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Lysosomes are membrane-bound organelles found in
every eukaryotic cell. They are widely known as terminal
catabolic stations that rid cells of waste products and
scavenge metabolic building blocks that sustain essential
biosynthetic reactions during starvation. In recent years,
this classical view has been dramatically expanded by the
discovery of new roles of the lysosome in nutrient sensing,
transcriptional regulation, and metabolic homeostasis.
These discoveries have elevated the lysosome to a decision-making center involved in the control of cellular
growth and survival. Here we review these recently discovered properties of the lysosome, with a focus on how
lysosomal signaling pathways respond to external and
internal cues and how they ultimately enable metabolic
homeostasis and cellular adaptation.
Introduction

“Lysosome” is a term originally coined by Christian de Duve in
1955 (de Duve, 2005) to describe a newly discovered organelle
that housed a pool of soluble hydrolases capable of degrading
proteins, nucleic acids, carbohydrates, lipids, and cellular debris. Because of these easily detectable activities, the lysosome
quickly earned its reputation as the cell’s “trash can” or “recycle bin.” There are multiple routes via which lysosomes receive
their substrates. In general, extracellular material destined for
degradation is delivered to the lysosome via endocytosis (Luzio
et al., 2009), whereas intracellular waste is disposed of by the
lysosome via a self-catabolic process known as autophagy (Rabinowitz and White, 2010; Singh and Cuervo, 2011). These catabolic events occur in the highly acidic lumen (pH of ∼4.5–5.0)
of the lysosome, which is segregated by a single lipid bilayer
from the cytoplasm. To maintain the steady acidic environment
required for its internal hydrolytic activities, the lysosome constantly pumps in protons (H+ ions) across its limiting membrane
by means of the vacuolar H+-ATPase (v-ATPase). This proton
gradient also provides the driving force for the proton-coupled
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transport of metabolites, ions, and soluble substrates into and
out of the lysosomal lumen (Forgac, 2007) and is necessary for
proper targeting of newly synthesized lysosomal enzymes from
the Golgi to the lysosome. Dissipation of the transmembrane
proton gradient results in inefficient cargo sorting, altered membrane traffic, impaired degradation of cellular waste, and eventually metabolic derangement (Saftig and Klumperman, 2009).
In addition to its established role in cellular clearance, the lysosome engages in various biological processes including secretion, plasma membrane repair, immune response, cholesterol
transport, and metal ion homeostasis, along with recently discovered roles in nutrient sensing and gene regulation (Fig. 1).
Multiple lines of evidence have highlighted a close link
between lysosomal activities and metabolic regulation at the
systemic level. For example, regulation of lysosomal biogenesis
and function appears critical for the execution of lipid catabolic
programs in the liver (Settembre et al., 2013b). Moreover, inactivating mutations in genes encoding for lysosomal hydrolases
and transporters results in a spectrum of metabolic diseases
known as lysosomal storage disorders (Futerman and van Meer,
2004; Platt et al., 2012; Parenti et al., 2015). Timely activation of
autophagy in neonatal tissues is also necessary for the survival
of organisms, as genetic manipulation of several genes involved
in autophagy and lysosomal signaling leads to embryonic lethality in mice (Kuma et al., 2004; Komatsu et al., 2005; Efeyan
et al., 2013). Yet, we still lack a complete knowledge of the
structural and functional organization of the lysosome and the
mechanisms that enable its communication with other cellular
compartments. Moreover, we are only beginning to appreciate
how lysosomal composition and function evolve dynamically
both within a cell and across different organs and tissues, as
organisms transition through different metabolic states. In this
review, we summarize recent advances in our current understanding of the molecular mechanisms of lysosomal adaptation,
and we discuss how the lysosome may be a key mediator of
physiological responses to changing metabolic conditions.
The lysosome as a metabolic signaling center

To cope with ever-changing external conditions, cells have
evolved sophisticated signaling pathways that sense available nutrient and energy inputs and couple them with specific metabolic outputs. Many of these pathways, such as
insulin–phosphoinositide 3-kinase (PI3K), are organized in a
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Figure 1. Expanding roles of the lysosome in key
cellular processes. Lysosomes play pivotal roles in
cellular clearance by engaging with either autophagosomes or late endosomes to facilitate the degradation and recycling of internal and external substrates.
Upon plasma membrane injury, lysosomes can repair
the damaged site by fusing locally with the plasma
membrane. Specialized cell types such as cytotoxic T
cells and natural killer cells are capable of secreting
cytolytic proteins from lysosomes to destroy infected
or tumorigenic cells. Furthermore, lysosomes act as
a storage site where amino acids, phosphate, ions,
and intermediate metabolites can be selectively transported and retained. Emerging evidence indicates that
the lysosome functions as a signaling hub for nutrientsensing pathways converging on the mTORC1 kinase
and can elicit a transcriptional response to meet cellular demands for nutrients and energy.

“top-down” manner, as they involve the engagement of a
growth factor ligand to its receptor on the cell surface, followed by signal propagation inside the cell (Taniguchi et al.,
2006). Growth factor–derived signals trigger changes in the
rate of biochemical reactions occurring in the cytoplasm and
inside specialized compartments such as mitochondria, peroxisomes, and lysosomes, ultimately steering the cell toward
an anabolic or catabolic path (Ward and Thompson, 2012).
In contrast to pathways originating at the cell surface, little is
known as to whether intracellular organelles are capable of initiating signaling events on their own, particularly in response
to changing metabolic conditions, and to communicate their
internal status to each other.
Because it represents the endpoint of multiple catabolic pathways, the lysosome also serves as a nutrient reservoir that buffers variations in nutrient availability and can
actively modify the composition and abundance of the cytoplasmic metabolite pool. The key role of the lysosome in
maintaining metabolic homeostasis emerged early on from
studies in yeast, a model organism that offers two key advantages, namely the ability to easily isolate intact, functional vacuoles (the equivalent structure of the mammalian
lysosome), coupled with powerful genetic approaches. It
was found that the yeast vacuolar membrane hosts an array
of nutrient transporters and permeases that allow bidirectional transport of solutes (Ohsumi and Anraku, 1981; Li
and Kane, 2009). Metabolite transport across the vacuolar
membrane is highly regulated and leads to the buildup of
major stores of cationic amino acids, polyphosphates, ions,
and other building blocks that can be subsequently released
on demand. Because of the high conservation of lysosomal
enzymes and permeases between yeast and mammals, it is
likely that the mammalian lysosome has a similar ability for
selective retention and release of metabolic building blocks.
Through these processes, the lysosome not only can affect
the rate of metabolic reactions occurring elsewhere in the
cell, but also can communicate the overall metabolic state
of the cell to nutrient-sensing modules. One such module is
an ancient protein kinase known as the mechanistic target of
rapamycin complex 1 (mTORC1), which has recently been
shown to be functionally and physically associated with the
lysosome from yeast to humans (Sancak et al., 2008, 2010;
Sturgill et al., 2008; Binda et al., 2009; Zoncu et al., 2011a).
Elucidating the connection between mTORC1 and the lysosome has brought about a paradigm shift in the way we understand lysosome biology.
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Functional organization of the mTORC1
pathway at the lysosome

The mTORC1 pathway was identified because its core component, the large (230-kD) serine/threonine kinase mTOR, is the
target of the growth-inhibiting macrolide rapamycin (Heitman
et al., 1991; Brown et al., 1994; Sabatini et al., 1994). A vast
body of research has shown that the main role of mTORC1 is to
integrate environmental and intracellular cues, such as growth
factors, nutrient availability, energy status, and stresses, to actively drive cell growth and proliferation (Laplante and Sabatini, 2012; Dibble and Manning, 2013). Under favorable growth
conditions, mTORC1 and its downstream effectors promote
anabolic programs including mRNA translation, ribosome biogenesis, and lipid synthesis. Conversely, under stressful conditions, mTORC1 activities are largely inhibited to give way to
catabolic programs such as autophagy, which allow mobilization of nutrient and energy stores.
mTORC1 is a multi-subunit protein kinase complex that,
in addition to the core kinase mTOR, includes the large adaptor
subunit RAPTOR (KOG1 in yeast), which is thought to mediate
substrate binding (Hara et al., 2002; Kim et al., 2002) and subcellular localization of the complex (Sancak et al., 2008, 2010); two
components, PRAS40 (Sancak et al., 2007) and DEPTOR (Peterson et al., 2009), that inhibit intrinsic mTOR kinase activity, and
G protein β subunit–like mLST8 (Kim et al., 2003), whose function remains obscure (Guertin et al., 2006). Multiple metabolic
inputs including amino acids, glucose, and growth factors control
mTORC1 via distinct mechanisms (Jewell and Guan, 2013; Shimobayashi and Hall, 2014; Efeyan et al., 2015), albeit to varying
degrees, as none of them alone can fully stimulate mTORC1 on
its own. In nutrient-starved mammalian cells, mTORC1 is diffuse throughout the cytoplasm. Readdition of nutrients, particularly amino acids, causes the rapid translocation of mTORC1 to
the surface of the lysosome. At the lysosome, the kinase activity
of mTORC1 is turned on in a growth factor–dependent manner
(Sancak et al., 2008, 2010; Zoncu et al., 2011a). Thus, the prevailing model is that of coincidence detection: for mTORC1 to
become fully activated, both local nutrients (particularly amino
acids) and long-range nutritional signals carried by insulin must
be present (Sancak et al., 2008, 2010; Zoncu et al., 2011a).
These discoveries established a key role for the lysosome
in nutrient sensing, as no other organelle is able to support
mTORC1 recruitment and activation. The lysosome membrane
harbors specialized molecular machinery that recruits and activates mTORC1 in response to amino acids (Sancak et al.,
2010), and several components of this machinery are conserved

