D, Gao G, Shi J, et al. The general amino acid control
pathway regulates mTOR and autophagy during serum/glutamine starvation.
J Cell Biol 2014;206(2):173e82. https://doi.org/10.1083/jcb.201403009.

Cheng Z, Shao X, Xu M, Wang J, Kuai X, Zhang L, Wu J, Zhou C, Mao J. Rab1A pro-
motes proliferation and migration abilities via regulation of the HER2/AKT-
independent mTOR/S6K1 pathway in colorectal cancer. Oncol Rep 2019;41(5):
2717e28. https://doi.org/10.3892/or.2019.7071.

Chiu MI, Katz H, Berlin V. RAPT1, a mammalian homolog of yeast Tor, interacts with
the FKBP12/rapamycin complex. Proc Natl Acad Sci U S A 1994;91(26):12574e8.
https://doi.org/10.1073/pnas.91.26.12574.

Chong-Kopera H, Inoki K, Li Y, Zhu T, Garcia-Gonzalo FR, Rosa JL, et al. TSC1 sta-
bilizes TSC2 by inhibiting the interaction between TSC2 and the HERC1 ubiq-
uitin ligase. J Biol Chem 2006;281(13):8313e6. https://doi.org/10.1074/
jbc.C500451200.

Conigrave AD, Quinn SJ, Brown EM. L-amino acid sensing by the extracellular Ca2þ-
sensing receptor. Proc Natl Acad Sci U S A 2000;97(9):4814e9. https://doi.org/
10.1073/pnas.97.9.4814.

Cummings DE, Overduin J. Gastrointestinal regulation of food intake. J Clin Invest
2007;117(1):13e23. https://doi.org/10.1172/JCI30227.

Demetriades C, Doumpas N, Teleman AA. Regulation of TORC1 in response to amino
acid starvation via lysosomal recruitment of TSC2. Cell 2014;156(4):786e99.
https://doi.org/10.1016/j.cell.2014.01.024.

Demetriades C, Plescher M, Teleman AA. Lysosomal recruitment of TSC2 is a uni-
versal response to cellular stress. Nat Commun 2016;7:10662. https://doi.org/
10.1038/ncomms10662.

Deng L, Chen L, Zhao L, Xu Y, Peng X, Wang X, et al. Ubiquitination of Rheb governs
growth factor-induced mTORC1 activation. Cell Res 2019;29(2):136e50. https://
doi.org/10.1038/s41422-018-0120-9.

Deng L, Jiang C, Chen L, Jin J, Wei J, Zhao L, et al. The ubiquitination of rag A GTPase
by RNF152 negatively regulates mTORC1 activation. Mol Cell 2015;58(5):
804e18. https://doi.org/10.1016/j.molcel.2015.03.033.

Dibble CC, Elis W, Menon S, Qin W, Klekota J, Asara JM, et al. TBC1D7 is a third
subunit of the TSC1-TSC2 complex upstream of mTORC1. Mol Cell 2012;47(4):
535e46. https://doi.org/10.1016/j.molcel.2012.06.009.

Dubouloz F, Deloche O, Wanke V, Cameroni E, De Virgilio C. The TOR and EGO
protein complexes orchestrate microautophagy in yeast. Mol Cell 2005;19(1):
15e26. https://doi.org/10.1016/j.molcel.2005.05.020.

Dur�an RV, Oppliger W, Robitaille AM, Heiserich L, Skendaj R, Gottlieb E, et al.
Glutaminolysis activates Rag-mTORC1 signaling. Mol Cell 2012;47(3):349e58.
https://doi.org/10.1016/j.molcel.2012.05.043.

Efeyan A, Schweitzer LD, Bilate AM, Chang S, Kirak O, Lamming DW, et al. Raga, but
not RagB, is essential for embryonic development and adult mice. Dev Cell
2014;29(3):321e9. https://doi.org/10.1016/j.devcel.2014.03.017.

Efeyan A, Zoncu R, Chang S, Gumper I, Snitkin H, Wolfson RL, et al. Regulation of
mTORC1 by the Rag GTPases is necessary for neonatal autophagy and survival.
Nature 2013;493(7434):679e83. https://doi.org/10.1038/nature11745.

http://www.letpub.com
https://doi.org/10.1146/annurev.immunol.14.1.483
https://doi.org/10.1126/science.aan6298
https://doi.org/10.1126/science.aan6298
https://doi.org/10.1126/science.aax3939
https://doi.org/10.3945/jn.110.136143
https://doi.org/10.3945/jn.111.152595
https://doi.org/10.3945/jn.111.152595
https://doi.org/10.3168/jds.2013-7348
https://doi.org/10.1016/j.cellsig.2014.04.019
https://doi.org/10.1016/j.cellsig.2014.04.019
https://doi.org/10.1038/sj.onc.1209882
https://doi.org/10.1152/ajpendo.90645.2008
https://doi.org/10.1126/science.1147379
https://doi.org/10.1126/science.1232044
https://doi.org/10.1016/j.tcb.2014.03.003
https://doi.org/10.1016/j.cell.2012.07.032
https://doi.org/10.1126/science.aad0489
https://doi.org/10.3168/jds.S0022-0302(00)74939-3
https://doi.org/10.3168/jds.S0022-0302(00)74939-3
https://doi.org/10.1042/BJ20021266
https://doi.org/10.1016/j.devcel.2007.03.020
https://doi.org/10.1016/j.devcel.2007.03.020
https://doi.org/10.1016/j.molcel.2009.06.033
https://doi.org/10.1113/jphysiol.2003.050674
https://doi.org/10.1113/jphysiol.2003.050674
https://doi.org/10.1186/s12970-016-0118-y
https://doi.org/10.1186/s12970-016-0118-y
https://doi.org/10.1038/369756a0
https://doi.org/10.1101/gad.1256804
https://doi.org/10.1101/gad.1256804
https://doi.org/10.1089/ars.2010.3530
https://doi.org/10.1016/j.cell.2008.06.028
https://doi.org/10.1016/j.cell.2008.06.028
https://doi.org/10.1016/j.semcdb.2020.02.007
https://doi.org/10.1016/j.semcdb.2020.02.007
https://doi.org/10.1186/s13046-016-0484-y
https://doi.org/10.1016/j.cell.2016.02.035
https://doi.org/10.1016/j.celrep.2014.09.014
https://doi.org/10.1016/j.celrep.2014.09.014
https://doi.org/10.1038/s41586-018-0128-9
https://doi.org/10.1083/jcb.201403009
https://doi.org/10.3892/or.2019.7071
https://doi.org/10.1073/pnas.91.26.12574
https://doi.org/10.1074/jbc.C500451200
https://doi.org/10.1074/jbc.C500451200
https://doi.org/10.1073/pnas.97.9.4814
https://doi.org/10.1073/pnas.97.9.4814
https://doi.org/10.1172/JCI30227
https://doi.org/10.1016/j.cell.2014.01.024
https://doi.org/10.1038/ncomms10662
https://doi.org/10.1038/ncomms10662
https://doi.org/10.1038/s41422-018-0120-9
https://doi.org/10.1038/s41422-018-0120-9
https://doi.org/10.1016/j.molcel.2015.03.033
https://doi.org/10.1016/j.molcel.2012.06.009
https://doi.org/10.1016/j.molcel.2005.05.020
https://doi.org/10.1016/j.molcel.2012.05.043
https://doi.org/10.1016/j.devcel.2014.03.017
https://doi.org/10.1038/nature11745


S. Zhang, X. Lin, Q. Hou et al. Animal Nutrition 7 (2021) 1009e1023
Fan SJ, Snell C, Turley H, Li JL, McCormick R, Perera SM, et al. PAT4 levels control
amino-acid sensitivity of rapamycin-resistant mTORC1 from the Golgi and
affect clinical outcome in colorectal cancer. Oncogene 2016;35(23):3004e15.
https://doi.org/10.1038/onc.2015.363.

Feng Z. p53 regulation of the IGF-1/AKT/mTOR pathways and the endosomal
compartment. Cold Spring Harb Perspect Biol 2010;2(2):a001057. https://
doi.org/10.1101/cshperspect.a001057.

Feng Z, Zhang H, Levine AJ, Jin S. The coordinate regulation of the p53 and mTOR
pathways in cells. Proc Natl Acad Sci U S A 2005;102(23):8204e9. https://
doi.org/10.1073/pnas.0502857102.

Fingar DC. Rag ubiquitination recruits a GATOR1: attenuation of amino acid-
induced mTORC1 signaling. Mol Cell 2015;58(5):713e5. https://doi.org/
10.1016/j.molcel.2015.05.029.

Fingar DC, Richardson CJ, Tee AR, Cheatham L, Tsou C, Blenis J. mTOR controls cell
cycle progression through its cell growth effectors S6K1 and 4E-BP1/eukaryotic
translation initiation factor 4E. Mol Cell Biol 2004;24(1):200e16. https://
doi.org/10.1128/mcb.24.1.200-216.2004.

Fox HL, Pham PT, Kimball SR, Jefferson LS, Lynch CJ. Amino acid effects on
translational repressor 4E-BP1 are mediated primarily by L-leucine in isolated
adipocytes. Am J Physiol 1998;275(5):C1232e8. https://doi.org/10.1152/
ajpcell.1998.275.5.C1232.

Fujiwara T, Kanazawa S, Ichibori R, Tanigawa T, Magome T, Shingaki K, et al. L-
arginine stimulates fibroblast proliferation through the GPRC6A-ERK1/2 and
PI3K/Akt pathway. PloS One 2014;9(3):e92168. https://doi.org/10.1371/
journal.pone.0092168.

Gingras AC, Raught B, Sonenberg N. eIF4 initiation factors: effectors of mRNA
recruitment to ribosomes and regulators of translation. Annu Rev Biochem
1999;68:913e63. https://doi.org/10.1146/annurev.biochem.68.1.913.

Goberdhan DC, Meredith D, Boyd CA, Wilson C. PAT-related amino acid transporters
regulate growth via a novel mechanism that does not require bulk transport of
amino acids. Development 2005;132(10):2365e75. https://doi.org/10.1242/
dev.01821.

Goberdhan DC, Wilson C, Harris AL. Amino acid sensing by mTORC1: intracellular
transporters mark the spot. Cell Metab 2016;23(4):580e9. https://doi.org/
10.1016/j.cmet.2016.03.013.

Goodman CA. The role of mTORC1 in regulating protein synthesis and skeletal
muscle mass in response to various mechanical stimuli. Rev Physiol Biochem
Pharmacol 2014;166:43e95. https://doi.org/10.1007/112_2013_17.

Guertin DA, Stevens DM, Thoreen CC, Burds AA, Kalaany NY, Moffat J, et al. Ablation
in mice of the mTORC components raptor, rictor, or mLST8 reveals that mTORC2
is required for signaling to Akt-FOXO and PKCalpha, but not S6K1. Dev Cell
2006;11(6):859e71. https://doi.org/10.1016/j.devcel.2006.10.007.

Gu X, Orozco JM, Saxton RA, Condon KJ, Liu GY, Krawczyk PA, et al. SAMTOR is an S-
adenosylmethionine sensor for the mTORC1 pathway. Science 2017;358(6364):
813e8. https://doi.org/10.1126/science.aao3265.

Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, Mery A, Vasquez DS, et al.
AMPK phosphorylation of raptor mediates a metabolic checkpoint. Mol Cell
2008;30(2):214e26. https://doi.org/10.1016/j.molcel.2008.03.003.

Han JM, Jeong SJ, Park MC, Kim G, Kwon NH, Kim HK, et al. Leucyl-tRNA synthetase
is an intracellular leucine sensor for the mTORC1-signaling pathway. Cell
2012;149(2):410e24. https://doi.org/10.1016/j.cell.2012.02.044.

Hara K, Yonezawa K, Weng QP, Kozlowski MT, Belham C, Avruch J. Amino acid
sufficiency and mTOR regulate p70 S6 kinase and eIF-4E BP1 through a com-
mon effector mechanism. J Biol Chem 1998;273(23):14484e94. https://doi.org/
10.1074/jbc.273.23.14484.

Heitman J, Movva NR, Hall MN. Targets for cell cycle arrest by the immunosup-
pressant rapamycin in yeast. Science 1991;253(5022):905e9. https://doi.org/
10.1126/science.1715094.

Herningtyas EH, Okimura Y, Handayaningsih AE, Yamamoto D, Maki T, Iida K, et al.
Branched-chain amino acids and arginine suppress MaFbx/atrogin-1 mRNA
expression via mTOR pathway in C2C12 cell line. Biochim Biophys Acta
2008;1780(10):1115e20. https://doi.org/10.1016/j.bbagen.2008.06.004.

Hornberger TA. Mechanotransduction and the regulation of mTORC1 signaling in
skeletal muscle. Int J Biochem Cell Biol 2011;43(9):1267e76. https://doi.org/
10.1016/j.biocel.2011.05.007.

Hornberger TA, Sukhija KB, Chien S. Regulation of mTOR by mechanically induced
signaling events in skeletal muscle. Cell Cycle 2006;5(13):1391e6. https://
doi.org/10.4161/cc.5.13.2921.

Hosokawa N, Hara T, Kaizuka T, Kishi C, Takamura A, Miura Y, et al. Nutrient-
dependent mTORC1 association with the ULK1-Atg13-FIP200 complex required
for autophagy. Mol Biol Cell 2009;20(7):1981e91. https://doi.org/10.1091/
mbc.e08-12-1248.

Huang J, Manning BD. A complex interplay between Akt, TSC2 and the two mTOR
complexes. Biochem Soc Trans 2009;37(Pt 1):217e22. https://doi.org/10.1042/
BST0370217.

Huang K, Fingar DC. Growing knowledge of the mTOR signaling network. Semin
Cell Dev Biol 2014;36:79e90. https://doi.org/10.1016/j.semcdb.2014.09.011.

Inoki K, Li Y, Xu T, Guan KL. Rheb GTPase is a direct target of TSC2 GAP activity and
regulates mTOR signaling. Genes Dev 2003a;17(15):1829e34. https://doi.org/
10.1101/gad.1110003.

Inoki K, Ouyang H, Zhu T, Lindvall C, Wang Y, Zhang X, et al. TSC2 integrates Wnt
and energy signals via a coordinated phosphorylation by AMPK and GSK3 to
regulate cell growth. Cell 2006;126(5):955e68. https://doi.org/10.1016/
j.cell.2006.06.055.
1021
Inoki K, Zhu T, Guan KL. TSC2 mediates cellular energy response to control cell
growth and survival. Cell 2003b;115(5):577e90. https://doi.org/10.1016/s0092-
8674(03)00929-2.

Jacinto E, Facchinetti V, Liu D, Soto N, Wei S, Jung SY, et al. SIN1/MIP1 maintains rictor-
mTOR complex integrity and regulates Akt phosphorylation and substrate spec-
ificity. Cell 2006;127(1):125e37. https://doi.org/10.1016/j.cell.2006.08.033.

Jacinto E, Loewith R, Schmidt A, Lin S, Rüegg MA, Hall A, et al. Mammalian TOR
complex 2 controls the actin cytoskeleton and is rapamycin insensitive. Nat Cell
Biol 2004;6(11):1122e8. https://doi.org/10.1038/ncb1183.

Jastrzebski K, Hannan KM, Tchoubrieva EB, Hannan RD, Pearson RB. Coordinate
regulation of ribosome biogenesis and function by the ribosomal protein S6
kinase, a key mediator of mTOR function. Growth Factors 2007;25(4):209e26.
https://doi.org/10.1080/08977190701779101.

Jewell JL, Guan KL. Nutrient signaling to mTOR and cell growth. Trends Biochem Sci
2013;38(5):233e42. https://doi.org/10.1016/j.tibs.2013.01.004.

Jewell JL, Kim YC, Russell RC, Yu FX, Park HW, Plouffe SW, et al. Metabolism. Dif-
ferential regulation of mTORC1 by leucine and glutamine. Science
2015;347(6218):194e8. https://doi.org/10.1126/science.1259472.

Jewell JL, Russell RC, Guan KL. Amino acid signalling upstream of mTOR. Nat Rev
Mol Cell Biol 2013;14(3):133e9. https://doi.org/10.1038/nrm3522.

Jiang Y, Su S, Zhang Y, Qian J, Liu P. Control of mTOR signaling by ubiquitin.
Oncogene 2019;38(21):3989e4001. https://doi.org/10.1038/s41388-019-0713-x.

Jin G, Lee SW, Zhang X, Cai Z, Gao Y, Chou PC, et al. Skp2-Mediated Raga ubiq-
uitination elicits a negative feedback to prevent amino-acid-dependent
mTORC1 hyperactivation by recruiting GATOR1. Mol Cell 2015;58(6):
989e1000. https://doi.org/10.1016/j.molcel.2015.05.010.

Jing K, Song KS, Shin S, Kim N, Jeong S, Oh HR, et al. Docosahexaenoic acid induces
autophagy through p53/AMPK/mTOR signaling and promotes apoptosis in
human cancer cells harboring wild-type p53. Autophagy 2011;7(11):1348e58.
https://doi.org/10.4161/auto.7.11.16658.

Kakumoto K, Ikeda J, Okada M, Morii E, Oneyama C. mLST8 promotes mTOR-
mediated tumor progression. PloS One 2015;10(4):e0119015. https://doi.org/
10.1371/journal.pone.0119015.

Kimball SR. Regulation of global and specific mRNA translation by amino acids.
J Nutr 2002;132(5):883e6. https://doi.org/10.1093/jn/132.5.883.

Kim E. Mechanisms of amino acid sensing in mTOR signaling pathway. Nutr Res
Pract 2009;3(1):64e71. https://doi.org/10.4162/nrp.2009.3.1.64.

Kim E, Goraksha-Hicks P, Li L, Neufeld TP, Guan KL. Regulation of TORC1 by Rag
GTPases in nutrient response. Nat Cell Biol 2008;10(8):935e45. https://doi.org/
10.1038/ncb1753.

Kim J, Guan KL. Amino acid signaling in TOR activation. Annu Rev Biochem 2011;80:
1001e32. https://doi.org/10.1146/annurev-biochem-062209-094414.

Kim SG, Buel GR, Blenis J. Nutrient regulation of the mTOR complex 1 signaling
pathway. Mol Cells 2013;35(6):463e73. https://doi.org/10.1007/s10059-013-
0138-2.

Kumar S, Tikoo K. Independent role of PP2A and mTORc1 in palmitate induced
podocyte death. Biochimie 2015;112:73e84. https://doi.org/10.1016/
j.biochi.2015.02.009.

Kwon B, Querfurth HW. Palmitate activates mTOR/p70S6K through AMPK inhibition
and hypophosphorylation of raptor in skeletal muscle cells: reversal by oleate is
similar to metformin. Biochimie 2015;118:141e50. https://doi.org/10.1016/
j.biochi.2015.09.006.

Lee M, Kim JH, Yoon I, Lee C, Fallahi Sichani M, Kang JS, et al. Coordination of the
leucine-sensing Rag GTPase cycle by leucyl-tRNA synthetase in the mTORC1
signaling pathway. Proc Natl Acad Sci U S A 2018;115(23):E5279e88. https://
doi.org/10.1073/pnas.1801287115.

Liu GM, Hanigan MD, Lin XY, Zhao K, Jiang FG, White RR, et al. Methionine, leucine,
isoleucine, or threonine effects on mammary cell signaling and pup growth in
lactating mice. J Dairy Sci 2017;100(5):4038e50. https://doi.org/10.3168/
jds.2016-11973.

Liu W, Xia F, Hanigan MD, Lin XY, Yan ZG, White RR, et al. Short-term lactation and
mammary metabolism responses in lactating goats to graded removal of
methionine from an intravenously infused complete amino acid mixture.
J Dairy Sci 2019;102(5):4094e104. https://doi.org/10.3168/jds.2018-15643.

Long X, Lin Y, Ortiz-Vega S, Yonezawa K, Avruch J. Rheb binds and regulates the
mTOR kinase. Curr Biol 2005a;15(8):702e13. https://doi.org/10.1016/
j.cub.2005.02.053.

Long X, Ortiz-Vega S, Lin Y, Avruch J. Rheb binding to mammalian target of rapa-
mycin (mTOR) is regulated by amino acid sufficiency. J Biol Chem
2005b;280(25):23433e6. https://doi.org/10.1074/jbc.C500169200.

Lynch CJ. Role of leucine in the regulation of mTOR by amino acids: revelations from
structure-activity studies. J Nutr 2001;131(3):861Se5S. https://doi.org/10.1093/
jn/131.3.861S.

Magnuson B, Ekim B, Fingar DC. Regulation and function of ribosomal protein S6
kinase (S6K) within mTOR signalling networks. Biochem J 2012;441(1):1e21.
https://doi.org/10.1042/BJ20110892.

Ma XM, Blenis J. Molecular mechanisms of mTOR-mediated translational control.
Nat Rev Mol Cell Biol 2009;10(5):307e18. https://doi.org/10.1038/nrm2672.

Melnik BC. Milk–A nutrient system of mammalian evolution promoting mTORC1-
dependent translation. Int J Mol Sci 2015;16(8):17048e87. https://doi.org/
10.3390/ijms160817048.

Melser S, Chatelain EH, Lavie J, Mahfouf W, Jose C, Obre E, et al. Rheb regulates
mitophagy induced by mitochondrial energetic status. Cell Metab 2013;17(5):
719e30. https://doi.org/10.1016/j.cmet.2013.03.014.

https://doi.org/10.1038/onc.2015.363
https://doi.org/10.1101/cshperspect.a001057
https://doi.org/10.1101/cshperspect.a001057
https://doi.org/10.1073/pnas.0502857102
https://doi.org/10.1073/pnas.0502857102
https://doi.org/10.1016/j.molcel.2015.05.029
https://doi.org/10.1016/j.molcel.2015.05.029
https://doi.org/10.1128/mcb.24.1.200-216.2004
https://doi.org/10.1128/mcb.24.1.200-216.2004
https://doi.org/10.1152/ajpcell.1998.275.5.C1232
https://doi.org/10.1152/ajpcell.1998.275.5.C1232
https://doi.org/10.1371/journal.pone.0092168
https://doi.org/10.1371/journal.pone.0092168
https://doi.org/10.1146/annurev.biochem.68.1.913
https://doi.org/10.1242/dev.01821
https://doi.org/10.1242/dev.01821
https://doi.org/10.1016/j.cmet.2016.03.013
https://doi.org/10.1016/j.cmet.2016.03.013
https://doi.org/10.1007/112_2013_17
https://doi.org/10.1016/j.devcel.2006.10.007
https://doi.org/10.1126/science.aao3265
https://doi.org/10.1016/j.molcel.2008.03.003
https://doi.org/10.1016/j.cell.2012.02.044
https://doi.org/10.1074/jbc.273.23.14484
https://doi.org/10.1074/jbc.273.23.14484
https://doi.org/10.1126/science.1715094
https://doi.org/10.1126/science.1715094
https://doi.org/10.1016/j.bbagen.2008.06.004
https://doi.org/10.1016/j.biocel.2011.05.007
https://doi.org/10.1016/j.biocel.2011.05.007
https://doi.org/10.4161/cc.5.13.2921
https://doi.org/10.4161/cc.5.13.2921
https://doi.org/10.1091/mbc.e08-12-1248
https://doi.org/10.1091/mbc.e08-12-1248
https://doi.org/10.1042/BST0370217
https://doi.org/10.1042/BST0370217
https://doi.org/10.1016/j.semcdb.2014.09.011
https://doi.org/10.1101/gad.1110003
https://doi.org/10.1101/gad.1110003
https://doi.org/10.1016/j.cell.2006.06.055
https://doi.org/10.1016/j.cell.2006.06.055
https://doi.org/10.1016/s0092-8674(03)00929-2
https://doi.org/10.1016/s0092-8674(03)00929-2
https://doi.org/10.1016/j.cell.2006.08.033
https://doi.org/10.1038/ncb1183
https://doi.org/10.1080/08977190701779101
https://doi.org/10.1016/j.tibs.2013.01.004
https://doi.org/10.1126/science.1259472
https://doi.org/10.1038/nrm3522
https://doi.org/10.1038/s41388-019-0713-x
https://doi.org/10.1016/j.molcel.2015.05.010
https://doi.org/10.4161/auto.7.11.16658
https://doi.org/10.1371/journal.pone.0119015
https://doi.org/10.1371/journal.pone.0119015
https://doi.org/10.1093/jn/132.5.883
https://doi.org/10.4162/nrp.2009.3.1.64
https://doi.org/10.1038/ncb1753
https://doi.org/10.1038/ncb1753
https://doi.org/10.1146/annurev-biochem-062209-094414
https://doi.org/10.1007/s10059-013-0138-2
https://doi.org/10.1007/s10059-013-0138-2
https://doi.org/10.1016/j.biochi.2015.02.009
https://doi.org/10.1016/j.biochi.2015.02.009
https://doi.org/10.1016/j.biochi.2015.09.006
https://doi.org/10.1016/j.biochi.2015.09.006
https://doi.org/10.1073/pnas.1801287115
https://doi.org/10.1073/pnas.1801287115
https://doi.org/10.3168/jds.2016-11973
https://doi.org/10.3168/jds.2016-11973
https://doi.org/10.3168/jds.2018-15643
https://doi.org/10.1016/j.cub.2005.02.053
https://doi.org/10.1016/j.cub.2005.02.053
https://doi.org/10.1074/jbc.C500169200
https://doi.org/10.1093/jn/131.3.861S
https://doi.org/10.1093/jn/131.3.861S
https://doi.org/10.1042/BJ20110892
https://doi.org/10.1038/nrm2672
https://doi.org/10.3390/ijms160817048
https://doi.org/10.3390/ijms160817048
https://doi.org/10.1016/j.cmet.2013.03.014


S. Zhang, X. Lin, Q. Hou et al. Animal Nutrition 7 (2021) 1009e1023
MenonS,DibbleCC,TalbottG,HoxhajG,ValvezanAJ, TakahashiH, etal. Spatial controlof
the TSC complex integrates insulin and nutrient regulation of mTORC1 at the
lysosome. Cell 2014;156(4):771e85. https://doi.org/10.1016/j.cell.2013.11.049.

Moshel Y, Rhoads RE, Barash I. Role of amino acids in translational mechanisms
governing milk protein synthesis in murine and ruminant mammary epithelial
cells. J Cell Biochem 2006;98(3):685e700. https://doi.org/10.1002/jcb.20825.

Murgas Torrazza R, Suryawan A, Gazzaneo MC, Orellana RA, Frank JW, Nguyen HV,
et al. Leucine supplementation of a low-protein meal increases skeletal muscle
and visceral tissue protein synthesis in neonatal pigs by stimulating mTOR-
dependent translation initiation. J Nutr 2010;140(12):2145e52. https://
doi.org/10.3945/jn.110.128421.

Myers Jr MG, Backer JM, Sun XJ, Shoelson S, Hu P, Schlessinger J, et al. IRS-1 acti-
vates phosphatidylinositol 3'-kinase by associating with src homology 2 do-
mains of p85. Proc Natl Acad Sci U S A 1992;89(21):10350e4. https://doi.org/
10.1073/pnas.89.21.10350.

Nickerson ML, Warren MB, Toro JR, Matrosova V, Glenn G, Turner ML, et al. Mu-
tations in a novel gene lead to kidney tumors, lung wall defects, and benign
tumors of the hair follicle in patients with the Birt-Hogg-Dub�e syndrome.
Cancer Cell 2002;2(2):157e64. https://doi.org/10.1016/s1535-6108(02)00104-6.

Nicklin P, Bergman P, Zhang B, Triantafellow E, Wang H, Nyfeler B, et al. Bidirec-
tional transport of amino acids regulates mTOR and autophagy. Cell
2009;136(3):521e34. https://doi.org/10.1016/j.cell.2008.11.044.

Nishi T, Forgac M. The vacuolar (Hþ)-ATPases–nature's most versatile proton pumps.
Nat Rev Mol Cell Biol 2002;3(2):94e103. https://doi.org/10.1038/nrm729.

Nnah IC, Wang B, Saqcena C, Weber GF, Bonder EM, Bagley D, et al. TFEB-driven
endocytosis coordinates MTORC1 signaling and autophagy. Autophagy
2019;15(1):151e64. https://doi.org/10.1080/15548627.2018.1511504.

Noda T. Regulation of autophagy through TORC1 and mTORC1. Biomolecules
2017;7(3):52. https://doi.org/10.3390/biom7030052.

€Ogmundsd�ottir MH, Heublein S, Kazi S, Reynolds B, Visvalingam SM, ShawMK, et al.
Proton-assisted amino acid transporter PAT1 complexes with Rag GTPases and
activates TORC1 on late endosomal and lysosomal membranes. PloS One
2012;7(5):e36616. https://doi.org/10.1371/journal.pone.0036616.

Peng M, Yin N, Li MO. Sestrins function as guanine nucleotide dissociation in-
hibitors for Rag GTPases to control mTORC1 signaling. Cell 2014;159(1):122e33.
https://doi.org/10.1016/j.cell.2014.08.038.

Peng M, Yin N, Li MO. SZT2 dictates GATOR control of mTORC1 signalling. Nature
2017;543(7645):433e7. https://doi.org/10.1038/nature21378.

Peng W, Jewell JL. Amino acid sensing: architecture of mTORC1 on the lysosome
surface. Curr Biol 2020;30(2):R89e91. https://doi.org/10.1016/j.cub.2019.11.087.

Rabanal-Ruiz Y, Otten EG, Korolchuk VI. mTORC1 as the main gateway to autophagy.
Essays Biochem 2017;61(6):565e84. https://doi.org/10.1042/EBC20170027.

Richardson CJ, Schalm SS, Blenis J. PI3-kinase and TOR: PIKTORing cell growth. Semin
Cell Dev Biol 2004;15(2):147e59. https://doi.org/10.1016/j.semcdb.2003.12.023.

Richert BT, Goodband RD, Tokach MD, Nelssen JL. Increasing valine, isoleucine, and
total branched-chain amino acids for lactating sows. J Anim Sci 1997;75(8):
2117e28. https://doi.org/10.2527/1997.7582117x.

Roberts DJ, Tan-Sah VP, Ding EY, Smith JM, Miyamoto S. Hexokinase-II positively
regulates glucose starvation-induced autophagy through TORC1 inhibition. Mol
Cell 2014;53(4):521e33. https://doi.org/10.1016/j.molcel.2013.12.019.

Roccio M, Bos JL, Zwartkruis FJ. Regulation of the small GTPase Rheb by amino acids.
Oncogene 2006;25(5):657e64. https://doi.org/10.1038/sj.onc.1209106.

Rogala KB, Gu X, Kedir JF, Abu-Remaileh M, Bianchi LF, Bottino AMS, et al. Structural
basis for the docking of mTORC1 on the lysosomal surface. Science
2019;366(6464):468e75. https://doi.org/10.1126/science.aay0166.

Roh JI, Kim Y, Oh J, Kim Y, Lee J, Lee J, Chun KH, Lee HW. Hexokinase 2 is a molecular
bridge linking telomerase and autophagy. PloS One 2018;13(2):e0193182.
https://doi.org/10.1371/journal.pone.0193182.

Ruvinsky I, Meyuhas O. Ribosomal protein S6 phosphorylation: from protein syn-
thesis to cell size. Trends Biochem Sci 2006;31(6):342e8. https://doi.org/
10.1016/j.tibs.2006.04.003.

Ryu JM, Han HJ. L-threonine regulates G1/S phase transition of mouse embryonic
stem cells via PI3K/Akt, MAPKs, and mTORC pathways. J Biol Chem
2011;286(27):23667e78. https://doi.org/10.1074/jbc.M110.216283.

Sabatini DM, Erdjument-Bromage H, Lui M, Tempst P, Snyder SH. RAFT1: a
mammalian protein that binds to FKBP12 in a rapamycin-dependent fashion
and is homologous to yeast TORs. Cell 1994;78(1):35e43. https://doi.org/
10.1016/0092-8674(94)90570-3.

Sancak Y, Bar-Peled L, Zoncu R, Markhard AL, Nada S, Sabatini DM. Ragulator-Rag
complex targets mTORC1 to the lysosomal surface and is necessary for its
activation by amino acids. Cell 2010;141(2):290e303. https://doi.org/10.1016/
j.cell.2010.02.024.

Sancak Y, Peterson TR, Shaul YD, Lindquist RA, Thoreen CC, Bar-Peled L, et al. The
Rag GTPases bind raptor and mediate amino acid signaling to mTORC1. Science
2008;320(5882):1496e501. https://doi.org/10.1126/science.1157535.

Sancak Y, Thoreen CC, Peterson TR, Lindquist RA, Kang SA, Spooner E, et al. PRAS40
is an insulin-regulated inhibitor of the mTORC1 protein kinase. Mol Cell
2007;25(6):903e15. https://doi.org/10.1016/j.molcel.2007.03.003.

Sanchez-Gurmaches J, Guertin DA. mTORC1 gRABs the Golgi. Cancer Cell
2014;26(5):601e3. https://doi.org/10.1016/j.ccell.2014.10.011.

Sarbassov DD, Ali SM, Kim DH, Guertin DA, Latek RR, Erdjument-Bromage H, et al.
Rictor, a novel binding partner of mTOR, defines a rapamycin-insensitive and
raptor-independent pathway that regulates the cytoskeleton. Curr Biol
2004;14(14):1296e302. https://doi.org/10.1016/j.cub.2004.06.054.
1022
Saxton RA, Chantranupong L, Knockenhauer KE, Schwartz TU, Sabatini DM.
Mechanism of arginine sensing by CASTOR1 upstream of mTORC1. Nature
2016;536(7615):229e33. https://doi.org/10.1038/nature19079.

Saxton RA, Sabatini DM. mTOR signaling in growth, metabolism, and disease. Cell
2017;169(2):361e71. https://doi.org/10.1016/j.cell.2017.03.035.

Scalise M, Galluccio M, Pochini L, Cosco J, Trotta M, Rebsamen M, et al. Insights into
the transport side of the human SLC38A9 transceptor. Biochim Biophys Acta
Biomembr 2019;1861(9):1558e67. https://doi.org/10.1016/j.bbamem.2019.07.006.

Schmelzle T, Hall MN. TOR, a central controller of cell growth. Cell 2000;103(2):
253e62. https://doi.org/10.1016/s0092-8674(00)00117-3.

Scott SV, Klionsky DJ. Delivery of proteins and organelles to the vacuole from the
cytoplasm. Curr Opin Cell Biol 1998;10(4):523e9. https://doi.org/10.1016/
s0955-0674(98)80068-9.

Segev N, Hay N. Hijacking leucyl-tRNA synthetase for amino acid-dependent
regulation of TORC1. Mol Cell 2012;46(1):4e6. https://doi.org/10.1016/
j.molcel.2012.03.028.

Shen K, Sabatini DM. Ragulator and SLC38A9 activate the Rag GTPases through
noncanonical GEF mechanisms. Proc Natl Acad Sci U S A 2018;115(38):
9545e50. https://doi.org/10.1073/pnas.1811727115.

Shen K, Valenstein ML, Gu X, Sabatini DM. Arg-78 of Nprl2 catalyzes GATOR1-
stimulated GTP hydrolysis by the rag GTPases. J Biol Chem 2019;294(8):
2970e5. https://doi.org/10.1074/jbc.AC119.007382.

Shigemitsu K, Tsujishita Y, Hara K, Nanahoshi M, Avruch J, Yonezawa K. Regulation
of translational effectors by amino acid and mammalian target of rapamycin
signaling pathways. Possible involvement of autophagy in cultured hepatoma
cells. J Biol Chem 1999;274(2):1058e65. https://doi.org/10.1074/jbc.274.2.1058.

Shimizu Y, Inoue A, Tomari Y, Suzuki T, Yokogawa T, Nishikawa K, et al. Cell-free
translation reconstituted with purified components. Nat Biotechnol 2001;19(8):
751e5. https://doi.org/10.1038/90802.

Shimobayashi M, Hall MN. Multiple amino acid sensing inputs to mTORC1. Cell Res
2016;26(1):7e20. https://doi.org/10.1038/cr.2015.146.

Smith EM, Finn SG, Tee AR, Browne GJ, Proud CG. The tuberous sclerosis protein
TSC2 is not required for the regulation of the mammalian target of rapamycin
by amino acids and certain cellular stresses. J Biol Chem 2005;280(19):
18717e27. https://doi.org/10.1074/jbc.M414499200.

Sonenberg N, Hershey JWB, Mathews MB. Translational control of gene expression.
Monograph 39. Cold Spring Harbor Laboratory Press; 2000.

Stegink LD, Filer Jr LJ, Brummel MC, Baker GL, Krause WL, Bell EF, et al. Plasma
amino acid concentrations and amino acid ratios in normal adults and adults
heterozygous for phenylketonuria ingesting a hamburger and milk shake meal.
Am J Clin Nutr 1991;53(3):670e5. https://doi.org/10.1093/ajcn/53.3.670.

Sun Y, Fang Y, Yoon MS, Zhang C, Roccio M, Zwartkruis FJ, et al. Phospholipase D1 is
an effector of Rheb in the mTOR pathway. Proc Natl Acad Sci U S A
2008;105(24):8286e91. https://doi.org/10.1073/pnas.0712268105.

Tabancay Jr AP, Gau CL, Machado IM, Uhlmann EJ, Gutmann DH, Guo L, et al.
Identification of dominant negative mutants of Rheb GTPase and their use to
implicate the involvement of human Rheb in the activation of p70S6K. J Biol
Chem 2003;278(41):39921e30. https://doi.org/10.1074/jbc.M306553200.

Takahashi K, Nakagawa M, Young SG, Yamanaka S. Differential membrane locali-
zation of ERas and Rheb, two Ras-related proteins involved in the phosphati-
dylinositol 3-kinase/mTOR pathway. J Biol Chem 2005;280(38):32768e74.
https://doi.org/10.1074/jbc.M506280200.

Tan HWS, Sim AYL, Long YC. Glutamine metabolism regulates autophagy-
dependent mTORC1 reactivation during amino acid starvation. Nat Commun
2017;8(1):338. https://doi.org/10.1038/s41467-017-00369-y.

Tee AR, Manning BD, Roux PP, Cantley LC, Blenis J. Tuberous sclerosis complex gene
products, Tuberin and Hamartin, control mTOR signaling by acting as a GTPase-
activating protein complex toward Rheb. Curr Biol 2003;13(15):1259e68.
https://doi.org/10.1016/s0960-9822(03)00506-2.

Thomas JD, Zhang YJ, Wei YH, Cho JH, Morris LE, Wang HY, et al. Rab1A is an
mTORC1 activator and a colorectal oncogene. Cancer Cell 2014;26(5):754e69.
https://doi.org/10.1016/j.ccell.2014.09.008.

Tsun ZY, Bar-Peled L, Chantranupong L, Zoncu R, Wang T, Kim C, et al. The folliculin
tumor suppressor is a GAP for the RagC/D GTPases that signal amino acid
levels to mTORC1. Mol Cell 2013;52(4):495e505. https://doi.org/10.1016/
j.molcel.2013.09.016.

Tzatsos A, Kandror KV. Nutrients suppress phosphatidylinositol 3-kinase/Akt
signaling via raptor-dependent mTOR-mediated insulin receptor substrate 1
phosphorylation. Mol Cell Biol 2006;26(1):63e76. https://doi.org/10.1128/
MCB.26.1.63-76.2006.

Vega-Rubin-de-Celis S, Pe~na-Llopis S, Konda M, Brugarolas J. Multistep regulation of
TFEB by MTORC1. Autophagy 2017;13(3):464e72. https://doi.org/10.1080/
15548627.2016.1271514.

Velasco-Miguel S, Buckbinder L, Jean P, Gelbert L, Talbott R, Laidlaw J, et al. PA26, a
novel target of the p53 tumor suppressor and member of the GADD family of
DNA damage and growth arrest inducible genes. Oncogene 1999;18(1):127e37.
https://doi.org/10.1038/sj.onc.1202274.

V�ezina C, Kudelski A, Sehgal SN. Rapamycin (AY-22,989), a new antifungal anti-
biotic. I. Taxonomy of the producing streptomycete and isolation of the active
principle. J Antibiot (Tokyo) 1975;28(10):721e6. https://doi.org/10.7164/
antibiotics.28.721.

Villar VH, Merhi F, Djavaheri-Mergny M, Dur�an RV. Glutaminolysis and autophagy
in cancer. Autophagy 2015;11(8):1198e208. https://doi.org/10.1080/15548627.
2015.1053680.

https://doi.org/10.1016/j.cell.2013.11.049
https://doi.org/10.1002/jcb.20825
https://doi.org/10.3945/jn.110.128421
https://doi.org/10.3945/jn.110.128421
https://doi.org/10.1073/pnas.89.21.10350
https://doi.org/10.1073/pnas.89.21.10350
https://doi.org/10.1016/s1535-6108(02)00104-6
https://doi.org/10.1016/j.cell.2008.11.044
https://doi.org/10.1038/nrm729
https://doi.org/10.1080/15548627.2018.1511504
https://doi.org/10.3390/biom7030052
https://doi.org/10.1371/journal.pone.0036616
https://doi.org/10.1016/j.cell.2014.08.038
https://doi.org/10.1038/nature21378
https://doi.org/10.1016/j.cub.2019.11.087
https://doi.org/10.1042/EBC20170027
https://doi.org/10.1016/j.semcdb.2003.12.023
https://doi.org/10.2527/1997.7582117x
https://doi.org/10.1016/j.molcel.2013.12.019
https://doi.org/10.1038/sj.onc.1209106
https://doi.org/10.1126/science.aay0166
https://doi.org/10.1371/journal.pone.0193182
https://doi.org/10.1016/j.tibs.2006.04.003
https://doi.org/10.1016/j.tibs.2006.04.003
https://doi.org/10.1074/jbc.M110.216283
https://doi.org/10.1016/0092-8674(94)90570-3
https://doi.org/10.1016/0092-8674(94)90570-3
https://doi.org/10.1016/j.cell.2010.02.024
https://doi.org/10.1016/j.cell.2010.02.024
https://doi.org/10.1126/science.1157535
https://doi.org/10.1016/j.molcel.2007.03.003
https://doi.org/10.1016/j.ccell.2014.10.011
https://doi.org/10.1016/j.cub.2004.06.054
https://doi.org/10.1038/nature19079
https://doi.org/10.1016/j.cell.2017.03.035
https://doi.org/10.1016/j.bbamem.2019.07.006
https://doi.org/10.1016/s0092-8674(00)00117-3
https://doi.org/10.1016/s0955-0674(98)80068-9
https://doi.org/10.1016/s0955-0674(98)80068-9
https://doi.org/10.1016/j.molcel.2012.03.028
https://doi.org/10.1016/j.molcel.2012.03.028
https://doi.org/10.1073/pnas.1811727115
https://doi.org/10.1074/jbc.AC119.007382
https://doi.org/10.1074/jbc.274.2.1058
https://doi.org/10.1038/90802
https://doi.org/10.1038/cr.2015.146
https://doi.org/10.1074/jbc.M414499200
http://refhub.elsevier.com/S2405-6545(21)00130-X/sref138
http://refhub.elsevier.com/S2405-6545(21)00130-X/sref138
https://doi.org/10.1093/ajcn/53.3.670
https://doi.org/10.1073/pnas.0712268105
https://doi.org/10.1074/jbc.M306553200
https://doi.org/10.1074/jbc.M506280200
https://doi.org/10.1038/s41467-017-00369-y
https://doi.org/10.1016/s0960-9822(03)00506-2
https://doi.org/10.1016/j.ccell.2014.09.008
https://doi.org/10.1016/j.molcel.2013.09.016
https://doi.org/10.1016/j.molcel.2013.09.016
https://doi.org/10.1128/MCB.26.1.63-76.2006
https://doi.org/10.1128/MCB.26.1.63-76.2006
https://doi.org/10.1080/15548627.2016.1271514
https://doi.org/10.1080/15548627.2016.1271514
https://doi.org/10.1038/sj.onc.1202274
https://doi.org/10.7164/antibiotics.28.721
https://doi.org/10.7164/antibiotics.28.721
https://doi.org/10.1080/15548627.2015.1053680
https://doi.org/10.1080/15548627.2015.1053680


S. Zhang, X. Lin, Q. Hou et al. Animal Nutrition 7 (2021) 1009e1023
Wang S, Tsun ZY, Wolfson RL, Shen K, Wyant GA, Plovanich ME, et al. Metabolism.
Lysosomal amino acid transporter SLC38A9 signals arginine sufficiency to
mTORC1. Science 2015;347(6218):188e94. https://doi.org/10.1126/science.
1257132.

Wang X, Campbell LE, Miller CM, Proud CG. Amino acid availability regulates p70 S6
kinase and multiple translation factors. Biochem J 1998;334(Pt 1):261e7.
https://doi.org/10.1042/bj3340261.

Wauson EM, Zaganjor E, Lee AY, Guerra ML, Ghosh AB, Bookout AL, et al. The G
protein-coupled taste receptor T1R1/T1R3 regulates mTORC1 and autophagy.
Mol Cell 2012;47(6):851e62. https://doi.org/10.1016/j.molcel.2012.08.001.

Wolfson RL, Chantranupong L, Saxton RA, Shen K, Scaria SM, Cantor JR, et al. Ses-
trin2 is a leucine sensor for the mTORC1 pathway. Science 2016;351(6268):
43e8. https://doi.org/10.1126/science.aab2674.

Wolfson RL, Chantranupong L, Wyant GA, Gu X, Orozco JM, Shen K, et al. KICSTOR
recruits GATOR1 to the lysosome and is necessary for nutrients to regulate
mTORC1. Nature 2017;543(7645):438e42. https://doi.org/10.1038/nature21423.

Wong W. An arginine sensor for mTORC1. Sci Signal 2016;9(422):ec79. https://
doi.org/10.1126/scisignal.aaf8040.

Woo SY, Kim DH, Jun CB, Kim YM, Haar EV, Lee SI, et al. PRR5, a novel component of
mTOR complex 2, regulates platelet-derived growth factor receptor beta
expression and signaling. J Biol Chem 2007;282(35):25604e12. https://doi.org/
10.1074/jbc.M704343200.

Wu X, Zhao L, Chen Z, Ji X, Qiao X, Jin Y, et al. FLCN maintains the leucine level in
lysosome to stimulate mTORC1. PloS One 2016;11(6):e0157100. https://doi.org/
10.1371/journal.pone.0157100.

Xu BH, Li XX, Yang Y, Zhang MY, Rao HL, Wang HY, Zheng XF. Aberrant amino acid
signaling promotes growth and metastasis of hepatocellular carcinomas
through Rab1A-dependent activation of mTORC1 by Rab1A. Oncotarget
2015;6(25):20813e28. https://doi.org/10.18632/oncotarget.5175.

Yamagata K, Sanders LK, Kaufmann WE, Yee W, Barnes CA, Nathans D, et al. rheb, a
growth factor- and synaptic activity-regulated gene, encodes a novel Ras-
related protein. J Biol Chem 1994;269(23):16333e9.

Yang Q, Guan KL. Expanding mTOR signaling. Cell Res 2007;17(8):666e81. https://
doi.org/10.1038/cr.2007.64.

Yang Q, Inoki K, Ikenoue T, Guan KL. Identification of Sin1 as an essential TORC2
component required for complex formation and kinase activity. Genes Dev
2006;20(20):2820e32. https://doi.org/10.1101/gad.1461206.

Yao Y, Jones E, Inoki K. Lysosomal regulation of mTORC1 by amino acids in
mammalian cells. Biomolecules 2017;7(3):51. https://doi.org/10.3390/
biom7030051.
1023
Yasuda M, Tanaka Y, Kume S, Morita Y, Chin-Kanasaki M, Araki H, et al. Fatty acids
are novel nutrient factors to regulate mTORC1 lysosomal localization and
apoptosis in podocytes. Biochim Biophys Acta 2014;1842(7):1097e108. https://
doi.org/10.1016/j.bbadis.2014.04.001.

Yeh CH, Bellon M, Nicot C. FBXW7: a critical tumor suppressor of human cancers.
Mol Cancer 2018;17(1):115. https://doi.org/10.1186/s12943-018-0857-2.

Yonezawa K, Tokunaga C, Oshiro N, Yoshino K. Raptor, a binding partner of target of
rapamycin. Biochem Biophys Res Commun 2004;313(2):437e41. https://
doi.org/10.1016/j.bbrc.2003.07.018.

Yoon I, Nam M, Kim HK, Moon HS, Kim S, Jang J, et al. Glucose-dependent control of
leucine metabolism by leucyl-tRNA synthetase 1. Science 2020;367(6474):
205e10. https://doi.org/10.1126/science.aau2753.

Yoon MS, Choi CS. The role of amino acid-induced mammalian target of rapamycin
complex 1(mTORC1) signaling in insulin resistance. Exp Mol Med 2016;48(1):
e201. https://doi.org/10.1038/emm.2015.93.

Yoon MS, Son K, Arauz E, Han JM, Kim S, Chen J. Leucyl-tRNA synthetase activates
Vps34 in amino acid-sensing mTORC1 signaling. Cell Rep 2016;16(6):1510e7.
https://doi.org/10.1016/j.celrep.2016.07.008.

Yu L, McPhee CK, Zheng L, Mardones GA, Rong Y, Peng J, et al. Termination of
autophagy and reformation of lysosomes regulated by mTOR. Nature
2010;465(7300):942e6. https://doi.org/10.1038/nature09076.

Zachari M, Ganley IG. The mammalian ULK1 complex and autophagy initiation.
Essays Biochem 2017;61(6):585e96. https://doi.org/10.1042/EBC20170021.

Zhang J, Kim J, Alexander A, Cai S, Tripathi DN, Dere R, et al. A tuberous sclerosis
complex signalling node at the peroxisome regulates mTORC1 and autophagy
in response to ROS. Nat Cell Biol 2013;15(10):1186e96. https://doi.org/10.1038/
ncb2822.

Zhang Y, Huang B, Wang HY, Chang A, Zheng XFS. Emerging role of MicroRNAs in
mTOR signaling. Cell Mol Life Sci 2017;74(14):2613e25. https://doi.org/10.1007/
s00018-017-2485-1.

Zhao Y, Sun Y. Targeting the mTOR-DEPTOR pathway by CRL E3 ubiquitin ligases:
therapeutic application. Neoplasia 2012;14(5):360e7. https://doi.org/10.1593/
neo.12532.

Zhou Y, Ren J, Song T, Peng J, Wei H. Methionine regulates mTORC1 via the T1R1/
T1R3-PLCb-Ca2þ-ERK1/2 signal transduction process in C2C12 cells. Int J Mol
Sci 2016;17(10):1684. https://doi.org/10.3390/ijms17101684.

Zoncu R, Bar-Peled L, Efeyan A, Wang S, Sancak Y, Sabatini DM. mTORC1 senses
lysosomal amino acids through an inside-out mechanism that requires the
vacuolar H(þ)-ATPase. Science 2011;334(6056):678e83. https://doi.org/
10.1126/science.1207056.

https://doi.org/10.1126/science.1257132
https://doi.org/10.1126/science.1257132
https://doi.org/10.1042/bj3340261
https://doi.org/10.1016/j.molcel.2012.08.001
https://doi.org/10.1126/science.aab2674
https://doi.org/10.1038/nature21423
https://doi.org/10.1126/scisignal.aaf8040
https://doi.org/10.1126/scisignal.aaf8040
https://doi.org/10.1074/jbc.M704343200
https://doi.org/10.1074/jbc.M704343200
https://doi.org/10.1371/journal.pone.0157100
https://doi.org/10.1371/journal.pone.0157100
https://doi.org/10.18632/oncotarget.5175
http://refhub.elsevier.com/S2405-6545(21)00130-X/sref161
http://refhub.elsevier.com/S2405-6545(21)00130-X/sref161
http://refhub.elsevier.com/S2405-6545(21)00130-X/sref161
http://refhub.elsevier.com/S2405-6545(21)00130-X/sref161
https://doi.org/10.1038/cr.2007.64
https://doi.org/10.1038/cr.2007.64
https://doi.org/10.1101/gad.1461206
https://doi.org/10.3390/biom7030051
https://doi.org/10.3390/biom7030051
https://doi.org/10.1016/j.bbadis.2014.04.001
https://doi.org/10.1016/j.bbadis.2014.04.001
https://doi.org/10.1186/s12943-018-0857-2
https://doi.org/10.1016/j.bbrc.2003.07.018
https://doi.org/10.1016/j.bbrc.2003.07.018
https://doi.org/10.1126/science.aau2753
https://doi.org/10.1038/emm.2015.93
https://doi.org/10.1016/j.celrep.2016.07.008
https://doi.org/10.1038/nature09076
https://doi.org/10.1042/EBC20170021
https://doi.org/10.1038/ncb2822
https://doi.org/10.1038/ncb2822
https://doi.org/10.1007/s00018-017-2485-1
https://doi.org/10.1007/s00018-017-2485-1
https://doi.org/10.1593/neo.12532
https://doi.org/10.1593/neo.12532
https://doi.org/10.3390/ijms17101684
https://doi.org/10.1126/science.1207056
https://doi.org/10.1126/science.1207056

	Regulation of mTORC1 by amino acids in mammalian cells: A general picture of recent advances
	1. Introduction
	2. mTOR and mTORC1 signaling pathway
	2.1. mTOR
	2.2. The mTORC1 signaling pathway

	3. AA signaling upstream of mTORC1
	3.1. Lysosome-dependent AA perception: the ‘inside-out’ model
	3.1.1. Rag GTPase
	3.1.2. Ragulator
	3.1.3. V-ATPase
	3.1.4. Rheb

	3.2. Sensing AA in the cytoplasm through GATOR and Leucyl-tRNA synthetase
	3.2.1. GATOR
	3.2.2. RNF152 and Skp2
	3.2.3. SAMTOR and CASTOR
	3.2.4. LRS and Sestrins

	3.3. AA sensing by Rab1A at the Golgi
	3.4. Gln regulation of mTORC1
	3.5. Potential extracellular AA sensing pathways
	3.6. Differences in the regulation of mTORC1 by AA
	3.6.1. Stimulation intensities of mTORC1 by individual AA
	3.6.2. Differences in AA signaling between cell types


	4. Discussion
	5. Conclusion
	Author contributions
	Conflict of interest
	Acknowledgements
	References


