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Abstract

The kinase mTOR (mechanistic target of rapamycin) integrates diverse environmental signals and
translates these cues into appropriate cellular responses. mTOR forms the catalytic core of at least
two functionally distinct signaling complexes, mTOR complex 1 (nTORC1) and mTOR complex
2 (MTORC2). mTORC1 promotes anabolic cellular metabolism in response to growth factors,
nutrients, and energy and functions as a master controller of cell growth. While significantly less
well understood than mTORC1, mTORC2 responds to growth factors and controls cell
metabolism, cell survival, and the organization of the actin cytoskeleton. mTOR plays critical
roles in cellular processes related to tumorigenesis, metabolism, immune function, and aging.
Consequently, aberrant mTOR signaling contributes to myriad disease states, and physicians
employ mTORC1 inhibitors (rapamycin and analogs) for several pathological conditions. The
clinical utility of mTOR inhibition underscores the important role of mTOR in organismal
physiology. Here we review our growing knowledge of cellular mTOR regulation by diverse
upstream signals (e.g. growth factors; amino acids; energy) and how mTORC1 integrates these
signals to effect appropriate downstream signaling, with a greater emphasis on mTORC1 over
mTORC2. We highlight dynamic subcellular localization of mMTORC1 and associated factors as an
important mechanism for control of mMTORC1 activity and function. We will cover major cellular
functions controlled by mTORC1 broadly. While significant advances have been made in the last
decade regarding the regulation and function of mTOR within complex cell signaling networks,
many important findings remain to be discovered.
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Introduction

All cells from single-celled organisms to those comprising multicellular organisms sense
and respond rapidly to fluctuations in their nutritional and energetic environments in order to
modulate cell metabolism appropriately and maintain cellular homeostasis. Consequently,
cells coordinate nutritional and energetic supply and demand tightly to prevent engagement
in ATP-consuming anabolic processes when environmental resources become limited.
During evolution, multicellular organisms acquired the additional ability to sense and
respond to long-range systemic signals (i.e. hormones; growth factors; mitogens; cytokines)
(referred to collectively as “growth factors” here) to enable communication between tissues
and organ systems. mTOR, the mechanistic target of rapamycin, functions as a critical
integrator of these diverse environmental cues by integrating them into appropriate cellular
responses.

mTOR, an evolutionarily conserved serine/threonine protein kinase, belongs to the
phosphatidylinositol-3 kinase (P13K)-related kinase (PIKK) superfamily. mTOR represents
the functional target of a natural macrolide antibiotic called rapamycin (clinically known as
sirolimus). Rapamycin, produced by the bacterium Streptomyces hygroscopicus, was
discovered in soil samples from Easter Island (known as Rapa Nui to the native population)
in the 1970s (1; 2). Rapamycin reduces eukaryotic cell proliferation to various degrees, with
immune cells showing strong sensitivity. To identify the target of rapamycin, Hall and
colleagues performed an elegant genetic screen in 1991 in the budding yeast Saccharomyces
cerevisiae. Mutations in three genes, Fpr1 (an orthologue of FKBP12 [FK506-binding
protein 12]), Tor1 and Tor2, conferred resistance to rapamycin (3) (and reviewed in (2)).
Today we understand that rapamycin associates with an endogenous cellular protein,
FKBP12, and this complex docks to the FRB (FKBP12 rapamycin binding) domain located
immediately N-terminal to the C-terminal mTOR kinase domain (see the accompanying
article for greater detail regarding mTOR structure), resulting in allosteric inhibition of
mTOR activity and signaling (4-6). By affinity purification of FKPB12-rapamycin binding
proteins, several groups identified the mammalian orthologue of budding yeast Tor1/2 in
1994-95 (7-9).

mTOR constitutes the catalytic core of two known signaling complexes, mTOR complex 1
(mMTORCL1) and mTOR complex 2 (mMTORC?2) (10; 11). These mTOR complexes
(mTORCSs) possess distinct substrates, cellular functions, and sensitivity to rapamycin.
Acute rapamycin treatment inhibits cellular mTORC1 but not mTORC?2 signaling while
longer-term rapamycin treatment suppresses mTORC2 function by compromising complex
integrity to variable degrees depending on cell type (12). Rapamycin fails to inhibit the
phosphorylation of all nTORC1 substrates equally (13; 14). It completely inhibits
phosphorylation of S6K1 (ribosomal protein S6 kinasel) but only partially inhibits
phosphorylation of 4EBP1 (eukaryotic initiation factor 4E binding protein 1). The
development of ATP-competitive mTOR catalytic inhibitors (i.e. Torinl; Ku-0063794)
revealed that mMTORCL1 phosphorylates substrates in both rapamycin-sensitive and -
insensitive manners (15-18), possibly due to differential substrate access to the kinase active
site controlled by the mTOR FRB domain (19) and/or due to differential substrate quality
conferred by phosphorylation site consensus sequence (20; 21).
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The exclusive mTOR partner raptor (regulatory-associated protein of mTOR) defines
mMTORC1 (22; 23) while the exclusive mTOR partner rictor (rapamycin-insensitive
companion of mTOR) defines mTORC2 (24; 25) (Figure 1). In addition to raptor, mMTORC1
contains mLST8/GBL (mammalian lethal with Sec 13 protein 8/G-protein B-protein subunit
like) (26), PRAS40 (Akt/PKB substrate 40 kDa) (27; 28), and deptor (DEP-domain-
containing mTOR interacting protein) (29). Raptor serves a scaffolding role, functioning to
recruit substrates to the mTOR kinase through their TOS (TOR signaling) motifs (30; 31).
Global deletion of raptor in mice results in early embryonic lethality (e5.5) (32), similar to
the global knockout of MTOR (33). PRAS40 and deptor function as both suppressors and
targets of mMTORCL1, likely by acting as competitive substrates (29; 34), while mLST8/ GBL
is not essential for mTORCL function (32). In addition to rictor (24; 25), mMTORC?2 contains
mSIN1 (mammalian stress-activated protein kinase interacting protein 1) (35; 36), protor1/2
(protein observed with rictor 1/2) (aka PRR5) (37), mLST8/GPL (24; 25), and deptor (29).
Thus, mMTORC1 and mTORC2 contain distinct and shared partner proteins. Similar to raptor
within mTORCL, rictor and mSinl serve as critical scaffolds that control mTORC2
integrity, regulation by upstream signals, and substrate choice (24; 25; 35; 36). Unlike
MTORC1, mLST8/GPL is required for mTORC2 function; like rictor, its deletion in mice
causes embryonic lethality (e10.5) (32). The role of protor remains unclear. It is important to
note that mTOR also assembles into relatively homologous TORC1 and TORC2 complexes
in budding and fission yeast, underscoring the ancestral origin of the TORCs.