all the way to yeast (Chantranupong et al., 2015). However, in
yeast, mTORC1 remains stably associated with the vacuolar
membrane even when amino acids are low (Binda et al., 2009;
Péli-Gulli et al., 2015). This important difference may reflect
the more complex cellular organization of higher eukaryotes.
For instance, budding yeast lacks a canonical insulin-PI3K
pathway, thus negating the need for a coincidence detection
mechanism (Efeyan et al., 2012).
mTORC1 activation by the PI3K-RHEB axis

The small GTPase Ras homologue enriched in brain (RHEB)
contains a C-terminal farnesylation motif that mediates its association with the endomembrane system, including, but not
limited to, the lysosome, where it serves as a potent activator
of mTORC1 kinase activity (Inoki et al., 2003b; Saucedo et al.,
2003; Stocker et al., 2003; Zhang et al., 2003). Rheb is indispensable for mTORC1 activation by virtually all stimuli. However, exactly how Rheb turns on mTORC1 is yet to be resolved.
Because of its intrinsically slow GTP hydrolysis activity,
Rheb is preferentially in its GTP-bound form at all times and
therefore has to be kept under stringent regulation by its inhibitor, the trimeric tuberous sclerosis complex (TSC, composed
of TSC1, TSC2, and TBC1D7 subunits; Inoki et al., 2003b;
Zhang et al., 2003; Dibble et al., 2012). Specifically, the TSC2
component displays GTPase-activating protein (GAP) activity
that converts Rheb into its GDP-bound state and therefore negatively regulates mTORC1 (Inoki et al., 2003b; Zhang et al.,
2003). Upon stimulation by growth factors such as insulin, the
serine/threonine kinase AKT is activated in a PI3K-dependent
manner and phosphorylates TSC2 (Dan et al., 2002; Inoki et
al., 2002). AKT-dependent TSC2 phosphorylation induces dissociation of TSC from the lysosome, where TSC was shown to
reside in growth factor–deprived conditions, and thus blocks its
inhibitory effects toward Rheb (Demetriades et al., 2014, 2016;
Menon et al., 2014). In addition to growth factors, the activity
of TSC is regulated by low energy (Inoki et al., 2003a), hypoxia
(Brugarolas et al., 2004; Reiling and Hafen, 2004), and genotoxic stress (Budanov and Karin, 2008), which collectively restrict mTORC1-mediated cell growth. Thus, TSC is one, but not
the only, integration node for multiple signals that ultimately
affect the kinase output of mTORC1.
mTORC1 recruitment by Rag GTPases

To be activated, mTORC1 needs to translocate to the lysosome
membrane where Rheb resides. It turns out that amino acids
directly regulate the lysosomal recruitment of mTORC1 by
modulating the guanine nucleotide state of the Rag GTPases
(Kim et al., 2008; Sancak et al., 2008; Binda et al., 2009). The
Rags assemble as obligate heterodimers composed of RagA or
RagB (which are similar to each other and homologous to Gtr1
in Saccharomyces cerevisiae) associated with RagC or RagD
(homologous to yeast Gtr2) and are tethered to the lysosomal
membrane by the pentameric Ragulator complex (known as the
Ego complex in yeast), composed of the LAMTOR1-5 proteins
(Binda et al., 2009; Nada et al., 2009; Sancak et al., 2010; BarPeled et al., 2012; Powis et al., 2015). Under amino acid sufficiency, the Rag GTPase complex becomes active by adopting
a nucleotide state in which Rag-A/B is GTP-loaded and RagC/D is GDP-loaded and facilitates the lysosomal attachment
of mTORC1 by directly interacting with Raptor (Sancak et al.,
2010; Bar-Peled et al., 2012). As such, the cycling of Rag heterodimers between their active and inactive states in an amino

acid–sensitive fashion is tightly regulated by their corresponding GAPs and guanine nucleotide exchange factors (GEFs),
as well as posttranslational modifications (Table 1). Specifically, Ragulator acts as a GEF that promotes the loading of
Rag-A/B with GTP and thus activates mTORC1 (Binda et al.,
2009; Bar-Peled et al., 2012). Two GAP complexes stimulate
GTP hydrolysis. Under low amino acids, GATOR1 (SEACIT
in yeast) promotes GTP hydrolysis by Rag-A/B, thus switching
off the pathway (Dokudovskaya and Rout, 2011; Bar-Peled et
al., 2013; Panchaud et al., 2013). In contrast, in the presence of
amino acids, Folliculin/FNIP (yeast Lst4/Lst7) causes Rag-C/D
to become GDP loaded, enabling the Rags to bind to mTORC1
and recruit it to the lysosome (Tsun et al., 2013; Péli-Gulli et
al., 2015). The placement of the Rag GTPases downstream of
amino acids in the mTORC1 pathway has provided important
clues toward the long-sought-after questions of how and where
amino acids are sensed in the cell.
Amino acid sensing inside the lysosome

It was initially proposed that plasma membrane amino acid
transporters be potential candidates for amino acid sensors because of their roles in controlling the influx of amino acids into
the cell (Christie et al., 2002; Beugnet et al., 2003). However,
treatment with cycloheximide, a protein synthesis blocker that
increases the concentration of free amino acids in the cytoplasm, is sufficient to restore mTORC1 signaling in cells that
have been deprived of extracellular amino acids. This evidence
strongly suggests that amino acid sensing should originate intracellularly (Price et al., 1989; Christie et al., 2002; Beugnet
et al., 2003; Sancak et al., 2008). The presence of the molecular machinery for amino acid–regulated mTORC1 activation
at the lysosome membrane also implies that amino acids may
be sensed somewhere in close proximity to the lysosome. Similar to the vacuole in yeast, the lysosome appears to accumulate
significant amounts of amino acids within its lumen (Harms et
al., 1981; Zoncu et al., 2011b). Using a cell-free assay, it was
shown that binding of mTORC1 to the Rag GTPases is stimulated by entry of amino acids into the lysosomal lumen. Conversely, both in vitro and in cells, preventing lysosomal amino
acid accumulation blocked mTORC1 binding to the lysosomal
surface (Zoncu et al., 2011b; Jung et al., 2015; Rebsamen et al.,
2015; Wang et al., 2015a). These results are compatible with a
model for amino acid sensing by mTORC1 in which accumulation of amino acids in the lysosomal lumen is relayed to the
Rag GTPases at the lysosomal surface in an inside-out manner.
An RNAi screening in Drosophila melanogaster S2 cells
revealed that the v-ATPase is a component of the lysosomal
amino acid sensing machinery along with the Rag GTPases and
Ragulator (Zoncu et al., 2011b). The v-ATPase forms a supercomplex with Ragulator and the Rag GTPases, and its catalytic
activity is essential for mTORC1 recruitment in response to
amino acids (Zoncu et al., 2011b; Bar-Peled et al., 2012; Dechant et al., 2014; Jewell et al., 2015). Although the precise
mechanism of action of the v-ATPase in amino acid sensing
remains to be elucidated, an attractive possibility is that amino
acids may regulate the assembly and/or activity of the complex
(Stransky and Forgac, 2015).
Among the 20 amino acids, leucine and arginine are key
activators of mTORC1 (Hara et al., 1998; Wang et al., 1998) upstream of the Rag GTPases (Sancak et al., 2008). Of note, arginine, an amino acid crucial for mammalian embryogenesis and
early development, is highly concentrated in rat liver lysosomes
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and yeast vacuoles (Wiemken and Dürr, 1974; Boller et al.,
1975; Dürr et al., 1979; Harms et al., 1981; Kitamoto et al.,
1988). SLC38A9, a putative sodium-coupled amino acid transporter in the lysosome membrane, recently has been proposed
as a sensor that signals arginine sufficiency to mTORC1 (Jung
et al., 2015; Rebsamen et al., 2015; Wang et al., 2015a). Biochemical analysis demonstrated that SLC38A9 acts upstream
of the Rag GTPases and Ragulator and in parallel with the
v-ATPase. In amino acid transport assays using reconstituted
liposomes, SLC38A9 transports arginine, but not leucine, into
the lysosome, albeit with relatively low affinity compared with
other amino acid transporters. Overexpression of the N-terminal cytoplasmic domain of SLC38A9 is sufficient to render the
mTORC1 signaling resistant to amino acid depletion (Jung et
al., 2015; Rebsamen et al., 2015; Wang et al., 2015a), suggesting that this domain acts downstream of the amino acid transport function. Thus, SLC38A9 may function as a “transceptor”
that, by transporting arginine across the lysosomal membrane,
relays an activating signal toward mTORC1. How arginine
binding mechanistically regulates SLC38A9 remains to be determined. Also, the functional relationship between SLC38A9
and the v-ATPase is unclear. Interestingly, deleting SLC38A9
reduces mTORC1 substrate phosphorylation but not its localization to the lysosome (Jung et al., 2015; Rebsamen et al., 2015),
whereas v-ATPase inhibition affects both (Zoncu et al., 2011b).
Other lysosomal amino acid transporters implicated in
mTORC1 activation include a histidine transporter, SLC15A4
(Kobayashi et al., 2014), as well as proton-assisted amino acid
transporter 1 (PAT1)/SLC36A1 (Ögmundsdóttir et al., 2012),
which has transport specificity toward small neutral amino
acids. Whether and how SLC15A4 and PAT1 function upstream
of the Rag GTPases remains to be determined.
Glutamine, the most abundant free amino acid in the
human body, provides a carbon and nitrogen source for cell
growth. On one hand, several studies indicated that glutamine
and glutamine-derived metabolites appear to function upstream
of the Rag GTPase orthologues, Gtr1 and 2 (Binda et al., 2009;

Durán et al., 2012; Péli-Gulli et al., 2015). On the other hand,
it was shown that glutamine can stimulate lysosomal translocation and activation of mTORC1 via a Rag GTPase-independent
mechanism, as revealed in recent studies using yeast (Stracka et
al., 2014) and Rag-A/B deleted cells (Jewell et al., 2015). Interestingly, stimulation of mTORC1 by glutamine does not require
Ragulator, but still relies on the lysosome and the activity of the
v-ATPase. Moreover, ADP-ribosylation factor 1 (ARF1), a Golgi-localized small GTPase, is required in an undefined pathway
that links glutamine to mTORC1 localization at the lysosome
(Jewell et al., 2015). Further investigations are necessary to determine the location of the mTORC1-activating glutamine pool
and to establish the glutamine sensor upstream of Arf1.
Amino acid sensing in the cytoplasm

Recent evidence indicates that cytosolic free amino acids also
play a major role in mTORC1 activation. Sestrin-2, a member
of the Sestrin family of stress-responsive proteins (Budanov and
Karin, 2008), has been shown to be a specific sensor for leucine
in mammalian cells (Saxton et al., 2016; Wolfson et al., 2016).
Under leucine deprivation, Sestrin-2 inhibits mTORC1 signaling by sequestering GATOR2, which represses the GAP activity
of GATOR1 toward Rag-A/B. The crystal structure of Sestrin-2
revealed that Sestrin-2 contains a leucine-binding pocket localized to its C-terminal domain (Kim et al., 2015; Saxton et al.,
2016). Binding of leucine disrupts the Sestrin2–GATOR2 interaction and thus allows GATOR2 to promote mTORC1 activation via inhibition of GATOR1 activity. Mutations of Sestrin-2
that abolish binding to GATOR2 lead to constitutive activation
of mTORC1 in the absence of leucine, whereas those that diminish binding to leucine suppress mTORC1 activation regardless of leucine availability.
In contrast, a newly characterized vertebrate-specific protein named CASTOR1 (previously named GATSL3) functions
as a cytoplasmic arginine sensor for mTORC1 by binding to
physiological concentrations of arginine through the conserved ACT domains (Chantranupong et al., 2016). The CAS

Table 1. Regulators of the RAG GTPases involved in mediating amino acid signaling to mTORC1
Yeast orthologues

Mammalian
orthologues

Component

Function

mTORC1
activation

References

EGO complex
(Ego1-Ego2-Ego3);
VAM6

Ragulator

LAMTOR1 (p18), LAMTOR2
(p14), LAMTOR3 (MP1),
LAMTOR4 (C7orf59),
LAMTOR5 (HBXIP)

GEF for Rag-A/B; tethers the
Rags to the lysosome

Up

Binda et al., 2009; Nada et al.,
2009; Sancak et al., 2010;
Bar-Peled et al., 2012; Powis et
al., 2015

SEACIT (Sea1, Npr2,
Npr3)

GATOR1

DEPDC5, Nprl2, Nprl3

GAP for Rag-A/B

Down

Dokudovskaya and Rout, 2011;
Bar-Peled et al., 2013; Panchaud
et al., 2013

SEACAT (Sea4,
Seh1, Sea2,
Sea3, Sec13)

GATOR2

Mios, Seh1L, WDR24,
WDR59, Sec13

Inhibits GATOR1

Up

Dokudovskaya et al., 2011;
Bar-Peled et al., 2013; Panchaud
et al., 2013

FOLLICULIN

FNIP1/2-FLCN

GAP for Rag-C/D

Up

Petit et al., 2013; Tsun et al., 2013;
Péli-Gulli et al., 2015

SH3BP4

SH3BP4

Inhibits Rag-A/B through direct
binding

Down

Kim et al., 2012

RNF152

RNF152

Ubiquitinates (K63) RagA,
promotes interaction
between RagA and GAT
OR1

Down

Deng et al., 2015

SKP2

SKP2

Ubiquitinates (K63) RagA,
promotes interaction
between RagA and GAT
OR1

Down

Jin et al., 2015

Lst4/Lst7
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Figure 2. The lysosome as a signaling hub
for nutrient sensing. Under growth-promoting
conditions, signals from amino acids, energy,
oxygen, and growth factors are integrated upstream of the Rag and Rheb GTPases to facilitate the recruitment and activation of mTORC1.
Loss of any of these inputs leads to shutdown of
mTORC1 signaling by blocking its lysosomal
recruitment, kinase activation, or both.

TOR1-dependent mechanism of arginine sensing is highly analogous to leucine sensing by Sestrin-2. Under arginine deprivation, homodimers of CASTOR1, or heterodimers of CASTOR1
and CASTOR2, bind tightly to GATOR2. Refeeding of arginine liberates GATOR2 from this inhibitory interaction, thereby
promoting mTORC1 activation. Additional work elucidating
the structure and function of GATOR2 is required to clarify
whether the inhibitory actions of Sestrin-2 and CASTOR1 toward GATOR2 operate through similar or distinct mechanisms.
The presence of both cytoplasmic and lysosomal amino acid
sensing systems raises intriguing questions about their relative
importance and the mechanisms that coordinate their activities upstream of mTORC1.
Additional proteins have been proposed to play a role
in relaying an amino acid signal to mTORC1, including the
Ste20 family kinase MAP4K3 (Findlay et al., 2007; Bryk et
al., 2010; Yan et al., 2010), leucyl-tRNA synthetase (Bonfils et
al., 2012; Han et al., 2012), the scaffold protein SH3BP4 (Kim
et al., 2012), and the autophagic adaptor p62/SQSTM1 (Duran
et al., 2011). Further work is needed to determine the specific
role of each protein and how their regulatory inputs are coordinated upstream of mTORC1.
In summary, the aforementioned discoveries are illuminating the pivotal roles of the lysosome in regulating the
switch between catabolic and anabolic metabolism and foster
a unifying model of nutrient sensing by which all the signals
from intracellular nutrients and exogenous growth factors are
integrated at the lysosomal surface (Fig. 2). This model likely
undergoes variations between species or even among different
organs and tissues of multicellular organisms. Interestingly,
S. cerevisiae lacks Sestrin and CASTOR homologues, suggesting that yeast mTORC1 may preferentially sense amino acids in
the vacuole (the main cellular repository for these metabolites)
or that it may be more concerned with nitrogen abundance than
with the levels of any specific amino acid (Bahn et al., 2007).
Also, any proteins or small molecules able to interact
with and regulate the mTORC1-activating supercomplex may
provide additional regulatory mechanisms. Thus, it is conceivable that additional nutrient inputs upstream of mTORC1
wait to be discovered.

Transcriptional regulation of
lysosomal function

For a long time, the lysosome was thought of as a metabolic
“dead end,” a static compartment that, unlike mitochondria or
peroxisomes, is not subjected to feedback regulation by the nutrient state of the cell. This view has been radically altered by
the recent discovery of a vast and coordinated transcriptional
program controlled by the transcription factor EB (TFEB),
along with other members of the microphthalmia-transcription
factor E (MiT/TFE) subfamily (Rehli et al., 1999; Sardiello et
al., 2009; Settembre et al., 2011).
These basic helix-loop-helix (HLH) transcription factors
up-regulate the expression of genes encoding for lysosomal and
autophagic proteins by preferentially binding to a 10-bp GTC
ACGTGAC motif found within their promoters and termed coordinated lysosomal expression and regulation (CLEAR) element (Sardiello et al., 2009; Palmieri et al., 2011; Settembre et
al., 2011). The nutrient status of the cell, along with other environmental cues, tightly controls the expression of the CLEAR
network through the cytoplasmic-nuclear shuttling of TFEB.
Under nutrient-rich conditions, TFEB is recruited to the lysosomes via its physical interaction with the Rag GTPases. At
the lysosomal surface, mTORC1 phosphorylates TFEB on two
critical residues, Ser142 and Ser211. Phosphorylated TFEB is
then retained in the cytoplasm via binding to 14-3-3 proteins
(Martina et al., 2012; Roczniak-Ferguson et al., 2012; Settembre et al., 2012; Martina and Puertollano, 2013). Upon nutrient
withdrawal or lysosomal stress, TFEB undergoes dephosphorylation and rapidly translocates to the nucleus to activate the
transcription of CLE
AR genes, including lysosomal hydrolases, pumps, and permeases, along with autophagic regulatory
proteins. Thus, the net effect of TFEB activation is an increase
in autophagic flux matched by an expansion of the lysosomal
compartment, thereby boosting the ability of the cell to adapt to
nutrient-poor and stressful conditions.
Calcineurin, a calcium-dependent phosphatase, is responsible for TFEB dephosphorylation on Ser142 and Ser211
and thus promotes TFEB entry into the nucleus (Medina et al.,
2015). Interestingly, it is thought that the lysosomal calcium pool
controls calcineurin activation and TFEB dephosphorylation.
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Non-mTORC1–related signaling functions of the lysosome
In addition to regulating mTORC1, the lysosome plays an important role
in other major signaling pathways by mediating either the breakdown of
activated receptors for signal termination or the proteolytic activation of
signaling ligands. Two notable examples are discussed here:
(1) In canonical receptor tyrosine kinase (RTK) pathways, binding of the
epidermal growth factor (EGF) to its receptor EGFR/ErbB1 at the cell
surface triggers receptor dimerization and cross-phosphorylation of the
EGFR intracellular kinase domains; phosphorylated domains then recruit
and activate effectors such as the small GTPase Ras and the lipid kinase
PI3K. Activation of these effectors is essential for the propagation of the
EGF-initiated signal to a set of protein kinases such as the MAPK/ERK
kinases, which convert the initial ligand–receptor binding into a mitogenic response (Avraham and Yarden, 2011; Tomas et al., 2014). The
degradation of activated EGFR in the lysosome is a key step for termination of this highly mitogenic signal. Phosphorylated EGFR triggers its
own ubiquitination by the E3 ligase Cbl; endocytic adaptors containing
ubiquitin-interacting motif, such as epsin and Eps15, recognize ubiquitinated EGFR and promote its internalization into endocytic vesicles (Tomas
et al., 2014). Internalized EGFR is then trafficked via Rab5-positive early
endosomes to Rab7-positive late endosomes and progressively removed
from the endosomal-limiting membrane via ESCRT-mediated budding of
intraluminal vesicles. Through further rounds of fusion, these EGFR-loaded late endosomes then convert into mature lysosomes, wherein cathepsin proteases and lipases degrade the EGFR-loaded intraluminal vesicles
(Tomas et al., 2014). The key role of this lysosome-based degradative
pathway in signal down-regulation is highlighted by the presence of inactivating mutations of Cbl in various malignancies (Makishima et al.,
2009; Tan et al., 2010), resulting in constitutive EGFR signaling at the
plasma membrane. Moreover, this mode of regulation is shared by other
RTKs, including platelet-derived growth factor receptor and insulin-like
growth factor receptor. Thus, in the context of RTK signaling, the lysosomal lumen functions primarily as an endpoint for signal down-regulation,
thereby playing an important role in limiting the mitogenic effect of EGFR.
(2) The lysosome is also an important signaling station for innate immunity. This is an ancient pathogen-defense system in which specialized
pattern recognition receptors (PRRs) recognize and bind to molecular
signatures known as pathogen-associated molecular patterns shared by
several classes of pathogens. A prominent class of PRRs is the Toll-like
receptor (TLR) family (O’Neill et al., 2013). TLRs consist of leucine-rich
repeat motifs in an antigen-binding ectodomain, a single pass transmembrane portion, and an intracellular Toll–IL-1 receptor (TIR) domain. Upon
binding of the ectodomain to microbial ligands such as viral or bacterial
proteins and nucleic acids, the ectodomain undergoes a conformational
change that leads to the recruitment of specific adaptor proteins to the
TIR. This binding event initiates a signaling cascade that mounts several
anti-pathogen responses, including secretion of inflammatory cytokines
and anti-microbial peptides, as well as activation of dendritic cells. Of
the 13 known TLRs, TLR 3, 7, 8, and 9 localize to the endolysosomal
compartment, with their ectodomain protruding into the lumen and the
TIR facing the cytoplasm. These TLRs specialize in recognizing nucleic
acids, which are released from invading pathogens that were taken up
in intracellular compartments. Localization of TLRs to endocytic compartments is thought to prevent them from recognizing “self” nucleic acids
and thus mounting an autoimmune response. Moreover, full activation
of these TLRs requires proteolytic processing of their ectodomain by proteases such as asparagine endopeptidases and cathepsins in the acidic lumen of the lysosome (Lee and Barton, 2014). After ligand binding
and activation, TLR3 and TLR9 recruit adaptor proteins, such as TRIF and
MyD88, respectively, to their TIR, triggering parallel signaling cascades
that culminate with the activation of transcription factors and the release
of inflammatory cytokines and interferons. Thus, in the context of innate
immunity, the lysosomal lumen provides an ideal environment in which
TLRs become fully activated and where they bind to their respective ligands, whereas the cytoplasmic face provides a platform for the recruitment of secondary effectors that propagate the pathogen-initiated signal
all the way to the nucleus.

Starvation triggers release of calcium from the lysosomal lumen
via MCO
LN1/TRP
ML1, a multispan lysosomal ion transporter, and inhibition of MCOLN1 by genetic inactivation and
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pharmacological approaches impaired TFEB nuclear translocation and autophagy induction (Medina et al., 2015; Wang et al.,
2015b). MITF and TFE3, which are also members of the MiT/
TFE family, can form homodimers or heterodimers with TFEB
and are regulated by similar mechanisms (Roczniak-Ferguson
et al., 2012; Martina and Puertollano, 2013). How starvation
increases MCOLN1-mediated lysosomal Ca2+ release remains
elusive. A recent study (Wang et al., 2015b) has suggested that
nutrient-induced changes in the levels of phosphatidylinositol-(3,5)-bisphosphate, a known activator of TRPML1, may be
involved in this process.
Phosphoproteomic studies revealed that TFEB possesses
multiple sites of phosphorylation (Dephoure et al., 2008;
Peña-Llopis et al., 2011; Settembre et al., 2011; Ferron et al.,
2013), suggesting that mTORC1-independent signaling pathways could also modulate the nuclear translocation of TFEB.
Consistently, the ERK2 kinase phosphorylates TFEB at serine
142 in response to growth factor stimulation and restricts its
nuclear localization (Settembre et al., 2011). MITF is also subjected to phosphorylation by c-kit and WNT signaling on the
sites that are conserved in TFEB and TFE3 (Wu et al., 2000;
Ploper et al., 2015). All these findings indicate that the phosphorylation-dependent regulation of TFEB represents a universal
mechanism of lysosomal adaptation to combat cellular stresses.
TFEB regulation and function are evolutionarily conserved from nematodes to humans, and at the organism level
TFEB-driven transcriptional responses mediate important
physiological processes such as lipid catabolism, longevity,
and organismal survival. Experimental evidence indicates that
TFEB expression is up-regulated in mice after food deprivation
or energy expenditure (Settembre et al., 2013b; Medina et al.,
2015). Overexpression of TFEB in mouse liver attenuated diet-induced obesity by promoting lipid catabolism. In contrast,
lipid degradation pathways were impaired in hepatocytes from
liver-specific TFEB knockout mice (Settembre et al., 2013b).
These liver-specific functions of TFEB result from its ability to
activate a transcriptional program for lipid catabolism through
direct up-regulation of peroxisome proliferator-activated receptor α (PPARα) and peroxisome proliferator-activated receptor gamma coactivator 1α (PGC1α), which are key regulators
of lipid breakdown in response to starvation. Thus, TFEBmediated programs allow the organism to derive energy from
the stored lipids, linking lysosomal function to the maintenance of cellular energy balance (Rabinowitz and White, 2010;
Singh and Cuervo, 2011).
A TFEB-mediated adaptive response could also contribute to the extended lifespan seen in the nematode Caenorhabditis elegans, in which the TFEB homologue, known as HLH-30,
acts similarly to its human counterpart to promote lipid mobilization and autophagy in fasting worms (Kaeberlein et al., 2006;
Lapierre et al., 2013; O’Rourke and Ruvkun, 2013), whereas
loss of HLH-30 diminishes the starvation-induced lifespan extension (Settembre et al., 2013b). Further investigation is required to determine whether modulating the expression and
activity of TFEB would impact the lifespan of higher organisms. Of note, the capability of TFEB to promote cellular clearance could also be exploited to develop novel therapeutics for
diseases associated with lysosomal and autophagic dysfunction
such as lysosomal storage diseases (Settembre et al., 2013a;
Spampanato et al., 2013; Lim et al., 2015) and common neurodegenerative diseases including Parkinson’s, Alzheimer’s, and
Huntington’s diseases. It was observed that TFEB activation by

overexpression or pharmacological stimulation can attenuate
protein aggregation in cellular and mouse models of neurodegenerative disease, likely through increased autophagic clearance of protein aggregates (Polito et al., 2014; Xiao et al., 2014,
2015; Chauhan et al., 2015).
At the organismal level, elimination of the TFEB gene in
mouse is embryonically lethal because of defects in placental
vascularization (Steingrímsson et al., 1998). Prosurvival effects of autophagy elicited by TFEB may also induce metabolic reprogramming that favors cancer growth, for example,
by deliberately accumulating nutrients such as amino acids in
lysosomes. One notable example is human pancreatic ductal adenocarcinoma, which displays increased number of lysosomes
and enlarged autophagosomes as a result of constitutive nuclear
localization and activation of MiT/TFE transcription factors,
which are decoupled from mTORC1 regulation (Perera et al.,
2015). Moreover, gene fusions involving TFE3 or TFEB have
been identified in patients with sporadic renal cell carcinoma
(Komai et al., 2009; Mosquera et al., 2011; Zhong et al., 2012).
A feature common to all TFE3 and TFEB fusion proteins is the
retention of the wild-type protein C-terminus that is required
for DNA binding, dimerization, and nuclear localization. How
the translocated TFE3 and TFEB genes contribute to renal carcinogenesis remains poorly understood. A detailed investigation of the transcriptional programs that become constitutively
activated will shed light on this important question (Kauffman
et al., 2014; Magers et al., 2015).
The MiT/TFE proteins are prominent members of a rapidly expanding group of transcription factors involved in autophagy-lysosome gene regulation. Emerging evidence has also
suggested a key role for forkhead box O (FOXO) transcription
factor family in the regulation of autophagy (Webb and Brunet,
2014). Insulin and growth factor signaling negatively regulate
FOXO transcriptional activity through AKT/SGK1-dependent
phosphorylation, leading to FOXO exclusion from the nucleus
and inhibition of its transcriptional activity (Biggs et al., 1999;
Brunet et al., 1999, 2001; Kops et al., 1999). During starvation,
when insulin and growth factors are absent, FOXO translocates
into the nucleus and activates the expression of genes involved
in stress response, metabolism, and cellular quality control
(Calnan and Brunet, 2008). It was shown that FOXO3 is required for fasting-induced autophagy in muscles (Mammucari
et al., 2007; Zhao et al., 2007). Overexpression of FOXO3 is
sufficient to induce autophagosome, as revealed by increased
foci of LC3-GFP in C2C12-derived myotubes and primary
mouse myofibers, whereas knockdown of FOXO3 leads to decreased autophagosome formation (Mammucari et al., 2007;
Zhao et al., 2007). Chromatin immunoprecipitation analysis in
mouse muscle cells demonstrated that FOXO3 directly binds to
the promoters of key autophagy genes including LC3b, Gabarapl1, Atg12l, Bnip3, and Bnip3l (Mammucari et al., 2007; Zhao
et al., 2007). Therefore, FOXO3 may synergize with TFEB to
maintain muscle functionality during fasting.
Just as turning on autophagy and lysosomal biogenesis
in response to nutrient scarcity is critical for cellular survival,
turning off these processes is equally important, as it allows
cells to readjust their metabolic requirements when nutrients
are replete. ZKSCAN3, a zinc finger transcription factor containing KRAB and SCAN domains previously identified as a
“driver” of cell proliferation (Ma et al., 2007; Yang et al., 2008),
has been proposed as a master transcriptional repressor of autophagy (Chauhan et al., 2013). ZKSCAN3 directly represses the

expression of a repertoire of genes involved in sequential steps
of autophagic process ranging from lysosome biogenesis to trafficking and autophagosome-lysosome fusion. Similar to TFEB,
ZKSCAN3 activity is regulated by nuclear-cytoplasmic shuttling but in the opposite way. Nutrient deprivation or mTORC1
inhibition triggers cytoplasmic localization of ZKSCAN3 and
silences its activity, whereas nutrient-rich conditions promote
nuclear translocation of ZKS
CAN3, leading to suppression
of the autophagic response (Chauhan et al., 2013). Hence, by
switching on and off multiple components of the autophagylysosome system through reciprocal regulation of TFEB and
ZKSCAN3, the lysosome exerts its adaptation to meet metabolic demands according to nutrient levels.
Farnesoid X receptor (FXR), which is a bile acid–activated nuclear receptor involved in regulation of bile acid, lipid,
and glucose homeostasis, has also been shown to negatively
regulate autophagy in the liver through multiple mechanisms
(Lee et al., 2014; Seok et al., 2014). In the fed state, FXR competes with PPARα for a common binding site in the promoter
regions of key autophagy genes, resulting in their repression
(Lee et al., 2014). Interestingly, mTORC1 also attenuates
PPARα activity by promoting nuclear translocation of nuclear
receptor corepressor 1, which is a transcriptional repressor of
PPARα (Sengupta et al., 2010). Furthermore, in fed mice, FXR
blocks the transcriptional activity of cAMP-responsive element
binding protein (CREB) by disrupting the functional interaction between CREB and its coactivator CRTC2. Because CREB
promotes the expression of TFEB and other autophagic regulators, decreased assembly of CREB/CRTC2 complex suppresses
catabolism (Seok et al., 2014). Conversely, under fasting conditions, FXR becomes inactive, thus leading to de-repression of
the transcriptional activity of TFEB, PPARα, and the CREB–
CRTC2 complex. Together, these studies establish a mechanistic link between nutrient-sensing transcription factors/nuclear
receptors and the regulation of autophagy and lysosomal function and delineate an integrated regulatory network for metabolic adaptation of increasing complexity.
Concluding remarks

The discovery of the lysosome-centric signaling networks for
nutrient sensing and metabolic adaptation described herein has
projected this organelle into the pilot’s seat of cellular physiology. Clearly, more studies are required to achieve a comprehensive understanding of how the lysosome’s many parts
interact under various physiological and pathological conditions. Increasing evidence also suggests that this organelle
may constantly communicate with other cellular structures to
carry out specific metabolic programs. For instance, a contact
site between the yeast mitochondria and vacuole named vCLA
MP (vacuole and mitochondria patch) provides an alternative
route to phospholipid transfer to the conventional route via
mitochondria–endoplasmic reticulum contacts, and thus participates in mitochondria biogenesis (Elbaz-Alon et al., 2014;
Hönscher et al., 2014).
From a cell biological standpoint, studying lysosomal
organization and plasticity will answer longstanding questions
regarding the functional diversity of lysosomes in different
tissues and organs, which is mediated by tissue- and cell-type
specific gene expression but is also likely influenced by local
metabolic conditions and age. Deciphering the molecular basis
that determines the differences in lysosomal composition and
function will help us understand how the lysosome acquires

Lysosomes as orchestrators of cellular metabolism • Lim and Zoncu

659

specialized functions to carry out specific metabolic tasks. A
good example is provided by lysosome-related organelles known
as melanosomes, which specialize in the synthesis and storage
of melanin pigment (Raposo and Marks, 2002, 2007). The molecular composition of melanosomes changes through sequential
and well-defined stages of maturation (Raposo and Marks, 2002,
2007). Moreover, melanosomes function differently according to
cell type. In retinal pigment epithelial cells, melanosomes help
detoxify phagocytosed photoreceptor outer membranes, whereas
in epidermal melanocytes, melanosomes contribute to generation
of the pigmentation of skin and hair by supplying melanins to
neighboring keratinocytes (Dell’Angelica, 2003). Importantly,
loss of ability to synthesize pigments and disorganization of
melanosomal structures are associated with development of malignant melanoma. Hence, functional characterization of the molecular components of melanosomes throughout different stages
of maturation and across cell types will not only provide insights
into how they deviate from conventional lysosomes, but also help
unravel the pathogenesis of melanoma.
A further emerging aspect is the heterogeneity of lysosomes within a cell. Lysosomes appear to have different abilities to internally acidify and, potentially, to generate metabolic
signals (Korolchuk et al., 2011; Johnson et al., 2016). These intrinsic differences may stem from the positioning of lysosomes
within cells, which is controlled by specialized protein complexes at the lysosomal surface and by the activity of lysosomal
ion channels (Pu et al., 2015; Li et al., 2016).
With rapid advances in genomic editing and proteomic
technologies, comparative analyses of lysosomal composition
and function will allow us to better appreciate the important
contributions of this organelle to many aspects of cellular metabolism, organismal physiology, and disease.
Acknowledgments
We acknowledge support by a National Institutes of Health Director’s
New Innovator Award, a Pew-Stewart Scholarship for Cancer Research, the Damon Runyon-Rachleff Innovation Award, and an Edward J. Mallinckrodt Jr. Foundation Scholarship to R. Zoncu.
The authors declare no competing financial interests.
Submitted: 1 July 2016
Accepted: 22 August 2016

References
Avraham, R., and Y. Yarden. 2011. Feedback regulation of EGFR signalling:
Decision making by early and delayed loops. Nat. Rev. Mol. Cell Biol.
12:104–117. http://dx.doi.org/10.1038/nrm3048
Bahn, Y.-S., C. Xue, A. Idnurm, J.C. Rutherford, J. Heitman, and M.E. Cardenas.
2007. Sensing the environment: Lessons from fungi. Nat. Rev. Microbiol.
5:57–69. http://dx.doi.org/10.1038/nrmicro1578
Bar-Peled, L., L.D. Schweitzer, R. Zoncu, and D.M. Sabatini. 2012. Ragulator
is a GEF for the rag GTPases that signal amino acid levels to mTORC1.
Cell. 150:1196–1208. http://dx.doi.org/10.1016/j.cell.2012.07.032
Bar-Peled, L., L. Chantranupong, A.D. Cherniack, W.W. Chen, K.A. Ottina,
B.C. Grabiner, E.D. Spear, S.L. Carter, M. Meyerson, and D.M. Sabatini.
2013. A Tumor suppressor complex with GAP activity for the Rag
GTPases that signal amino acid sufficiency to mTORC1. Science.
340:1100–1106. http://dx.doi.org/10.1126/science.1232044
Beugnet, A., A.R. Tee, P.M. Taylor, and C.G. Proud. 2003. Regulation of targets
of mTOR (mammalian target of rapamycin) signalling by intracellular
amino acid availability. Biochem. J. 372:555–566. http://dx.doi.org/10
.1042/bj20021266

660

JCB • Volume 214 • Number 6 • 2016

Biggs, W.H. III, J. Meisenhelder, T. Hunter, W.K. Cavenee, and K.C. Arden.
1999. Protein kinase B/Akt-mediated phosphorylation promotes nuclear
exclusion of the winged helix transcription factor FKHR1. Proc. Natl.
Acad. Sci. USA. 96:7421–7426. http://dx.doi.org/10.1073/pnas.96.13.7421
Binda, M., M.-P. Péli-Gulli, G. Bonfils, N. Panchaud, J. Urban, T.W. Sturgill,
R. Loewith, and C. De Virgilio. 2009. The Vam6 GEF controls TORC1
by activating the EGO complex. Mol. Cell. 35:563–573. http://dx.doi.org
/10.1016/j.molcel.2009.06.033
Boller, T., M. Dürr, and A. Wiemken. 1975. Characterization of a specific
transport system for arginine in isolated yeast vacuoles. Eur. J. Biochem.
54:81–91. http://dx.doi.org/10.1111/j.1432-1033.1975.tb04116.x
Bonfils, G., M. Jaquenoud, S. Bontron, C. Ostrowicz, C. Ungermann, and C. De
Virgilio. 2012. Leucyl-tRNA synthetase controls TORC1 via the EGO
complex. Mol. Cell. 46:105–110. http://dx.doi.org/10.1016/j.molcel.2012
.02.009
Brown, E.J., M.W. Albers, T.B. Shin, K. Ichikawa, C.T. Keith, W.S. Lane, and
S.L. Schreiber. 1994. A mammalian protein targeted by G1-arresting
rapamycin-receptor complex. Nature. 369:756–758. http://dx.doi.org/10
.1038/369756a0
Brugarolas, J., K. Lei, R.L. Hurley, B.D. Manning, J.H. Reiling, E. Hafen,
L.A. Witters, L.W. Ellisen, and W.G. Kaelin Jr. 2004. Regulation of
mTOR function in response to hypoxia by REDD1 and the TSC1/TSC2
tumor suppressor complex. Genes Dev. 18:2893–2904. http://dx.doi.org
/10.1101/gad.1256804
Brunet, A., A. Bonni, M.J. Zigmond, M.Z. Lin, P. Juo, L.S. Hu, M.J. Anderson,
K.C. Arden, J. Blenis, and M.E. Greenberg. 1999. Akt promotes cell
survival by phosphorylating and inhibiting a Forkhead transcription factor.
Cell. 96:857–868. http://dx.doi.org/10.1016/S0092-8674(00)80595-4
Brunet, A., J. Park, H. Tran, L.S. Hu, B.A. Hemmings, and M.E. Greenberg.
2001. Protein kinase SGK mediates survival signals by phosphorylating
the forkhead transcription factor FKHRL1 (FOXO3a). Mol. Cell. Biol.
21:952–965. http://dx.doi.org/10.1128/MCB.21.3.952-965.2001
Bryk, B., K. Hahn, S.M. Cohen, and A.A. Teleman. 2010. MAP4K3 regulates
body size and metabolism in Drosophila. Dev. Biol. 344:150–157. http://
dx.doi.org/10.1016/j.ydbio.2010.04.027
Budanov, A.V., and M. Karin. 2008. p53 target genes sestrin1 and sestrin2
connect genotoxic stress and mTOR signaling. Cell. 134:451–460. http
://dx.doi.org/10.1016/j.cell.2008.06.028
Calnan, D.R., and A. Brunet. 2008. The FoxO code. Oncogene. 27:2276–2288.
http://dx.doi.org/10.1038/onc.2008.21
Chantranupong, L., R.L. Wolfson, and D.M. Sabatini. 2015. Nutrient-sensing
mechanisms across evolution. Cell. 161:67–83. http://dx.doi.org/10.1016
/j.cell.2015.02.041
Chantranupong, L., S.M. Scaria, R.A. Saxton, M.P. Gygi, K. Shen, G.A. Wyant,
T. Wang, J.W. Harper, S.P. Gygi, and D.M. Sabatini. 2016. The CASTOR
proteins are arginine sensors for the mTORC1 pathway. Cell. 165:153–
164. http://dx.doi.org/10.1016/j.cell.2016.02.035
Chauhan, S., J.G. Goodwin, S. Chauhan, G. Manyam, J. Wang, A.M. Kamat,
and D.D. Boyd. 2013. ZKSCAN3 is a master transcriptional repressor of
autophagy. Mol. Cell. 50:16–28. http://dx.doi.org/10.1016/j.molcel.2013
.01.024
Chauhan, S., Z. Ahmed, S.B. Bradfute, J. Arko-Mensah, M.A. Mandell, S. Won
Choi, T. Kimura, F. Blanchet, A. Waller, M.H. Mudd, et al. 2015.
Pharmaceutical screen identifies novel target processes for activation of
autophagy with a broad translational potential. Nat. Commun. 6:8620.
http://dx.doi.org/10.1038/ncomms9620
Christie, G.R., E. Hajduch, H.S. Hundal, C.G. Proud, and P.M. Taylor. 2002.
Intracellular sensing of amino acids in Xenopus laevis oocytes stimulates
p70 S6 kinase in a target of rapamycin-dependent manner. J. Biol. Chem.
277:9952–9957. http://dx.doi.org/10.1074/jbc.M107694200
Dan, H.C., M. Sun, L. Yang, R.I. Feldman, X.-M. Sui, C.C. Ou, M. Nellist,
R.S. Yeung, D.J.J. Halley, S.V. Nicosia, et al. 2002. Phosphatidylinositol
3-kinase/Akt pathway regulates tuberous sclerosis tumor suppressor
complex by phosphorylation of tuberin. J. Biol. Chem. 277:35364–35370.
http://dx.doi.org/10.1074/jbc.M205838200
Dechant, R., S. Saad, A.J. Ibáñez, and M. Peter. 2014. Cytosolic pH regulates
cell growth through distinct GTPases, Arf1 and Gtr1, to promote Ras/
PKA and TORC1 activity. Mol. Cell. 55:409–421. http://dx.doi.org/10
.1016/j.molcel.2014.06.002
de Duve, C. 2005. The lysosome turns fifty. Nat. Cell Biol. 7:847–849. http://dx
.doi.org/10.1038/ncb0905-847
Dell’Angelica, E.C. 2003. Melanosome biogenesis: shedding light on the origin
of an obscure organelle. Trends Cell Biol. 13:503–506. http://dx.doi.org
/10.1016/j.tcb.2003.08.001

Demetriades, C., N. Doumpas, and A.A. Teleman. 2014. Regulation of TORC1
in response to amino acid starvation via lysosomal recruitment of TSC2.
Cell. 156:786–799. http://dx.doi.org/10.1016/j.cell.2014.01.024

leucine sensor for the mTORC1-signaling pathway. Cell. 149:410–424.
http://dx.doi.org/10.1016/j.cell.2012.02.044

Demetriades, C., M. Plescher, and A.A. Teleman. 2016. Lysosomal recruitment
of TSC2 is a universal response to cellular stress. Nat. Commun. 7:10662.
http://dx.doi.org/10.1038/ncomms10662

Hara, K., K. Yonezawa, Q.P. Weng, M.T. Kozlowski, C. Belham, and J. Avruch.
1998. Amino acid sufficiency and mTOR regulate p70 S6 kinase and
eIF-4E BP1 through a common effector mechanism. J. Biol. Chem.
273:14484–14494. http://dx.doi.org/10.1074/jbc.273.23.14484

Deng, L., C. Jiang, L. Chen, J. Jin, J. Wei, L. Zhao, M. Chen, W. Pan, Y. Xu,
H. Chu, et al. 2015. The ubiquitination of rag A GTPase by RNF152
negatively regulates mTORC1 activation. Mol. Cell. 58:804–818. http://
dx.doi.org/10.1016/j.molcel.2015.03.033

Hara, K., Y. Maruki, X. Long, K. Yoshino, N. Oshiro, S. Hidayat, C. Tokunaga,
J. Avruch, and K. Yonezawa. 2002. Raptor, a binding partner of target of
rapamycin (TOR), mediates TOR action. Cell. 110:177–189. http://dx.doi
.org/10.1016/S0092-8674(02)00833-4

Dephoure, N., C. Zhou, J. Villén, S.A. Beausoleil, C.E. Bakalarski, S.J. Elledge,
and S.P. Gygi. 2008. A quantitative atlas of mitotic phosphorylation.
Proc. Natl. Acad. Sci. USA. 105:10762–10767. http://dx.doi.org/10.1073
/pnas.0805139105

Harms, E., N. Gochman, and J.A. Schneider. 1981. Lysosomal pool of freeamino acids. Biochem. Biophys. Res. Commun. 99:830–836. http://dx.doi
.org/10.1016/0006-291X(81)91239-0

Dibble, C.C., and B.D. Manning. 2013. Signal integration by mTORC1
coordinates nutrient input with biosynthetic output. Nat. Cell Biol.
15:555–564. http://dx.doi.org/10.1038/ncb2763
Dibble, C.C., W. Elis, S. Menon, W. Qin, J. Klekota, J.M. Asara, P.M. Finan,
D.J. Kwiatkowski, L.O. Murphy, and B.D. Manning. 2012. TBC1D7 is
a third subunit of the TSC1-TSC2 complex upstream of mTORC1. Mol.
Cell. 47:535–546. http://dx.doi.org/10.1016/j.molcel.2012.06.009
Dokudovskaya, S., and M.P. Rout. 2011. A novel coatomer-related SEA complex
dynamically associates with the vacuole in yeast and is implicated in the
response to nitrogen starvation. Autophagy. 7:1392–1393. http://dx.doi
.org/10.4161/auto.7.11.17347
Dokudovskaya, S., F. Waharte, A. Schlessinger, U. Pieper, D.P. Devos,
I.M. Cristea, R. Williams, J. Salamero, B.T. Chait, A. Sali, M.C. Field,
M.P. Rout, and C. Dargemont. 2011. A conserved coatomer-related
complex containing Sec13 and Seh1 dynamically associates with
the vacuole in Saccharomyces cerevisiae. Mol. Cell. Proteomics.
10:M110.006478. http://dx.doi.org/10.1074/mcp.M110.006478.
Duran, A., R. Amanchy, J.F. Linares, J. Joshi, S. Abu-Baker, A. Porollo,
M. Hansen, J. Moscat, and M.T. Diaz-Meco. 2011. p62 is a key regulator
of nutrient sensing in the mTORC1 pathway. Mol. Cell. 44:134–146. http
://dx.doi.org/10.1016/j.molcel.2011.06.038
Durán, R.V., W. Oppliger, A.M. Robitaille, L. Heiserich, R. Skendaj, E. Gottlieb,
and M.N. Hall. 2012. Glutaminolysis activates Rag-mTORC1 signaling.
Mol. Cell. 47:349–358. http://dx.doi.org/10.1016/j.molcel.2012.05.043
Dürr, M., K. Urech, T. Boller, A. Wiemken, J. Schwencke, and M. Nagy.
1979. Sequestration of arginine by polyphosphate in vacuoles of yeast
(Saccharomyces cerevisiae). Arch. Microbiol. 121:169–175. http://dx.doi
.org/10.1007/BF00689982
Efeyan, A., R. Zoncu, and D.M. Sabatini. 2012. Amino acids and mTORC1:
From lysosomes to disease. Trends Mol. Med. 18:524–533. http://dx.doi
.org/10.1016/j.molmed.2012.05.007
Efeyan, A., R. Zoncu, S. Chang, I. Gumper, H. Snitkin, R.L. Wolfson, O. Kirak,
D.D. Sabatini, and D.M. Sabatini. 2013. Regulation of mTORC1 by the
Rag GTPases is necessary for neonatal autophagy and survival. Nature.
493:679–683. http://dx.doi.org/10.1038/nature11745
Efeyan, A., W.C. Comb, and D.M. Sabatini. 2015. Nutrient-sensing mechanisms
and pathways. Nature. 517:302–310. http://dx.doi.org/10.1038/
nature14190
Elbaz-Alon, Y., E. Rosenfeld-Gur, V. Shinder, A.H. Futerman, T. Geiger,
and M. Schuldiner. 2014. A dynamic interface between vacuoles and
mitochondria in yeast. Dev. Cell. 30:95–102. http://dx.doi.org/10.1016/j
.devcel.2014.06.007
Ferron, M., C. Settembre, J. Shimazu, J. Lacombe, S. Kato, D.J. Rawlings,
A. Ballabio, and G. Karsenty. 2013. A RANKL-PKCβ-TFEB signaling
cascade is necessary for lysosomal biogenesis in osteoclasts. Genes Dev.
27:955–969. http://dx.doi.org/10.1101/gad.213827.113
Findlay, G.M., L. Yan, J. Procter, V. Mieulet, and R.F. Lamb. 2007. A MAP4
kinase related to Ste20 is a nutrient-sensitive regulator of mTOR signalling.
Biochem. J. 403:13–20. http://dx.doi.org/10.1042/BJ20061881
Forgac, M. 2007. Vacuolar ATPases: rotary proton pumps in physiology and
pathophysiology. Nat. Rev. Mol. Cell Biol. 8:917–929. http://dx.doi.org
/10.1038/nrm2272
Futerman, A.H., and G. van Meer. 2004. The cell biology of lysosomal storage
disorders. Nat. Rev. Mol. Cell Biol. 5:554–565. http://dx.doi.org/10.1038
/nrm1423
Guertin, D.A., D.M. Stevens, C.C. Thoreen, A.A. Burds, N.Y. Kalaany, J. Moffat,
M. Brown, K.J. Fitzgerald, and D.M. Sabatini. 2006. Ablation in mice of
the mTORC components raptor, rictor, or mLST8 reveals that mTORC2
is required for signaling to Akt-FOXO and PKCalpha, but not S6K1. Dev.
Cell. 11:859–871. http://dx.doi.org/10.1016/j.devcel.2006.10.007
Han, J.M., S.J. Jeong, M.C. Park, G. Kim, N.H. Kwon, H.K. Kim, S.H. Ha,
S.-H. Ryu, and S. Kim. 2012. Leucyl-tRNA synthetase is an intracellular

Heitman, J., N.R. Movva, and M.N. Hall. 1991. Targets for cell cycle arrest by
the immunosuppressant rapamycin in yeast. Science. 253:905–909. http
://dx.doi.org/10.1126/science.1715094
Hönscher, C., M. Mari, K. Auffarth, M. Bohnert, J. Griffith, W. Geerts, M. van
der Laan, M. Cabrera, F. Reggiori, and C. Ungermann. 2014. Cellular
metabolism regulates contact sites between vacuoles and mitochondria.
Dev. Cell. 30:86–94. http://dx.doi.org/10.1016/j.devcel.2014.06.006
Inoki, K., Y. Li, T. Zhu, J. Wu, and K.-L. Guan. 2002. TSC2 is phosphorylated
and inhibited by Akt and suppresses mTOR signalling. Nat. Cell Biol.
4:648–657. http://dx.doi.org/10.1038/ncb839
Inoki, K., Y. Li, T. Xu, and K.-L. Guan. 2003b. Rheb GTPase is a direct target of
TSC2 GAP activity and regulates mTOR signaling. Genes Dev. 17:1829–
1834. http://dx.doi.org/10.1101/gad.1110003
Inoki, K., T. Zhu, and K.-L. Guan. 2003a. TSC2 mediates cellular energy
response to control cell growth and survival. Cell. 115:577–590. http://dx
.doi.org/10.1016/S0092-8674(03)00929-2
Jewell, J.L., and K.-L. Guan. 2013. Nutrient signaling to mTOR and cell growth.
Trends Biochem. Sci. 38:233–242. http://dx.doi.org/10.1016/j.tibs.2013
.01.004
Jewell, J.L., Y.C. Kim, R.C. Russell, F.-X. Yu, H.W. Park, S.W. Plouffe,
V.S. Tagliabracci, and K.-L. Guan. 2015. Metabolism. Differential
regulation of mTORC1 by leucine and glutamine. Science. 347:194–198.
http://dx.doi.org/10.1126/science.1259472
Jin, G., S.-W. Lee, X. Zhang, Z. Cai, Y. Gao, P.-C. Chou, A.H. Rezaeian, F. Han,
C.-Y. Wang, J.-C. Yao, et al. 2015. Skp2-mediated RagA ubiquitination
elicits a negative feedback to prevent amino-acid-dependent mTORC1
hyperactivation by recruiting GATOR1. Mol. Cell. 58:989–1000. http://
dx.doi.org/10.1016/j.molcel.2015.05.010
Johnson, D.E., P. Ostrowski, V. Jaumouillé, and S. Grinstein. 2016. The position
of lysosomes within the cell determines their luminal pH. J. Cell Biol.
212:677–692. http://dx.doi.org/10.1083/jcb.201507112
Jung, J., H.M. Genau, and C. Behrends. 2015. Amino acid-dependent mTORC1
regulation by the lysosomal membrane protein SLC38A9. Mol. Cell.
Biol. 35:2479–2494. http://dx.doi.org/10.1128/MCB.00125-15
Kaeberlein, T.L., E.D. Smith, M. Tsuchiya, K.L. Welton, J.H. Thomas,
S. Fields, B.K. Kennedy, and M. Kaeberlein. 2006. Lifespan extension in
Caenorhabditis elegans by complete removal of food. Aging Cell. 5:487–
494. http://dx.doi.org/10.1111/j.1474-9726.2006.00238.x
Kauffman, E.C., C.J. Ricketts, S. Rais-Bahrami, Y. Yang, M.J. Merino,
D.P. Bottaro, R. Srinivasan, and W.M. Linehan. 2014. Molecular genetics
and cellular features of TFE3 and TFEB fusion kidney cancers. Nat. Rev.
Urol. 11:465–475. http://dx.doi.org/10.1038/nrurol.2014.162
Kim, D.-H., D.D. Sarbassov, S.M. Ali, J.E. King, R.R. Latek, H. ErdjumentBromage, P. Tempst, and D.M. Sabatini. 2002. mTOR interacts with
raptor to form a nutrient-sensitive complex that signals to the cell
growth machinery. Cell. 110:163–175. http://dx.doi.org/10.1016/S0092
-8674(02)00808-5
Kim, D.-H., D.D. Sarbassov, S.M. Ali, R.R. Latek, K.V.P. Guntur, H. ErdjumentBromage, P. Tempst, and D.M. Sabatini. 2003. GbetaL, a positive
regulator of the rapamycin-sensitive pathway required for the nutrientsensitive interaction between raptor and mTOR. Mol. Cell. 11:895–904.
http://dx.doi.org/10.1016/S1097-2765(03)00114-X
Kim, E., P. Goraksha-Hicks, L. Li, T.P. Neufeld, and K.-L. Guan. 2008.
Regulation of TORC1 by Rag GTPases in nutrient response. Nat. Cell
Biol. 10:935–945. http://dx.doi.org/10.1038/ncb1753
Kim, H., S. An, S.-H. Ro, F. Teixeira, G.J. Park, C. Kim, C.-S. Cho, J.S. Kim,
U. Jakob, J.H. Lee, and U.-S. Cho. 2015. Janus-faced Sestrin2 controls
ROS and mTOR signalling through two separate functional domains. Nat.
Commun. 6:10025. http://dx.doi.org/10.1038/ncomms10025
Kim, Y.-M., M. Stone, T.H. Hwang, Y.-G. Kim, J.R. Dunlevy, T.J. Griffin, and
D.-H. Kim. 2012. SH3BP4 is a negative regulator of amino acid-Rag
GTPase-mTORC1 signaling. Mol. Cell. 46:833–846. http://dx.doi.org/10
.1016/j.molcel.2012.04.007

Lysosomes as orchestrators of cellular metabolism • Lim and Zoncu

661

Kitamoto, K., K. Yoshizawa, Y. Ohsumi, and Y. Anraku. 1988. Dynamic aspects
of vacuolar and cytosolic amino acid pools of Saccharomyces cerevisiae.
J. Bacteriol. 170:2683–2686.
Kobayashi, T., S. Shimabukuro-Demoto, R. Yoshida-Sugitani, K. FuruyamaTanaka, H. Karyu, Y. Sugiura, Y. Shimizu, T. Hosaka, M. Goto, N. Kato,
et al. 2014. The histidine transporter SLC15A4 coordinates mTORdependent inflammatory responses and pathogenic antibody production.
Immunity. 41:375–388. http://dx.doi.org/10.1016/j.immuni.2014.08.011
Komai, Y., M. Fujiwara, Y. Fujii, H. Mukai, J. Yonese, S. Kawakami,
S. Yamamoto, T. Migita, