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Review
Glossary

Anabolism: series of biochemical reactions that lead to the synthesis of larger

molecules from smaller units, at the expense of energy. Is the opposite of

catabolism, which produces energy by breaking them down.

Cellular senescence: an irreversible state of cell cycle arrest triggered by

various different types of stress: replicative, telomeric, oncogenic, and DNA

damage.

GTPase: enzyme that hydrolyzes guanosine triphosphate (GTP) into guanosine

diphosphate (GDP) and inorganic phosphate (Pi). The guanosine loading state

of GTPase dictates its activity.

Lysosome: vesicular organelle rich in degradative enzymes (hydrolases,

proteases, lipases, etc.) where macromolecules are broken down. It is the

endpoint of endocytosis, phagocytosis, and autophagy.

Phagophore: double membrane structure that engulfs components of the

cytoplasm during macroautophagy.

Rapamycin: an antifungal macrolide synthesized by the bacterium Strepto-

myces hygroscopicus originally found in Rapa Nui Island. Its biological

properties prompted intensive research and led to the discovery of its cellular
The mechanistic target of rapamycin (mTOR) kinase
controls growth and metabolism, and its deregulation
underlies the pathogenesis of many diseases, including
cancer, neurodegeneration, and diabetes. mTOR com-
plex 1 (mTORC1) integrates signals arising from nutri-
ents, energy, and growth factors, but how exactly these
signals are propagated await to be fully understood.
Recent findings have placed the lysosome, a key media-
tor of cellular catabolism, at the core of mTORC1 regula-
tion by amino acids. A multiprotein complex that
includes the Rag GTPases, Ragulator, and the v-ATPase
forms an amino acid-sensing machinery on the lysosom-
al surface that affects the decision between cell growth
and catabolism at multiple levels. The involvement of a
catabolic organelle in growth signaling may have impor-
tant implications for our understanding of mTORC1-
related pathologies.

mTOR in growth control
Cell growth, defined as the increase in cellular mass, is
central to life in both unicellular and multicellular organ-
isms. At the single cell level, it precedes and allows prolifer-
ation, and is important for building energy stores. At the
level of a whole organism, it is critical for development and
for the complex coordination of whole body homeostasis.
Cells and organisms grow by executing a series of anabolic
processes that include protein synthesis, lipid synthesis,
organelle biogenesis, and DNA replication. Conversely, un-
der certain conditions such as starvation and stress, cells
trigger degradative processes that allow them to obtain
energy at the expense of consuming their internal stores
[1]. Logically, to avoid futile cycles of synthesis and catabo-
lism, these processes are controlled and tightly coordinated.
Growth poses intensive demands for energy and basic build-
ing blocks, both of which are provided by amino acids,
glucose, and other carbon sources, and cells have evolved
mechanisms to ensure that growth is triggered only when
these basic nutrients are plentiful. When growth becomes
uncoupled from appropriate signals of nutrient status, it can
drive progression of multiple pathological processes (Box 1),
including cancer, type 2 diabetes, and neurodegeneration.
Cancer is characterized by the unrestrained growth and
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proliferation of cells under suboptimal nutrient and envi-
ronmental conditions. In type 2 diabetes, aberrant growth
signals derange the ability of the body to respond to nutri-
ents as well as to use and store energy. Finally, chronic
impairment of cellular clearance may be the driving force
behind aging and neurodegenerative diseases.

The large protein kinase mechanistic target of rapamy-
cin (mTOR) (previously referred to as mammalian target of
rapamycin) (see Glossary) plays a key role in coupling cell
growth with the nutritional status of the cell. mTOR is a
serine–threonine kinase that belongs to the superfamily of
phosphatidylinositol-3 kinase related-kinases (PI3KK).
The mTOR kinase nucleates two distinct core complexes
that have different kinase specificity and distinct protein
partners (reviewed in [2]). mTOR complex 1 (mTORC1)
contains regulatory associated protein of mTOR (raptor),
mTOR associated protein LST8 homolog (mLST8, also
known as GbL) and DEP domain containing mTOR-inter-
acting protein (Deptor). The second complex, mTORC2, is
defined by association with RPTOR-independent compan-
ion of mTOR (rictor), Sin1, GbL, and Deptor.

In this review, we focus on mTORC1 due to its promi-
nent role as a driver of cellular and organismal growth,
both in normal and disease states. mTORC1 functions as a
signal integrator, combining regulatory inputs from nutri-
ents, growth factors, energy levels, and stress signals
target: mTOR.

Roadblock domain: protein domain of undefined function containing a

conserved secondary and tertiary structure that facilitates dimerization of

proteins containing the domain.
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Box 1. Aberrant cell growth in diabetes and cancer

Cellular processes that drive growth are subjected to tight regulation

by converging inputs from mTOR complexes 1 and 2, together with

numerous other signaling pathways. This tight regulation ensures

that growth and division are triggered not only upon favorable local

conditions of energy and nutrient availability but also as required by

the nutritional state of the organism as a whole. Hence, it is not

surprising that deregulated cell growth downstream of mTOR activity

can derange cellular homeostasis in ways that impact the entire body.

In particular, aberrant mTORC1 activation in different tissues may

underlie the pathogenesis of type 2 diabetes (T2D).

T2D is a chronic disease that is generally hastened by long-term

overfeeding and insulin resistance, two conditions related to excess

mTORC1 activation. Overfeeding causes abnormally high levels of

glucose and amino acids in the blood [71], which trigger insulin

release by the pancreas. In turn, chronically high nutrients and insulin

lead to sustained mTORC1 activation, which desensitizes the cell to

insulin through a series of inhibitory loops converging onto the

insulin receptor [72–74]. Thus, mTORC1 worsens the metabolic

derangements driven by overfeeding in almost every metabolic

tissue. In the liver, it contributes to excess gluconeogenesis and

glucose export to the bloodstream [72]. In skeletal muscle, glucose

import is suppressed and skeletal muscle waste ensues as a

consequence (reviewed in [75]). In white adipose tissue, excess

mTOR activity increases lipid synthesis and fat storage (reviewed in

[76]). Collectively, the disparate tissue-specific alterations in mTORC1

signaling synergize to hasten the onset of T2D.

The same anabolic processes through which mTOR promotes the

growth of normal cells also fuel the abnormal behavior and

proliferation of cancer cells. As part of mTORC1, mTOR activity

drives translation of a subset of genes that activate the cell division

programs and block the induction of programmed cell death [77,78].

As mentioned previously, mTORC1 is also involved in lipid synth-

esis, a key process for the rapid growth and proliferation of cancer

cells. Furthermore, aberrant mTORC1 potently suppresses autop-

hagy, which may play a role in tumor suppression [62,63,79]. These

observations have motivated the design of mTOR inhibitors for

therapy. The naturally occurring mTORC1 allosteric inhibitor rapa-

mycin, which blocks mTORC1 activity towards some targets while

sparing others [80,81], is an FDA-approved drug for treating renal

cell carcinoma and other malignancies. Recent evidence also

suggests that aberrant mTORC2 activity may contribute to tumor

formation [82], and several efforts were undertaken to generate ATP-

competitive inhibitors able to block all mTOR-related activity [81,83–

86], with most yielding promising results in preclinical trials.

However, further efforts are required to prove the efficacy of these

compounds in human malignancies.
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(Figure 1a). Thus, in multicellular organisms, mTORC1
not only detects nutrients present inside the cell and in the
cell surroundings, but it also senses long-range hormonal
or growth factor signals that communicate the nutritional
status of the organism as a whole.

mTORC1 integrates multiple inputs
The pathway that connects growth factors to mTORC1 has
been extensively characterized and is activated when insu-
lin and other ligands bind their tyrosine kinase receptors at
the plasma membrane. Receptor activation leads to the
activation of phosphatidylinositol 3-kinase (PI3K) type I,
which generates the lipid second messenger PI(3,4,5)P3 and
leads to activation of the Akt/PKB protein kinase. Among
other targets, Akt phosphorylates and inhibits two distinct
substrates that suppress mTORC1 activity. One is the
tuberous sclerosis complex protein 2 (TSC2, or tuberin),
which heterodimerizes with TSC1 and acts as a GTPase-
activating protein for the small GTPase Ras homolog
enriched in brain (Rheb) (reviewed in [3]). The key function
of the Rheb GTPase is to bind mTORC1 and promote its
kinase activity; thus, by blocking TSC, Akt drives mTORC1
activity. Akt also phosphorylates proline-rich Akt substrate
40 kDa (PRAS40) [4–7], an inhibitor of mTORC1 that binds
to raptor and prevents mTORC1 activation by Rheb. Phos-
phorylation by Akt prevents PRAS40 from binding to
mTORC1, thus enhancing the activity of the complex.

mTORC1 kinase activity is further regulated by addi-
tional, mostly inhibitory, inputs arising from disparate
forms of stress, which converge on the TSC complex. The
AMP-activated protein kinase (AMPK) is allosterically ac-
tivated by the high AMP and ADP levels that occur under
low energetic states [8,9]. Among its many targets, AMPK
directly phosphorylates TSC2 [10,11]; but in contrast to Akt,
AMPK-dependent phosphorylation of TSC2 stimulates the
GTPase activity of TSC, inhibiting Rheb. In parallel, AMPK
phosphorylates Raptor [12], leading to direct inhibition of
mTORC1, possibly through structural destabilization of the
complex.
In addition to energetic status, DNA integrity also
affects mTORC1 activity. The DNA damage response, a
signal cascade that is initiated by the detection of DNA
double-strand breaks and other genetic insults, culminates
in activation of the tumor suppressor transcription factor
p53, which transactivates AMPK and TSC2, contributing
to mTORC1 inhibition [13,14].

Hypoxia is another form of stress that deeply impacts
cellular viability and growth that, by suppressing mito-
chondrial respiration, limits energetic availability to the
cell. In response to low oxygen, the transcription factor
hypoxia inducible factor 1a (HIF-1a) drives an adaptive
cellular program that induces, among other targets, the
expression of Redd1, an activator of TSC2 and, hence, an
mTORC1 inhibitor [15].

Amino acids and mTORC1
Among regulators of mTORC1, amino acids have until very
recently been shrouded in mystery. Amino acids are the basic
building blocks for protein synthesis, in addition to providing
substrates for energy production; for instance, deamination
of glutamate generates a-ketoglutarate, a Krebs cycle inter-
mediate that fuels the production of ATP. Thus, both unicel-
lular and multicellular organisms have evolved mechanisms
to sense amino acids, import them into the cell when they are
available, and synthesize new ones when they are lacking. A
great diversity of amino acid sensing mechanisms is found in
unicellular organisms, which experience drastic changes of
nutrient concentration in their surroundings. Many prokar-
yotes possess proteins dedicated to sensing amino acids,
which allow them to couple nutrient availability to the
regulation of multiple physiological processes [16,17]. More-
over, cells can indirectly sense a drop in amino acid levels
through the accumulation of uncharged tRNAs and other
stalled translation intermediates [18]. Sensing of uncharged
tRNAs is conserved from yeast to man and potently regulates
cellular physiology (reviewed in [19]).

The importance of amino acids in the growth and ho-
meostasis of organisms was recognized decades ago. In a
525
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Figure 1. (a) Inputs and outputs of mechanistic target of rapamycin complex 1 (mTORC1) signaling. mTORC1 is formed by mTOR (target of rapamycin), raptor (regulatory

associated protein of mTOR), GbL (mTOR associated protein LST8 homolog), and Deptor (DEP domain containing mTOR-interacting protein). mTORC1 integrates positive

growth signals arising from amino acids and growth factors with inhibitory signals from hypoxia, low energy, and DNA damage. Upon activation, mTORC1 promotes

several cellular anabolic processes, such as mRNA translation and ribosome biogenesis, lipid synthesis, whereas it blocks autophagy and other catabolic processes.

mTORC1 activation also unleashes a negative feedback loop to the insulin receptor, which tends to dampen insulin/PI3K (phosphatidylinositol 3-kinase) signaling with

profound physiological consequences. (b) mTORC1 and the lysosomal surface. Amino acids regulate the recruitment of mTORC1 to the lysosomal surface, where mTORC1

is activated. Under low amino acids (left) the v-ATPase (vacuolar H+-ATPase)–Ragulator (LAMTOR1–3)–Rag GTPase complex is in the inactive conformation and is unable to

bind to mTORC1, resulting in its cytoplasmic localization. Amino acids (right), acting at least in part via a lysosomal ‘inside-out’ mechanism, signal to the v-ATPase–

Ragulator complex and through them to the Rag GTPases, which switch their nucleotide loading and become activated. In turn, active Rag GTPases recruit mTORC1 to the

lysosomal surface, where the small GTPase Rheb (Ras homolog enriched in brain) turns on the kinase activity of mTORC1. Active mTORC1 phosphorylates several targets,

including S6K, 4E-BP1, the autophagy regulator ULK1 and the transcription factor TFEB. Phosphorylated S6K and 4E-BP1 favor protein synthesis; phosphorylation of ULK1

blocks autophagosome formation, whereas phosphorylation of TFEB prevents it from entering the nucleus and activating a catabolic transcriptional program.
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striking series of early experiments, depriving rats of a
single amino acid, leucine, caused profound weight loss and
muscle waste, followed by death [20]. Moreover, it was
observed that amino acid withdrawal from cells and organ-
isms triggered autophagy, a process of cellular self-eating
where pre-existing proteins and organelles are broken
down into simpler metabolites via lysosomal degradation
[21]. Following the discovery of mTORC1, it was observed
that withdrawal of amino acids from the culture media
potently suppressed mTORC1 signaling in mammalian
cells and yeast alike; moreover, suppressing mTORC1 by
starvation or using its chemical inhibitor rapamycin
strongly induced autophagy [21]. Thus, a feedback loop
526
began to emerge, connecting amino acids, mTORC1, and
autophagy in a mechanism that drives growth under nu-
trient abundance and mediates growth arrest under star-
vation conditions, allowing amino acid stores to be
replenished.

For a long time, our understanding of amino acid regu-
lation of mTORC1 remained confined to a few circumstan-
tial observations, above all the fact that amino acids acted
independently of insulin and TSC, and thus appeared to be
distinct from the insulin/PI3K pathway [22–24]. These
hints were followed by a major leap in our understanding
of amino acid regulation of mTORC1 when a search for
novel mTORC1 regulators using both biochemical methods
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in mammalian cells and genetic screens in Drosophila
melanogaster uncovered a group of small GTPases as
key mediators of amino acid signaling to mTORC1
[25,26]. These small GTPases, the Rags, belong to the
Ras superfamily and are quite unusual: they exist as
heterodimers where the highly similar RagA and RagB
bind to either RagC or RagD, which are also similar to one
another [27], leading to four possible dimer combinations.
Crucially, amino acids regulate the nucleotide loading of
the Rags, causing them to switch to an active conformation
in which they physically bind and activate mTORC1.

The Rag GTPases and amino acid sensing
Based on sequence homology to other GTPases, Rag
mutants can be engineered to be fixed in either a GTP-
bound or GDP-bound state. For example, a complex can be
constructed where RagA/B is fixed in the GTP-bound con-
formation, whereas RagC/D is GDP-bound [28]. These
RagA/BGTP–RagC/DGDP mutants display maximum bind-
ing to mTORC1; they also potently activate mTORC1
signaling and render it insensitive to amino acid starva-
tion. Conversely, the ‘inactive’ RagA/BGDP–RagC/DGTP

mutants are unable to bind to mTORC1 and potently
suppress mTORC1 activity, even in the presence of amino
acids. These results imply that the binding of Rag GTPases
to mTORC1 should be regulated by amino acids and that,
crucially, amino acids should regulate the nucleotide state
of the Rags. Both predictions turned out to be correct and
firmly placed the Rags as key mediators of amino acid
signals to mTORC1 [25,26].

Unlike Rheb, the Rags do not directly stimulate the
kinase activity of mTORC1 [26]. Instead, and quite surpris-
ingly, the Rags control the subcellular localization of
mTORC1. Using new antibodies that successfully detect
the mTOR kinase in a variety of cell lines, Sancak et al.
[26] demonstrated that the subcellular distribution of
mTOR changes dramatically as a function of amino acid
Box 2. The mTORC1 pathway in human disease syndromes

Germline mutations of genes coding for upstream regulators of

mTOR cause several distinct human syndromes, all characterized by

pathologically deregulated cell growth (Figure 2). A prominent

example is tuberous sclerosis [87,88], a syndrome caused by

inactivating mutations of the TSC1 or TSC2 proteins (also known

as hamartin and tuberin, respectively), which are inhibitors of Rheb.

Tuberous sclerosis is characterized by spontaneous formation of

renal, brain, liver, and lung tumors, benign outgrowths known as

lymphangioleiomyomatosis and angiomyolipomas, and is often

associated with cognitive impairment. Two syndromes, Peutz–

Jeghers syndrome, named after its discoverers, and PMSE (poly-

hydramnios, megalencephaly, and symptomatic epilepsy) indirectly

affect the function of the TS complex by inactivating the upstream

kinase LKB1 or its activator, STRADa [89,90]. Peutz–Jeghers patients

develop gastrointestinal hamartomas and are predisposed to the

development of malignancies, whereas individuals with PMSE suffer

severe developmental and neurological abnormalities. Neurofribo-

matosis [91,92], characterized by aberrant skin pigmentation and

neurofibromas, is driven by aberrant PI3K/Akt activation caused by

inactivating mutations of the NF1 or NF2 genes, which encode

inhibitors of the Ras signaling pathway. Mutations in the Von

Hippel–Lindau (VHL) gene [93], which opposes mTORC1 inactivation

by HIF1-a, causes widespread hemangiomas, renal cell carcinomas,

pheochromocytomas, and pancreatic tumors. A series of different

genetic alterations that collectively block the action of the tumor
abundance: mTOR is diffuse under starvation but quickly
clusters to intracellular puncta upon addition of amino
acids. Moreover, this redistribution could be faithfully reca-
pitulated by overexpressing the active Rag mutants and was
completely blocked by either the inactive Rags or Rag knock-
down. These observations have since been confirmed by
numerous groups [29–33]. Detailed immunofluorescence
studies have shown that the intracellular puncta where
mTOR localizes as a function of amino acids or active Rags
are lysosomes and late endosomes [34,35].

These findings are consistent with earlier observations
made in yeast. Genetic screens in this organism identified
genes that are required for yeast cells to recover from amino
acid starvation. Remarkably, many of these genes were
membrane traffic regulators, including lipid kinases such
as the type III PI3-Kinase Vps34 as well as small GTPases
and endosomal tethering complexes [36,37]. In mammalian
cells, the Vps34 homolog has been implicated in amino acid
signaling to mTORC1 [38]. Concurrent with the genetic
screens, studies in yeast began to demonstrate TOR associ-
ation with intracellular membranes, including elements of
the late endosomal/lysosomal pathways [39–41].

The Rags and mTOR at the lysosome
The Rag GTPases also localize to the lysosomal surface, but
unlike other Ras family GTPases they lack canonical lipid
modification motifs. Thus, it was hypothesized that uniden-
tified Rag-binding proteins should mediate their docking to
the lysosomal surface. Indeed, mass spectrometry analysis
of Rag immunoprecipitates identified a complex of three
small proteins, LAMTOR1–3, collectively known as Ragu-
lator, which reside on the lysosome and dock the Rags to the
lysosomal surface [34]. When Ragulator is genetically delet-
ed, the Rags become cytoplasmic and, as is observed with
loss of Rag function, the amino acid-induced translocation of
mTOR to lysosomes is impaired. Thus, Ragulator is an
essential component of the docking complex that recruits
suppressor Pten cause Cowden [94], Proteus [95], and Bannayan–

Riley–Ruvalcaba syndromes [96], characterized by cancer predis-

position and by the development of benign tumors and outgrowths

of various types (reviewed in [97]). The prime function of Pten is the

inactivation of the oncogene Akt and, recently, early somatic

mutations in the Akt1 gene were found in Proteus syndrome patients

[98]. Interestingly, somatic mutations in the Akt2 gene do not cause

cancer, but are the cause of a syndrome characterized by severe

hypoglycemia, asymmetrical growth, and increased adiposity [99].

Whereas most of the aforementioned syndromes are the conse-

quences of mutations affecting growth factor-dependent activation

of mTORC1, dysregulation of amino acid-dependent mTORC1

activation also leads to human disease: a rare germline mutation

in a gene encoding for LAMTOR2, one of the Ragulator proteins [42],

leads to delayed growth, immunosuppression, and hypopigmenta-

tion. Unraveling additional players in amino acid signaling via

mTORC1 will probably reveal the involvement of this signaling

cascade in other human syndromes related to growth defects and

cancer predisposition.

It is surprising that mutations in regulators of mTOR cause so many

syndromes but no mutations in the gene encoding mTOR itself have

been reported. A potential explanation is that affecting the mTOR

gene directly would be incompatible with embryonic development. In

addition, it is intriguing that only a very few mutations in mTOR have

been found in human sporadic cancers [100,101].
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mTORC1 to the lysosome in response to amino acids. Inter-
estingly, a partial loss of function of LAMTOR2 in humans
underlies the first identified disease of hypoactive mTORC1
signaling, characterized by stunted growth, immunodefi-
ciency, and albinism [42] (Box 2 and Figure 2).

This lysosomal docking mechanism, discovered in
mammalian cells, has many similarities to yeast, but also
some potentially important differences. The Rags are the
mammalian homologs of the yeast proteins Gtr1p and
Gtr2p, which also exist as heterodimers of Gtr1 and
Gtr2 [28]. The Gtrs localize to the vacuole, the yeast
equivalent of the lysosome, where they play a role in
trafficking amino acid transporters to and from the plasma
membrane [43,44]. As in mammalian cells, Gtr1–Gtr2 is
essential for mTORC1 activation by amino acids [45].
Ragulator is not conserved in yeast, but a complex of three
small proteins, Ego1–3, interacts with the Gtrs and is
required for their targeting to the vacuole. Interestingly,
the crystal structure of Ego2–3 was recently solved and
found to be very similar to that of LAMTOR2–3 [46,47]. In
both cases, two mirror image proteins interact with each
other via roadblock domains. Even more intriguingly, the
recently reported crystal structure of the Gtr1–Gtr2 C-
terminal domain displays a remarkable similarity to both
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the Ego2–3 and the LAMTOR2–3 dimer [48], and the same
structural feature is predicted to exist in the C-terminal
domain of the mammalian RagA–RagC heterodimer. Col-
lectively, these observations indicate that although the
Rags are conserved from mammals to yeast, different
protein complexes have been repurposed to facilitate
Rag docking. There may be organism-specific functions
of each complex encoded in their primary amino acid
sequence, whereas their Rag docking function appears
to be carried out by their identical structure. Moreover,
the roadblock domain may represent the basic architec-
tural element of the Ragulator–Rag complex and may be
endowed with regulatory functions in addition to struc-
tural ones.

A key remaining question is what role lysosomal/vacuo-
lar localization plays in activating mTORC1. Microscopy
studies in mammalian cells have shown that the lysosomal
membrane contains Rheb [34,49,50], the small GTPase
that is the endpoint of insulin and growth factor inputs
via the PI3K pathway. Thus, amino acids may ‘gate’ insu-
lin-derived signals by bringing mTORC1 to the location
where it can bind to Rheb. Supporting this hypothesis,
overexpression of Rheb, which causes its mislocalization
across the cell, renders amino acids dispensable for
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ndromes. Germline mutations that affect target of rapamycin complex 1 (mTORC1)

osis, Von Hippel–Lindau disease (VHL), and Peutz–Jeghers syndrome directly affect

as neurofibromatosis and the Cowden, Proteus, and Bannayan–Riley–Ruvalcaba

RC1 and also affecting other downstream effectors. Remarkably, a rare syndrome

R2/p14 is the only known syndrome that affects amino acid-dependent activation of
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mTORC1 signaling, probably because under these condi-
tions mTORC1 and Rheb can bind independently of the
lysosomal surface [34,49]. Even more compelling evidence
is that expression of a lysosomally anchored mTORC1,
created by adding a lysosomal lipid modification signal
to Raptor, rendered amino acids, the Rags, and Ragulator
completely dispensable for activation of the pathway [34].
However, knocking down Rheb completely abolished the
constitutive signaling of lysosomally anchored mTORC1.
Conversely, cotargeting mTORC1 and Rheb to the plasma
membrane, where neither is normally found, caused
strong, amino acid-independent activation of the pathway
[34]. Thus, the primary function of the Rag–Ragulator
scaffold appears to be enabling the amino acid-dependent
binding of mTORC1 to Rheb, which serves as the ‘ignition
key’ for the kinase activity of the complex. From a clinical
perspective, generating small molecules that block
mTORC1 localization, and hence impair its activation,
emerges as a novel therapeutic approach against mTORC1
(Box 3).

Although compelling evidence exists for this mechanism
in mammals, the shuttling model of mTORC1 does not
explain the pathway in budding yeast, which have no PI3K
or Rheb equivalents. Indeed, in Saccharomyces cerevisiae,
TORC1 appears to remain bound to the vacuole even
following amino acid withdrawal [45]. Again, this key
mechanistic difference could reflect evolutionary diver-
gence: in the absence of a Rheb homolog, Gtr1/2 may
directly regulate TORC1 kinase activity, rather than con-
trolling its subcellular localization.

The specific localization of TORC1 to the yeast vacuole
and the metazoan lysosome suggests that the lysosome/
vacuole may play a more profound function in the amino
acid pathway than merely serving as a scaffold. In yeast,
the vacuole was recognized early on as a storage site for
amino acids (reviewed in [51]). Basic amino acids arginine,
Box 3. Targeting amino acid signaling with small molecules

Rapamycin, an FDA-approved mTOR inhibitor, has two defining

characteristics: it is highly selective towards mTORC1 and it blocks

phosphorylation of some mTORC1 targets but not others. Despite

minimal side effects and outstanding pharmacokinetics, rapamycin

has efficacy against only a few pathologies associated with high

levels of mTORC1 activity, such as renal cell carcinoma [102] and

tuberous sclerosis [103–105]. These limited anticancer effects have

motivated the pursuit of improved small molecules specifically

targeting mTORC1 and ATP-competitive inhibitors that can block all

mTORC1 and mTORC2 kinase activity [81,83–86] (Box 1). Inhibition of

both mTORC1 and mTORC2 dampens the PI3K/Akt pathway, simulta-

neously inhibiting two key oncogenic signaling pathways.

There are scenarios, however, where completely blocking mTORC1

activity is desired but inhibiting the PI3K/Akt pathway could be

harmful, as in T2D, where preserving insulin signaling is key. An

alternative therapeutic approach would be to target amino acid-

dependent recruitment of mTORC1 to the lysosomal surface. This

would lead to complete inhibition of mTORC1, unlike rapamycin,

without affecting mTORC2 activity, unlike ATP-competitive inhibitors.

Given that suppressing mTORC1 activity leads to activation of the

PI3K/Akt pathway, the effects associated with this activation must be

considered in depth.

A complex disease such as T2D exemplifies an apparent paradox of

high mTORC1 activity coexisting with decreased insulin signaling. In

this case, targeting amino acid-dependent activation of mTORC1

could constitute an optimal approach. Complete and selective
lysine, and histidine preferentially accumulate in the vac-
uole, whereas they are relatively less abundant in the
cytoplasm [52]. Other amino acids also display varying
degrees of vacuolar accumulation. Similarly, there is evi-
dence that mammalian lysosomes may maintain a stable
pool of luminal amino acids [53]. Moreover, both in yeast
and mammals the lysosome/vacuole is the end point of
autophagy, which by degrading proteins and organelles
generates a fresh supply of amino acids during starvation.
Over time, amino acids generated via autophagy reactivate
mTORC1 [54], indicating that the lysosome/vacuole may
not only be the end point but also the starting point of
amino acid signaling to mTORC1.

A possible role for the lysosome in sensing amino acids
was tested using a cell-free system, in which a preparation
of intact lysosomes was mixed with purified mTORC1 and
binding of mTORC1 to these lysosomes was measured. In
this assay, treatment with amino acids was sufficient to
induce mTORC1 binding to lysosomes, indicating that the
lysosome contains all the machinery required for sensing
amino acids and activating the Rag GTPases [35]. More-
over, in this system alcohol esters of amino acids, which
freely cross membranes and then accumulate inside lyso-
somes, were more potent than native amino acids in in-
ducing mTORC1 binding to Rag-containing organelles.
Furthermore, making these lysosomes ‘leaky’ strongly
suppressed mTORC1 recruitment by amino acids or their
esters. Together with data gathered from intact cells, these
results suggest that amino acids may be sensed, at least in
part, inside the lysosomal lumen, where they generate an
‘inside-out’ signal that leads to Rag activation. This study
also identified the vacuolar H+-ATPase (v-ATPase) as an
essential mediator of the inside-out signal that engages in
extensive, amino acid-regulated interactions with Ragula-
tor and Rags [35]. Thus, the v-ATPase appears to play a
direct, physical role in amino acid signaling to mTORC1.
inhibition of mTORC1 would bring its deregulated anabolic program

under control and help restore insulin sensitivity by disengaging the

inhibitory feedback loops (Box 1); in turn, restored insulin sensitivity

would help correct hyperglycemia. Manipulating mTORC1 activity in

this way may also prove important for anti-aging purposes, as

suggested by the fact that rapamycin delays aging in mammals

[106,107]. Basic research with animal models will shed light on the

effectiveness of this approach and the rationale of searching for small

molecules that inhibit mTORC1 only at the lysosome.

Patients with disease syndromes such as tuberous sclerosis, Peutz–

Jeghers syndrome, or VHL could benefit from direct inhibition of

mTORC1, whereas inhibiting PI3K/Akt would bring no additional

benefit. In sharp contrast to this, tumor syndromes that arise owing to

deregulated Akt activity downstream of PI3K, such as Cowden or

Proteus syndromes, would require simultaneous inhibition of mTOR

and PI3K/Akt.

Successful and specific therapeutic strategies generally depend on

developing suitable inhibitors of an enzyme active site, because

active sites are protein cavities most often suitable for binding small

molecules. Hence, blocking mTORC1 recruitment to the lysosomal

surface does not immediately appear to be an easy avenue. However,

preventing recruitment could be achieved by designing inhibitors

against the active sites of the Rag GTPases. In addition, targeting the

Rag/Ragulator interaction or Ragulator/v-ATPase interaction may be

possible. Increasing our understanding of amino acid signaling to

mTORC1 is likely to reveal additional targeting strategies.
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Box 4. Targeting mTORC1 in aging and neurodegeneration

An important function of the lysosome is to maintain cellular

homeostasis by eliminating aged or damaged cellular components

in the process known as autophagy. The efficiency of this quality

control program appears to decline over time, likely contributing to

aging and age-related diseases [108] (reviewed in [109]). Moreover,

disruption of lysosomal and autophagic function by the accumula-

tion of misfolded protein aggregates may drive progression of

Huntington’s, Parkinson’s, and Alzheimer’s diseases (reviewed in

[110]). The mTORC1 inhibitor rapamycin has attracted significant

interest as a therapeutic avenue for treating aging and neurode-

generation, due to the ability of rapamycin to cause deinhibition of

ULK1 and boost autophagosome formation both in cells and in

whole organisms. In a paradigm study, treatment with rapamycin

reduced the toxicity of polyglutamine expansions in cellular and

animal models of Huntington’s disease [111]. The identification of

TFEB as a substrate that is negatively regulated by mTORC1 further

supports mTORC1 inhibition as a strategy for increasing cellular

clearance [66,68]. TFEB upregulates the catabolic capacity of the cell

by activating a wide-ranging, coherent transcriptional program that

may exert long-lasting, protective effects [65,66]. However, unlike

ULK1, TFEB is a rapamycin-insensitive mTORC1 substrate, and TFEB

phosphorylation and nuclear localization are only minimally

affected by this drug [68]. Thus, stimulating TFEB function by

manipulating mTORC1 activity would require using more potent but

less well-tested mTOR catalytic inhibitors; the benefits of these

inhibitors in contrast to their potentially harmful side effects remain

to be determined in vivo.

Using mTORC1 inhibitors to boost cellular clearance must be

reviewed in light of recent reports indicating that mTORC1 signaling

and autophagy may be interdependent, at least to some extent. The

requirement for mTOR in lysosome reformation suggests that

chronic mTORC1 inhibition may hamper autophagy in the long

term [54]. Moreover, reports that constitutive mTORC1 activation

upregulates the expression of important lysosomal genes suggests

that mTORC1 may affect cellular clearance through multiple path-

ways that involve both positive and negative regulation of

substrates [69,70]. Thus, further investigation is required to

determine the cost-effectiveness of this strategy.

An alternative approach would be to identify compounds that

cause ULK1 and TFEB activation independent of mTORC1 inhibition.

This strategy may enhance autophagy without eliminating the

positive contributions of mTORC1 signaling to this process.
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In light of these results, it is noteworthy that the yeast
vacuole contains multiple transporters that ferry amino
acids between the lumen and the cytoplasm (reviewed in
[51,55]). Several such transporters, including those belong-
ing to the Avt family, utilize the proton gradient estab-
lished by the v-ATPase in symport or antiport mechanisms
[56]. Thus, the v-ATPase may play multiple roles in amino
acid sensing: it enables transport of amino acids in and out
of the lysosome by establishing the proton gradients, and it
helps relay information on amino acid abundance via its
physical interactions with Ragulator and the Rags. Several
amino acid transporters have also been identified in the
mammalian lysosome, and some of them may play a role in
regulating mTORC1 signaling [57–59]; however, it is likely
that others remain to be identified. Understanding how the
transport of lysosomal amino acids is orchestrated is an
area of significant interest for future research.

Two recent reports suggest that, in parallel to lysosome-
based sensing, a dedicated mechanism for detecting leu-
cine availability may exist in the cytoplasm [60,61]. This
mechanism centers around leucyl-tRNA synthetase (LRS),
an enzyme that couples leucine to its cognate tRNA and
thus plays a key role in protein synthesis. In mammalian
cells, LRS was proposed to bind to GTP-bound RagD in a
leucine-dependent way and to promote its conversion to
the GDP-bound form, which activates the pathway [61]. In
yeast, LRS was shown to act as a positive regulator of
TORC1 downstream of leucine: when leucine is present,
LRS binds to Gtr1 (the RagA/B homolog) and prevents its
inactivation by an unidentified negative regulator [60]. It
will be interesting to understand how and to what extent
the lysosomal and cytoplasmic sensing mechanisms are
integrated.

mTORC1 localization and autophagy
The presence of mTORC1 at the vacuole/lysosome has im-
portant implications for its ability to control autophagy. In
non-starving cells, mTORC1 suppresses the formation of the
phagophore by phosphorylating and inhibiting the kinase
ULK1 and its interacting partner, ATG13 [62,63]. Upon
nutrient withdrawal and consequent mTORC1 inhibition,
phagophore formation is triggered, followed by the massive
fusion of autophagosomes with lysosomes to generate a
hybrid organelle that enables cargo digestion. Importantly,
these effects depend on the Rag GTPases; expression of the
active Rags suppresses autophagy under starvation condi-
tions, whereas expressing the inhibitory mutants results in
constitutive autophagosome formation [25].

A recent report showed that during starvation, autop-
hagy restores cellular amino acid levels and leads to the
recruitment of mTORC1 to the surface of autophagolyso-
somes [54]. Intriguingly, mTORC1 then promotes the refor-
mation of primary lysosomes, which bud from the hybrid
organelle in a way that requires mTORC1 kinase activity.
Thus, although mTORC1 antagonizes autophagy in the
short term, it may be essential for the continued ability of
cells to trigger this degradative process. A similar idea is
supported by the observation that, in yeast, the Gtrs and
EGO complex are required to restore vacuolar morphology
after rapamycin-induced or starvation-induced autophagy
[64]. Finally, a recent report shows that mTORC1 activation
530
and autophagy can coexist in cells undergoing oncogene-
induced senescence. In these cells, spatial coupling of autop-
hagy and mTORC1 enables the massive synthesis and
secretion of cytokines that maintain the senescent state
[33]. Thus, the relationship between mTORC1 and autop-
hagy may be more complex than previously thought. The
presence of mTORC1 and the autophagic machinery on the
same organelle suggests novel mechanisms to coordinate
cellular growth and clearance that may have important
implications not only in normal cells but also in cancer
and neurodegeneration (Box 1 and Box 4).

Very recently, a novel paradigm has begun to emerge
where the amino acid/mTORC1 pathway centered at the
lysosome may be part of a novel signaling mechanism that
controls lysosomal gene expression and, through this pro-
cess, affects cellular clearance and metabolism. A bioinfor-
matics search for consensus binding sites in the promoters
of lysosomal genes identified the coordinated lysosomal
expression and regulation (CLEAR) element, which is bound
by the MiT/TFE subfamily of helix–loop–helix (bHLH)
transcription factors. One member of the MiT/TFE family,
known as transcription factor EB (TFEB), physically binds
the CLEAR motif in the promoter of multiple lysosomal
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genes, including luminal hydrolases and membrane
transporters, to upregulate their expression [65]. Overex-
pressing TFEB in cells led to a striking expansion of the
lysosomal compartment, both in terms of size and number.
This, in turn, resulted in enhanced clearance capacity
towards multiple lysosomal substrates.

Shuttling between the nucleus and the cytoplasm reg-
ulates the activity of TFEB. A key observation was that
withdrawal of nutrients from the culture media induced
the nuclear translocation of TFEB in cells [66]. Among the
transcriptional targets of TFEB are several autophagy-
mediating genes and, accordingly, TFEB overexpression
resulted in enhanced formation of LC3-positive autopha-
gosomes. Conversely, siRNA-mediated TFEB depletion
resulted in a defective autophagic response to nutrient
starvation. These findings, which were confirmed in mice
[66], support a model where TFEB is a key component of a
transcriptional starvation-response program. By expand-
ing the lysosomal and autophagic compartments, this
program increases the ability of cells to degrade and recy-
cle their substrates, and thus to sustain adequate levels of
energy and metabolites.

Two kinases, mTORC1 and ERK, control the nuclear/
cytoplasmic shuttling of TFEB. In particular, mTOR exerts
a tight control over the subcellular localization of TFEB:
when cells are replete with nutrients, mTOR phosphory-
lates TFEB at two critical serines, sequestering TFEB in the
cytoplasm [67,68]. A series of observations strongly suggest
that the amino acids/mTORC1 pathway is especially impor-
tant in controlling TFEB nuclear localization. Treatments
that cause starvation or lysosomal stress, including amino
acid withdrawal, v-ATPase inactivation, and overexpres-
sion of transporters that empty the lysosome of its amino
acid content, caused a massive translocation of TFEB to the
nucleus. Moreover, the effect of these stressors could be
completely prevented by expressing the active Rag GTPase
mutants, which maintained TFEB in the cytoplasm by
constitutively activating mTORC1. Conversely, the inactive
Rag mutants caused constitutive localization of TFEB to the
nucleus, even in the presence of nutrients [68]. Finally,
TFEB phosphorylation occurs on the lysosomal membrane,
where mTORC1 and TFEB physically bind to each other
[67,68]. Thus, the lysosome seems to operate as a ‘gate’ that
controls the amount of TFEB allowed to reach the nucleus.
In fully fed cells, active mTORC1 meets TFEB at the lyso-
some, phosphorylates it, and releases it back into the cyto-
plasm. When mTORC1 is inactivated, it detaches from the
lysosomal membrane, allowing TFEB to become unpho-
sphorylated and move to the nucleus.

This lysosome-to-nucleus signaling system may play a
key role in coordinating cellular adaptation to growth-pro-
moting, versus starvation, conditions. When nutrients are
plentiful and stressors are absent, mTORC1 is closely asso-
ciated with the lysosomal system, where it promotes biosyn-
thetic and anabolic reactions. In turn, the lysosomal system
provides basal levels of cellular turnover that is compatible
with growth and, in parallel, operates as a monitor for the
levels of important nutrients. Nutrient depletion and lyso-
somal stress converge on the v-ATPase–Ragulator–Rag
GTPase system, causing mTORC1detachment from the
lysosome and inactivation. mTORC1 inactivation arrests
anabolic reactions and boosts cellular degradation via two
complementary, parallel mechanisms: acute deinhibition of
ULK1, which directly stimulates autophagosome formation,
and nuclear translocation of TFEB, which activates tran-
scriptional networks that subsequently expand the size and
activity of the lysosomal/autophagic compartments.

This simple model seems optimally designed to enable
cells to switch between growth and maintenance modes.
Nonetheless, additional crosstalk between mTORC1 and
the autophagic/lysosomal system may enable a more
nuanced and fine-tuned control. As previously mentioned,
mTORC1 may play a positive role in catabolism by medi-
ating lysosome reformation following autophagy. More-
over, certain conditions that result in overactivation of
mTORC1 may actually increase the expression of lysosom-
al genes (likely in a TFEB-independent way) [69,70]. As the
range of substrates and cellular actions of mTORC1
expands at an increasing rate, we shall achieve a more
profound understanding of the interplay between nutrient
sensing, growth control, and cellular degradation in the
foreseeable future.
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