While TORCL1 in yeast responds simply to environmental nutrients and energy, mTORCL1 in
higher eukaryotes responds to a broader array of upstream signals, integrating cues from
growth factors (i.e. insulin; IGF; EGF; cytokines) to modulate cellular functions
appropriately (Figure 1) (10; 11). mTORC1 function absolutely requires sufficient levels of
amino acids such that their withdrawal inactivates mTORC1 signaling rapidly and renders
mTORC1 activation refractory to virtually all other inputs, including growth factors. To
limit cellular engagement in energy costly anabolic processes, nutrient and growth factor
withdrawal as well as diverse types of cell stress (i.e. low energy; hypoxia; ER stress; ROS
(reactive oxygen species)) downregulate mTORC1 signaling (38). Upon activation,
mTORC1 signaling drives cap-dependent protein synthesis, cell growth, and cell
proliferation through phosphorylation of the ribosomal protein S6 kinases (S6K1/2) and the
eukaryotic initiation factor 4E (elF4E) binding proteins 1-3 (4EBP1-3) at least in part (10;
11; 39). While the current set of direct mTORCL1 substrates remains somewhat limited (e.g.
S6Ks; 4EBPs; IRS-1; ULKZ1; Lipinl; TFEB; Grb10), quantitative phosphoproteomic screens
identified a large number of downstream mTORC1 effectors, many of which likely represent
bona fide mTORCL substrates (40; 41) (Figure 1). mTORCL1 promotes other anabolic
processes including lipid and nucleotide synthesis and suppresses autophagy, a degradative
process in which autophagosomes break down macromolecules and organelles during
nutrient and energy starvation. Thus, mTORCL drives anabolic and suppresses catabolic
cellular processes. Our understanding of the regulation and function of mMTORC2 lags far
behind that of mMTORC1 due to its more recent discovery (24; 25) and the lack of mMTORC2-
specific inhibitors. Growth factors activate mTORC2, which phosphorylates a limited set of
known substrates including Akt (aka PKB), PKCa (protein kinase Ca), and SGK1 (serum
and glucocorticoid-induced protein kinase). mTORC2 modulates cell metabolism and the
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organization of the actin cytoskeleton and enhances cell survival, due to its activation of the
survival kinase Akt (42; 43) (Figure 1).

Aberrant mMTORCL1 function contributes to myriad pathologic conditions including cancer
and benign tumor syndromes, metabolic disorders (e.g. type Il diabetes; obesity),
cardiovascular disorders, inflammatory disorders, and neurological disorders (10; 11).
Consequently, clinicians employ rapamycin (aka sirolimus) and rapamycin analogs
(rapalogs) (i.e. everolimus; temsirolimus) for immunosuppression following renal
transplantation and for treatment of renal cell carcinoma, neuroendocrine tumors of
pancreatic origin, tuberous sclerosis complex (TSC, a benign tumor syndrome), and cardiac
restenosis following angioplasty (6). The role of mTOR in pathophysiology of disease
combined with the utility of mTORC1 inhibitors in clinical medicine underscores the
importance of elucidating the regulation and function of mMTORC1 at the cellular level (44).

Growth factor sensing by the TSC-Rheb axis

Growth factors, in particular insulin/ IGF (insulin-like growth factor) and EGF (epidermal
growth factor), represent the best understood inputs that lead to activation of mMTORC1 upon
converging on the TSC (tuberous sclerosis complex) / Rheb axis (45). TSC, composed of
TSC1 (aka hamartin), TSC2 (aka tuberin), and a more recently discovered third subunit,
TBC1D7 (TBC [Tre2-Bub2-Cdc16] 1 domain family member 7), functions as a tumor
suppressor that inhibits mMTORC1 (46) (Figure 1). Inactivating mutations in either TSC1 or
TSC2 increases mTORCI signaling and causes an autosomal dominant disease in which
benign tumors form in various organs including brain, kidney, and heart (47). TSC inhibits
mTORCL1 by inhibiting Rheb, (Ras homolog enriched in brain), a small Ras-like GTPase
essential for mTORC1 activation by all upstream signals.

Insulin-PI3K-Akt signaling

Insulin/IGF binding to its cognate cell surface tyrosine kinase receptor leads to tyrosine
phosphorylation of IRS (insulin receptor substrate) proteins, which recruits and activates
PI3K (phosphatidylinositol 3-kinase) (48) (Figure 1). Increased production of the phospho-
lipid P1(3,4,5)P3 on lipid membranes by PI3K recruits Akt via its PH (pleckstrin homology)
domain, leading to PDK1-mediated phosphorylation of Akt on its activation loop (T308)
(49). It is important to note that additional phosphorylation of Akt on its hydrophobic motif
(S473) by PI3K-controlled mTORC2 boosts Akt activity several fold further (49; 50).
Activated Akt then phosphorylates TSC2 on several sites (S939; T1462) to suppress the
inhibitory effect of the TSC complex toward mTORC1, thus leading to increased mTORC1
signaling (51; 52). TSC2 possesses a GAP (GTPase activating protein) domain that
hydrolyzes active Rheb-GTP to inactive Rheb-GDP. Thus, in response to insulin/PI3K
signaling, Akt phosphorylates and inactivates TSC2, which increases Rheb-GTP loading and
mTORC1 kinase activity (27). While Rheb-GTP interacts with the mTOR kinase domain
(27; 53), the underlying molecular mechanism by which Rheb activates mTORC1 remains
unclear.

Other parallel mechanisms contribute to activation of mMTORC1 by insulin/IGF. Akt and
mTORC1 phosphorylate PRAS40, an mTORCL inhibitory partner (on T246 and S183/5212/

Semin Cell Dev Biol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Huang and Fingar

Page 5

S221, respectively), inducing the dissociation of PRAS40 from mTORCL1 and thus relieving
PRAS40-mediated substrate competition (27; 28; 34; 54). Insulin/PI3K signaling also leads
to mTORC1-mediated phosphorylation of raptor (on S863) to promote mTORC1 signaling
(55; 56). Moreover, phosphorylation of mTOR itself (on S1261, S2159, and T2164) by
unknown kinases (57; 58) and on S1415 by IKKa (59) contributes to increased mTORC1
signaling. While mTOR autophosphorylation on S2481 plays no known role in mMTORC1
function, it serves as a biomarker for mTORC1 and mTORC2 catalytic activity in intact
cells (5). Many phospho-proteomic studies agree that mTOR and its partner proteins
undergo phosphorylation on many sites (40; 41; 60). Consequently, a challenge for the
future will be to identify the kinases that act on these sites directly and to decipher the
regulation and functional significance of complex mTORC phosphorylation.

EGF-Ras-MAPK signaling

EGF activates mTORC1 signaling independently of the PI3K/Akt axis. EGF binding to its
cell surface tyrosine kinase receptor activates the Ras GTPase, which leads to activation of
c-Raf, MEK (MAPK/ERK kinase), MAPK (mitogen activated protein kinase) (aka ERK)
and RSK (p90 ribosomal S6 kinase (Figure 1). Similar to Akt, MAPK and RSK
phosphorylate TSC2 on different sites (S540/S644 and S1798, respectively) to suppress the
inhibitory action of TSC2 toward Rheb (61; 62). By a parallel pathway, the Ras/sMAPK
pathway converges on raptor. MAPK phosphorylates raptor (on S8/S696/S863) and RSK
phosphorylates raptor (on S719/S721/S722)(63; 64) to promote mTORC1 signaling.

MTORC2 regulation

Insulin/P13K signaling leads to mMTORC2-mediated phosphorylation of Akt on its
hydrophobic motif (HM) site, S473 (Figure 1) as well as the HM sites of other AGC kinases,
PKCa (on S657), and SGK1 (on S422) (25; 50; 65). Insulin increases the kinase activity of
mTORC?2 in vitro in a manner sensitive to cellular treatment with the PI3K inhibitor
wortmannin (66). Thus, insulin/PI3K signaling activates mTORC?2; it is important to note,
however, that the signaling intermediates that link PI3K to mTORC2 remain virtually
unknown. Interestingly, while TSC inhibits mMTORC1, TSC activates mTORC2 (66). MEFs
lacking TSC2 display reduced mTORC2 kinase activity toward Akt in vitro and decreased
Akt S473 phosphorylation in intact cells in a manner independent of the well-known
mTORC1-mediated negative feedback loop that attenuates PI3K signaling (discussed below)
(66). In addition, TSC associates with mTORC2. These data suggest quite different
regulation of mMTORC2 compared to mTORCL. On the other hand, the Racl GTPase
interacts with mTOR and provides an activating signal to both mTORC1 and mTORC?2 in
response to growth factors in a PI3K/Akt-independent manner, suggesting that common
upstream inputs co-regulate both mTORCs (67). There is no question that important
discoveries await regarding mTORC2 regulation.

As mTORC2 mediates Akt S473 phosphorylation, it would seem that mTORC2 lies
upstream of mMTORCL. While such epistasis may hold true in certain cellular contexts,
genetic knockout or knockdown of core mMTORC2 components (i.e. rictor; mSinl) in many
cultured cell types has no effect on TSC2 phosphorylation and mTORCL signaling (32; 68).
Thus, mTORC?2 function is not required for mTORC1 action. On the other hand, mTORC2
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function is required for Akt-mediated phosphorylation of other substrates (i.e. Fox01/3a)
(32; 68). These data can be explained by the known essential requirement for activation loop
site (T308) but not HM site (S473) phosphorylation for Akt kinase activity; Akt S473
phosphorylation boosts Akt activity further and may modulate substrate specificity (32; 49;
68). Thus, in many cellular contexts Akt phosphorylation on its activation loop without HM-
site phosphorylation provides sufficient activity to mediate downstream signaling to
MTORCL1.

Interestingly, mTORC2 associates with ribosomes in a growth factor sensitive manner (69;
70). Structurally intact ribosomes, but not protein synthesis itself, are required for mTORC2
kinase activity in vitro and signaling in intact cells (70). Thus, a direct interaction of
mTORC?2 with ribosomes may play a role in insulin/PI3K-meditated mTORC2 activation.
mTORC?2 also promotes turn-motif (TM) site phosphorylation of Akt (T450) and several
conventional PKCs (PKCa T638 and PKC[ T641) in a co-translational manner
independently of growth factor status, functioning to increase protein stability and folding
(71; 72). In addition to interacting with ribosomes (likely those associated with ER engaged
in protein translation), mTORC2 associates with an ER sub-compartment called MAM
(mitochondrial-associated ER membrane) in a growth factor stimulated manner. mMTORC2
inactivation decreases MAM integrity, mitochondrial metabolism, and cell survival (73).

Negative feedback signaling

Several negative feedback mechanisms modulate the mTOR signaling network, as signal
attenuation limits signal amplitude and duration critical for homeostatic control of complex
biological systems. Cellular TSC loss leads to elevated and constitutive mTORC1 signaling
independent of growth factor status and attenuates PI3K signaling, thus producing a state of
cellular insulin resistance (74; 75). S6K1 and mTORC1 phosphorylate IRS-1 directly to
induce its degradation, thus uncoupling the insulin receptor from PI3K. mTORC?2 also limits
P13K signaling by inducing IRS-1 degradation (76). mTORC2 phosphorylates and stabilizes
Fbw?7, an ubiquitin ligase subunit that targets IRS-1 for degradation (76). Grb10 was
identified as a direct MTORC1 substrate in phosphoproteomic screens (40; 76). mMTORC1-
mediated phosphorylation of Grb10, a growth factor receptor-bound adaptor that limits
growth factor signaling, stabilizes Grb10 and attenuates both PI3K and MAPK/ERK
signaling. Depending on cellular context, either S6K1 or Akt phosphorylate mSinl directly
(on T86 and T398), a critical mMTORC2 partner, dissociating mSinl from the complex and
decreasing mTORC?2 signaling (40). Along similar lines, several groups reported that S6K1
phosphorylates rictor directly (T1135) (77-80), which may reduce mTORC?2 signaling to
Akt (78; 79). These data reveal that both mTORC1 and mTORC2 engage in negative
feedback to maintain proper signaling by growth factor receptors and the mTORCs.

Amino acid sensing by the Rag-Ragulator axis and other emerging factors

Sufficient levels of amino acids, particularly leucine, are essential for basal mMTORC1
signaling from yeast to mammals and for robust activation of mMTORCL in response to
growth factor signals in higher eukaryotes (81; 82). How cells sense amino acid levels
remains poorly defined, but great progress has been made in recent years identifying the
machinery that propagates amino acid sensing proximal to mTORC1. While several
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signaling molecules that link amino acid sensing to mMTORCL1 have been identified (see text
below), the Rag GTPases, the Ragulator complex, and the v-ATPase represent the best-
characterized links between amino acid sensing and mTORC1.

The Rag GTPases

The evolutionarily conserved family of Rag GTPases function as obligate heterodimers in
which Rag A or Rag B dimerizes with RagC or RagD (Figure 2). Upon amino acid
stimulation, RagA/B loads with GTP and binds raptor while RagC/D loads with GDP (83;
84). Expression of dominant-active RagA/B mutants (loaded constitutively with GTP)
promote mTORCL1 signaling in the absence of cellular amino acids while expression of
dominant-negative RagA/B mutants (nucleotide-free) suppress mTORC1 signaling in the
presence of amino acids. Thus, heterodimers composed of RagA/BETP-RagC/DCPP form
during amino acid sufficiency to promote mTORCL1 signaling and heterodimers composed
of RagA/BEPP-RagC/DCTP form during amino acid withdrawal (83; 84). As exogenous
expression of RagA/BETP-RagC/DCPP heterodimers more strongly activate mTORC1 in
amino acid deprived cells than exogenous expression of dominant-active RagA/B alone,
these data suggest that the nucleotide-bound state of RagC/D as well as that of RagA/B
indeed contributes to mTORCL1 signaling in response to amino acids.

How do Rags control amino acid-mediated activation of mMTORC1? While Rheb-GTP
provided in vitro increases mTORC1 kinase activity directly (27), active RagA/BCTP-
RagC/DCGPP heterodimers provided in vitro are insufficient (83). Cellular amino acid
stimulation induces the translocation of mTOR and raptor from a poorly defined
cytoplasmic compartment to LAMP1/2-positive lysosomal membranes, a site to which the
Rags and Rheb also localize (83; 85). Importantly, mTORCL1 translocation requires the Rags
(83). These data suggest a model in which the amino acid-Rag axis activates mMTORC1 by
controlling mTORC1 subcellular localization: Amino acid signaling drives the formation of
active RagA/BCTP-RagC/DCEPP heterodimers, which bind raptor to recruitmTORCL1 to the
lysosomal surface where mTORCL receives an essential activating input from Rheb (and
possibly from other inputs) (Figure 3). While Rheb docks to internal membranes by a
farnesyl lipid moiety, Rag GTPases do not possess lipid-anchoring motifs.

The Ragulator complex

A pentameric complex called the Ragulator, consisting of p18 (LAMTORL), p14
(LAMTOR2), MP1 (LAMTORR3), c70rf59 (LAMTOR4), and HBXIP (hepatitis B virus X
interacting protein) (LAMTORYS), was found to anchor the Rags to lysosomal membranes
through p18 myristoylation (85; 86) (Figure 3). The Ragulator complex not only tethers the
Rags to lysosomal membranes, it possesses GEF activity toward RagA/B to enable exchange
of GDP for GTP, thus converting Rag heterodimers to an active state (85). Conversely, a
complex of proteins termed GATOR1, which contains proteins DEPDC5, Nprl2, and Nprl3,
binds Rag heterodimers and possesses GAP activity for RagA/B, thus converting Rag
heterodimers to an inactive state (87). A complex called GATOR2, which contains proteins
Mios, Wdr24, Wdr59, Sehl1L, and Sec13, suppresses GATORL. Indeed, inactivation of
GATOR1 subunits renders mTORCL resistant to amino acid deprivation while inactivation
of GATOR2 subunits suppresses mTORCL signaling (87).
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RagC/D not only function as obligate binding partners for RagA/B, their nucleotide binding
state also participates in amino acid controlled mTORCL function. Folliculin (FLCN) and its
interacting partners FNIP1/2 are required for amino acid-stimulated translocation of
mTORC1 to lysosomes, where they dock to Rag GTPases in the absence of amino acids,
poised to convert RagC/DETP to RagC/DSPP upon docking of mTORCL1 to the lysosomal
surface upon amino acid addition (88; 89) (Figure 2). FLCN possess GAP activity toward
RagC/D but not RagA/B and thus converts Rag heterodimers from an inactive RagA/BCPP-
RagC/DCTP to an active RagA/BCTP-RagC/DCPP nucleotide-bound state that stabilizes
mTORC1 docking (89). The discovery that a spatial-temporal mechanism governs amino
acid-mediated mTORCL1 signaling explained a long-standing mystery in the field regarding
why growth factors fail to activate mTORCL in the absence of amino acids: If mMTORC1
localizes within the cell to the wrong place at the wrong time, mTORC1 cannot be activated
by upstream inputs.

The v-ATPase

How do cells sense amino acid levels? The discovery that the v-ATPase (vacuolar H*-
adenosine triphosphatase) interacts with the Ragulator complex and Rag GTPases on the
lysosomal surface and senses amino acids levels, possibly from within the lysosomal lumen,
begins to elucidate these important but poorly resolved questions (90). v-ATPase subunits
and its ATP hydrolyzing catalytic activity are required for generation of active RagA/BCTP-
RagC/DCPP heterodimers, for amino acid-mediated localization of mTORC1 to lysosomes,
and for activation of mMTORCL1 (Figure 2). Its classical function as a proton pump that lowers
luminal pH of lysosomes is not required for mTORC1 activation, however (90). Amino
acids modulate interactions between the v-ATPase, Ragulator, and Rags (90), and amino
acid accumulation within the lysosomal lumen correlates with recruitment of mMTORCL1 to
lysosomal membranes. Thus, mTORC1 appears to sense intra-lysosomal amino acids by an
“inside-out” mechanism. It is important to note, however, that the overall importance of
intra-lysosomal amino acids for mTORCL1 recruitment remains unclear. In this proposed
model, the membrane-spanning v-ATPase senses luminal amino acids and undergoes
conformational changes to relay the amino acid signal to the Ragulator-Rag complex on the
cytosolic lysosomal face and ultimately to mTORC1 (90).

Emerging amino acid sensing factors

Other signaling factors linked to amino acid sensing by the Rag GTPases include leucyl-
tRNA synthetase (LRS), the signaling adaptor p62 (aka sequestasome-1; SQSTM1), TRAF6
(TNF receptor associated factor 6), MAP4K3 (mitogen activated protein kinase kinase
kinase kinase 3), and SH3BP4 (SH3 binding protein 4). Whether these Rag-linked signaling
factors operate independently of or in conjunction with the Ragulator and v-ATPase remains
unknown at this time. Other amino acid sensing factors not yet linked to the Rag GTPases
include the Vps34 (vacuolar protein sorting 34)-PLD1 (phospholipase D1) pathway (91-93),
the RalA GTPase (94) and IPMK (inositol polyphosphate multikinase) (95) (Figure 2).

Leucyl-tRNA synthetase (LRS), the enzyme that ligates leucine to its cognate tRNA,
functions as an intracellular leucine sensor important for amino acid stimulated mTORC1
activation (96; 97). Amino acid stimulation induces the translocation of LRS to lysosomal
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membranes, where LRS associates with RagD and mTORCL. LRS possesses GAP activity
for RagD and thus facilitates the generation of active Rag heterodimers (96). An LRS-
dependent mechanism also functions in amino acid sensing in budding yeast, although some
mechanistic details differ (97). The signaling adaptor p62 (aka sequestasome-1; SQSTM1),
which targets proteins for autophagic degradation, co-localizes with Rags on lysosomal
membranes and interacts with raptor and mTOR in an amino acid-dependent manner (98).
p62 is required for amino acid-induced mTORCL translocation to lysosomes and appears to
stabilize active Rag heterodimers. p62 also interacts with TRAF6, an enzyme that catalyzes
K63-linked ubiquitination (98; 99). In amino acid stimulated cells, p62 recruits TRAF6 to
mTORC1, which catalyzes K63-linked ubiquitination of mTOR, an event required for
mTORC1 signaling (99). As the p62-TRAF6 axis is not required for growth factor signaling,
it likely provides a non-essential, parallel input that converges on the core Rag machinery to
modify amino acid sensing. The Ste20 family member MAP4K3 (mitogen activated protein
kinase kinase kinase kinase 3) and SH3BP4 (SH3 binding protein 4) also link to the Rag
GTPases, although many molecular details remain unresolved. Amino acids but not insulin
activate MAP4K3, which interacts with Rag GTPases and is required for amino acid-
induced mTORCL1 activation (100; 101). Consistently, PP2A/PR61¢, a phosphatase that
inhibits MAP4K3, suppresses mTORC1 signaling upon amino acid deprivation (102).
SH3BP4 binds to inactive Rag heterodimers during amino acid deprivation via its SH3
domain to inhibit formation of active Rag heterodimers, thus suppressing mTORC1
signaling (103). By a Rag GTPase independent pathway, the class 111 phosphatidylinositol 3-
kinase Vps34 (91-93), the RalA GTPase (94) and IPMK (inositol polyphosphate
multikinase) (95) are also required for amino acid-induced mTORC1 signaling.

Sufficient levels of leucine and glutamine are particularly important for amino acid-induced
mTORC1 signaling (81; 82). The export of glutamine across the plasma out of the cell by
the bidirectional amino acid permease SLC7A5-SLC3A2 drives leucine into the cell (104).
Thus, cellular glutamine indirectly influences leucine-induced mTORCL1 signaling. By a
more direct mechanism, hydrolysis of glutamine itself by glutaminolysis into glutamate (by
glutaminase (GLS)) and aKG (ketoglutarate) (by glutamate dehydrogenase (GDH))
activates mTORC1 (105). Glutaminolysis and its product aKG promote RagB GTP-loading,
mTORC1 translocation to lysosomes, and activation of mMTORC1 (105). Consistently,
glutaminolysis promotes cell growth and suppresses autophagy, two important mMTORC1
controlled processes. As leucine functions as an allosteric cofactor for GDH, leucine and
glutamine cooperate to activate mMTORC1. This work explains in part the glutamine
addiction that many cancer cells demonstrate. Not only does glutamine metabolism promote
mTORC1 signaling via production of aKG (105), mTORC1 signaling feeds forward to
promote glutamine metabolism and the production of aKG as an anaplerotic source to fuel
the TCA cycle (106). mTORCL signaling represses transcription of SIRT4, a mitochondrial-
localized sirtuin that inhibits GDH (106). Thus, mTORC1 augments GDH activity to
increase levels of aKG to drive ATP production.
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The lysosome as a critical platform for upstream signal integration and
MTORC1 activation

Discovery of the mTORCL1 proximal amino acid sensing machinery- composed of the Rags,
Ragulator complex and v-ATPase- identified the lysosome as a critical platform for
mTORC1 docking and activation. Moreover, it revealed subcellular localization as an
important molecular mechanism for regulation of mMTORC1. Absence of mMTORC1 from an
activating site- the lysosomal surface-explains why diverse growth factors fail to activate
mTORC1 in the absence of amino acids. Consistent with this model, amino acid depletion
inhibits mTORC1 in the absence of TSC complex function, indicating that the amino acid
sensing Rag pathway functions in a parallel and dominant manner to the growth factor
sensing Akt-TSC pathway (107; 108). Inconsistent with this model, loss of TSC was also
reported to attenuate the ability of amino acid depletion to inhibit mMTORCL signaling (109;
110). Recent work resolves these seemingly discrepant results by revealing that amino acids
and insulin each modulate the subcellular localization of the TSC complex in a dynamic
manner (110; 111). Upon amino acid withdrawal, inactive Rag GTPases (i.e. RagA/BCGPP-
RagC/DCTP) dissociate mTORC1 but recruit the TSC complex (via TSC2) to the lysosomal
surface; due to spatial proximity, the GAP activity of TSC2 engages Rheb to hydrolyze
active Rheb-GTP to inactive Rheb-GDP (110) (Figure 3). Thus, the Rag GTPases recruit
both mTORC1 and the TSC complex in an opposite fashion depending on nucleotide
binding state. Upon insulin stimulation, PI3K signaling mediates Akt-dependent
phosphorylation of TSC2, which induces TSC complex dissociation from the lysosomal
surface (111); due to spatial restriction, the GAP activity of TSC2 cannot hydrolyze active
Rheb-GTP into inactive Rheb-GDP. The finding that insulin-PI3K-Akt signaling induces
dynamic TSC movement off lysosomal membranes provided a molecular mechanism for
how TSC2 phosphorylation suppresses its GAP activity toward Rheb, a longstanding
question in the field, as little experimental evidence supported the hypothesis that TSC2
phosphorylation by Akt modulates the intrinsic GAP activity of TSC2. Taken together,
amino acid and growth factor signals converge on the TSC complex by controlling its
dynamic subcellular localization on and off the lysosomal surface, thus effecting the
integration of these signals (Figure 3). The dynamic localization of TSC in response to
amino acids and insulin, combined with variable cellular sensitivity to these signals
depending on cell type and culture conditions, likely explains the seemingly variable role of
the TSC complex in amino acid responsiveness in various studies.

Other work reinforces the concept of the lysosome as a critical platform for mMTORC1
activation. In response to amino acids, PLD1 (phospholipase D1) translocates to lysosomal
membranes where it participates in activation of mMTORCL1 (93) (Figure 1). The amino acid
sensing lipid kinase Vps34 mediates activation of PLD1 (phospholipase D1) by generating
P1(3)P on endomembranes and creating a docking site for the PX-domain of PLD1 (93). The
activation of mMTORCL in response to amino acids by this Vps34-PLD1 axis occurs in
parallel to the Rag pathway and thus represents an independent mechanism for amino acid
sensing by mTORC1 (93). Interestingly, PLD1 also functions downstream of Rheb,
suggesting that a Vps34-PLD1 axis senses amino acids while a Rheb-PLD1 axis senses
growth factors (112). In response to growth factors, activation of PLD1 and generation of its
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product phosphatidic acid (PA), a lipid second messenger, activates mTORC1 (113-115).
PA binds mTOR near the FRB (FKBP12-rapamycin binding)-domain to activate mMTORC1
by an allosteric mechanism and by displacing FKBP38 (FK506 binding protein 38), an
mTORCL1 inhibitory protein (116). Thus, similar to the TSC complex, PLD1 integrates
amino acid and growth factor signals (117).

Not only does the lysosome function as a signaling platform that integrates upstream signals
to effect proper regulation mTORC1, mTORC1 action on the lysosomal surface also
controls the biogenesis of the organelle itself. Lysosomes function in various degradative
events including autophagy as well as energy metabolism and cell signaling (118). TFEB
(transcription factor EB), a master regulator of gene expression that controls lysosome
biogenesis, co-localizes with TORC1 on lysosomal membranes (119-121). During amino
acid sufficiency, active Rag heterodimers recruit both mTORC1 and TFEB to the lysosome
where mTORCL1 interacts with and phosphorylates TFEB (on S142; S211); mTORC1-
mediated TFEB phosphorylation inhibits TFEB action by inducing its cytosolic retention
and thus nuclear exclusion to reduce lysosome biogenesis (119-121). During amino acid
withdrawal, hypo-phosphorylated TFEB translocates into the nucleus to drive gene
expression and lysosome biogenesis. Consistently, FLCN is required for mTORC1-mediated
phosphorylation and cytosolic sequestration of TFEB (88).

Do other endomembranes function as mMTORC1 docking platforms to control mMTORC1
activation? In response to ROS (reactive oxygen species), the TSC complex localizes to
peroxisomes by binding to PEX19 (peroxisomal biogenesis factor 19) and PEX5 where it
inactivates Rheb and mTORCL1 to drive autophagy (122; 123). Phospho-lipids also control
mTORC1 subcellular localization, reinforcing the emerging concept of endomembranes as
important sites for mMTORCL activation (124; 125). The class Il lipid kinase Vps34 and the
class Il lipid kinase PI3K-C2alpha, which generate the phospholipid PI(3)P on
endomembranes, functions in an mTORC1 amino acid sensing pathway (91; 92; 124). In
addition, the lipid kinase that phosphorylates PI(3)P to generate P1(3,5)P2 on
endomembranes, PIKFYVE (a phosphatidylinositol-3-phosphate-5-kinase), controls
mTORC1 activation in both mammalian cells and yeast, indicating an evolutionarily
conserved function for this signaling lipid (124; 125). Moreover, PI(3,5)P2 binds to raptor,
and in response to insulin in 3T3-L1 adipocytes, generation of P1(3,5)P2 contributes to
mTORC1 activation and mediates mTORC1 translocation to the plasma membrane (124).
Altered function of Rab5, a small GTPase that controls early to late endosome maturation
and that regulates PI(3)P synthesis on endosomes, impairs both amino acid- and insulin-
induced activation and subcellular localization of mMTORC1 (126; 127). Taken together,
these data point to an emerging role for phospholipids in endocytic trafficking, subcellular
localization, and activation of mMTORC1, possibly on other endomembrane sites in addition
to lysosomes.

Energy and stress sensing

Cellular energy produced by sufficient levels of nutrients (i.e. amino acids, glucose, and
oxygen) enables cells to engage in ATP-consuming anabolic metabolism. Energy
deprivation caused by nutrient insufficiency rapidly alters cell metabolism to shut down
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anabolic cellular processes and turn up catabolic cellular processes (i.e. autophagy) capable
of providing emergency energy sources. mTORC1 functions not only as a critical integrator
of amino acid signals, it functions as a critical integrator of energy signals. In addition,
diverse forms of cell stress suppress mTORCL.

Energy stress caused by glucose deprivation, hypoxia, or pharmacologic inhibition of
glycolysis or mitochondrial function reduces cellular ATP levels (128). The resulting rise in
AMP/ATP and ADP/ATP ratios activates AMPK (AMP-activated protein kinase), which
phosphorylates TSC2 (on S1345) to augment inhibitory action of the TSC complex toward
MTORC1 (129) (Figure 1). In TSC null cells, energy stress partially decreases mTORC1
signaling, indicating that an AMPK-independent pathway downregulates mTORC1. Indeed,
AMPK directly phosphorylates raptor (on S792) to inhibit mTORCL signaling (130). AMPK
also stimulates autophagy by phosphorylating ULK1 (on S317) to ramp up catabolic
metabolism (131). Severe energy stress caused by withdrawal of glucose and glutamine
disassembles the TTT-RUVBL1/2 complex (composed of the proteins Tel2, Ttil, and Tti2),
which normally interacts with mTOR and facilitates mMTORC1 dimer formation (106).
Impaired mTORCL1 dimer formation reduces mTORCL1 interaction with active Rag GTPases
on lysosomal membranes and thus reduces mTORC1 signaling (106). Independent of
cellular ATP levels, hypoxia also stabilizes and activates HIF-1 (hypoxia-inducible factor 1),
a transcription factor that drives expression of REDD1 (regulated in development and DNA
damage responses 1) (aka RPT801) (132-134). REDD1 converges on the TSC complex to
facilitate TSC-mediated suppression of mTORCL signaling through an incompletely defined
mechanism that may involve shuttling of 14-3-3 proteins from TSC to REDD1 (135; 136).
Glucose and oxygen deprivation also impair protein maturation in the ER, leading to
accumulation of misfolded proteins, ER stress, and induction of the unfolded protein
response (UPR), a set of integrated signal transduction pathways that slow protein synthesis
(137). Along one signaling branch of the UPR, ER stress induces REDD1 expression by the
transcription factor ATF4 (138) (139) and thus suppresses mTORCL. ER stress not only
modulates mTORC1 function but mTORC1 also modulates the ER stress response.
Aberrantly high mTORC1 signaling, as occurs during loss of TSC, induces a state of ER
stress presumably caused by aberrantly high protein synthesis (140). Consequently, the UPR
acts to restrain protein synthesis by attenuating mTORC1 signaling and mTORC1-mediated
protein synthesis, at least in part. In response to DNA damage and genotoxic stress,
stabilization and activation of p53, a transcription factor and tumor suppressor, induces
expression of Sestrins 1 and 2 (141). The sestrins bind to and activate AMPK (by a poorly
defined mechanism), which suppresses mTORC1 signaling by AMPK-mediated TSC2
phosphorylation, as described above. p53 may also transcriptionally induce REDD1, thus
suppressing mTORC1 by an AMPK-independent mechanism (142).

Major cellular functions controlled by mTORC1

Cell growth (an increase in cell mass and size) and cell proliferation (an increase in cell
number through cell division) represent major cellular functions controlled by mTORCL.
Deletion of mTOR in flies or suppression of mTORCL1 function in cultured cells with
rapamyecin causes a cell autonomous decrease in cell size with reduced cell cycle
progression and cell proliferation (143-146). mTORCL1 is reported to preferentially drive
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cell growth through S6K1 and cell proliferation through 4EBP1 (147). Commitment to these
processes requires sufficient levels of cellular components such as proteins, lipids, and
nucleotides. It is not surprising, therefore, that mTORC1 functions as a master controller of
anabolic metabolism by promoting protein synthesis, lipid synthesis, and nucleotide
synthesis.

Protein synthesis represents the best-understood cellular function of mMTORCL1. Indeed, the
best-characterized substrates of mMTORC1 (4EBP1 and S6K1) control different aspects of
protein synthesis (Figure 1). mTORC1-mediated phosphorylation of the translation repressor
protein 4EBP1 on several sites (T37/46; T70; S65) induces dissociation of 4EBP1 from
elF4E, a translation initiation factor that binds the m’-GTP (7-methylguanosine) cap
structure at the 5' end of MRNAs (148; 149). elF4E then interacts with other translation
initiation factors (i.e. elF4G (a modular scaffold); elF4A (a helicase)) to form the elF4F
complex, which recruits the 40S ribosome and other factors (see accompanying review
article for greater detail). Thus, mMTORC1-mediated phosphorylation of 4EBP1 drives cap-
dependent translation and thus augments global translation rates. mMTORC1 also induces the
selective translation of specific types of mMRNA transcripts, those with 5'-TOP (terminal
oligopyrimidine) or 5-TOP-like motifs, which tend to encode components of the translation
apparatus such as ribosomal proteins and translation factors (150-152). Indeed, deletion of
4EBPs renders 5'-TOP translation (152) and cell proliferation (147) resistant to inhibition
with mTORCL1 inhibitors. These data indicate that mTORC1-mediated signaling to 4EBP1
promotes protein synthesis by driving translation initiation and biosynthesis of the
translational apparatus itself, events important for mTORC1-driven cell proliferation. It is
important to note that mTORCL1 appears to promote 5'-TOP translation through additional
factors under certain cellular contexts (153). Indeed, mTORC1 was shown recently to
promote 5'-TOP translation through LARP1 (La-related protein 1) (154), a raptor-associated
protein that binds 5-TOP mRNAs. LARP1 associates with the translation initiation
apparatus in an mTORC1-dependent manner to promote efficient 5'-TOP translation as well
as cell cycle progression and cell proliferation. While significantly less well understood than
4EBP1, S6K1 also promotes protein synthesis downstream of mMTORC1. mTORC1-
mediated phosphorylation of S6K1 on its HM site (T389) (155; 156) induces the ribosome
biogenesis (RiBi) transcriptional program, which increases ribosome number and augments
overall protein biosynthetic capacity (157). In addition, S6K1 associates with elF3 and
phosphorylates directly many proteins linked to protein synthesis including elF4B, PDCD4,
eEF2K, and ribosomal protein S6 (39).

More recently, mTORC1 was shown to promote lipid and nucleotide synthesis (158) (Figure
1). mTORC1 signaling through S6K1 promotes the activation of SREBPs (sterol regulatory
element-binding proteins 1 and 2), transcription factors that induce the expression of genes
involved in de novo synthesis of fatty acids and sterols (159; 160). In addition, mMTORC1-
mediated phosphorylation of lipin 1, a phosphatidic acid phosphatase, promotes SREBP1/2-
mediated transcription by blunting nuclear entry of lipin 1, a repressor of SREB1/2 function
(161). mTORC1 signaling through SREBPs also transcriptionally upregulates genes
involved in the pentose phosphate pathway (PPP), which produces ribose for nucleotide
synthesis and the co-factor NADPH critical for many metabolic reactions including lipid
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synthesis (160). S6K1 also phosphorylates CAD (on S1859) (carbamoyl-phosphate
synthetase 2; aspartate transcarbamylase; dihydro-orotase), which catalyzes the first several
steps of de novo pyrimidine synthesis (162). Thus, through both transcriptional and
phosphorylation-mediated mechanisms, mTORCL signaling drives the synthesis of new
nucleotides essential for an anabolic response.

While mTORC1 drives anabolic metabolism, it coordinately suppresses catabolic
metabolism. During nutrient and energy abundance, mMTORCL1 suppresses autophagy, the
cellular process by which double-membrane structures called autophagosomes form and
engulf organelles and macromolecules, and after fusion with lysosomes, degrade the
engulfed material into core building blocks (Figure 1). Mechanistically, nTORC1
phosphorylates and inhibits ULK1 (on S758) (an autophagy initiating kinase), as well as
ATG13 (a positive regulator of ULK1) and AMBRAL (on S52)(autophagy/beclin-1
regulator 1) to suppress initiation of autophagy (163-166). During energy starvation, AMPK
inactivates mMTORC1, thus reducing inhibitory phosphorylation on ULK1, which enables
AMPK to bind, phosphorylate (S317), and activate ULK1 to initiate autophagy (163; 164)
(see accompanying review article for greater detail).

Future directions

While great progress has been made in elucidating the complex regulation and function of
mTOR signaling networks, many questions remain. Understanding the direct molecular
mechanisms that govern regulation of mMTORC1 and mTORC?2 and identifying the signaling
intermediates that relay diverse mTOR-regulatory signals to the mTORCs represents an
important area of future investigation. It is important to note that upstream regulation of
mTORC?2 remains a large black box. The clinical utility of mTOR inhibition to treat organ
transplant rejection, kidney cancer, tuberous sclerosis complex (TSC), and coronary artery
stent restenosis underscores the important role of mTOR in organismal physiology and
highlights the importance of elucidating the regulation and function of mTOR signaling
networks at the cellular and molecular levels (6). Results obtained in cell culture need to be
validated in vivo in more physiologic contexts to understand their significance for
organismal physiology and pathophysiology. For example, experiments in cell culture
employing complete amino deprivation followed by amino acid re-addition to elucidate
amino acid regulation of mTORCL represents a quite non-physiological approach. To date, a
fairly limited set of bona fide mTOR substrates have been identified; it will be important in
the future to identify the complete repertoire of mMTORC1 and mTORC2 substrates and to
link these substrates to cellular functions controlled by the mTORCs, both in cell culture and
in animal models.

The identification of lysosomal and peroxisomal membranes as critical mMTORC1-regulatory
platforms and the realization that dynamic subcellular localization of mTOR and TSC (and
possibly other mTOR pathway regulatory molecules) mediate mTORCL1 regulation suggests
the possibility that other cellular endomembranes may also serve critical MTORC1
regulatory roles (123; 167). Emerging data on the importance of phospholipids and vesicular
trafficking in mTORC1 regulation (91; 92; 124; 125) support the idea that specific
membrane sub-compartments may control mMTORC1 (and mTORC?2) differentially in
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response to different types of upstream signals and may translate these cues into different
types of cellular responses. At this point, we understand mTORC2 subcellular localization
poorly. The recent discovery that mTORC2 localization to mitochondrial-associated ER
membranes (MAMs) (73) controls mTORC2 function suggests that specific endomembrane
platforms may participate in mMTORC2 as well as mTORC1 regulation and function. The
recent discovery that K63-linked mTOR ubiquitination promotes mTORC1 function (99)
indicates that this and other PTMs (post-translational modifications) in addition to
phosphorylation may serve regulatory roles in mTORC1 an/or mTORC?2 function. A major
challenge for the future will be to decipher the role of complex phosphorylation on the
mTORCs, which has potential to identify novel upstream regulatory molecules and
pathways. Another emerging area for future research will be to elucidate crosstalk between
mTORC pathways and other established signaling systems; indeed, emerging data link
mTOR to the Wnt, Notch, Hippo, and innate immunity signaling pathways (for review see
(168)).

Interdisciplinary approaches in which researchers engage in basic research in cultured cells
and animal models together with translational approaches will enable improved
understanding of the role of mMTOR in human physiology and disease. Complete
understanding of mTOR signaling networks may enable identification of novel drug targets
that can be exploited to treat the myriad diseases linked to aberrant mTOR function, which
include cancer, benign tumor syndromes, diabetes, aging, cardiovascular disorders,
neurodegenerative disorders, and inflammatory disorders (6; 10; 11).
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Figure 1. Regulation of the mMTORC1 and mTORC2 signaling network by diverse upstream

inputs

Growth factors such as insulin or EGF activate mTORC1 through either the PI3K-Akt or the
Ras-MAPK (ERK)-RSK axes, respectively. Growth factor-mediated activation of mTORC1
absolutely requires sufficient levels of amino acids, which are sensed through a variety of
factors, as indicated. mTORC1 action also requires sufficient levels of energy (i.e. ATP)

and/or oxygen, which are sensed by AMPK, REDD1, and TCA cycle metabolites (i.e.

aKG). The TSC complex integrates diverse upstream signals to regulate mTORC1 action.
TSC suppresses the conversion of Rheb-GDP to Rheb-GTP, a small GTPase that activates
mTORC1. mTORC1 phosphorylates a limited known set of bona fide substrates to drive
anabolic and suppress catabolic cellular processes and to mediate negative feedback toward
PI3K. Growth factors (i.e. insulin) also activate mTORC2 through poorly defined signaling

intermediates.
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Figure 2. Rag heterodimers recruit mMTORCL1 to lysosomal membranes for Rheb-mediated
activation

Activation of mMTORC1 by amino acids through Rag GTPase heterodimers involves the v-
ATPase, ragulator complex, and Rag regulatory factors. The ragulator complex, which acts
as a GEF toward RagA/B GTPases, induces formation of active RagA/BCTP-RagC/DCPP
heterodimers. The GATOR1 complex functions as a GAP (GTPase activating protein) for
RagA/B (thus inhibiting Rag heterodimers) while folliculin (FLCN) and its associated
proteins (FNIP1/2) functions as a GAP for Rag C/D (thus promoting a Rag heterodimer
active state). The GATOR2 complex suppresses GATOR1. Active RagA/BETP-RagC/DCDP
heterodimers bind mTORCL1 through raptor to recruit mTORCL to the lysosomal surface
where Rheb resides. When loaded with GTP, Rheb activates mTORCL through a poorly
defined mechanism. An “inside-out” model proposes that the v-ATPase and ragulator
respond to amino acid levels inside the lysosomal lumen to control Rag nucleotide binding
state.
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Figure 3. Integration of amino acid and insulin sensing at the lysosome by spatial-temporal
regulation of mMTORC1 and TSC

Recent data suggest a model in which amino acids and insulin control mMTORCL activity at
the lysosome by spatial-temporal regulation of not only mTORC1 but also its inhibitor TSC.
In the absence of amino acids and insulin, inactive mTORC1 localizes to the cytosol while
active TSC localizes to lysosomal membranes in a Rag-dependent manner. Upon stimulation
with amino acids, active RagA/BSTP-RagC/DEPP heterodimers recruitmTORCL to
lysosomal membranes where Rheb resides to mediate basal mMTORC1 activity;
simultaneously, amino acids induce TSC dissociation from lysosomal membranes partially.
Similar to amino acids, insulin stimulation induces TSC dissociation from lysosomal
membranes. mTORC1 dissociates from lysosomes completely only when both Rag
heterodimers and Rheb exist in their inactive states. Conversely, mMTORC1 associates with
lysosomal membranes fully only when Rag heterodimers and Rheb exist in their active
states in the presence of both amino acids and insulin.
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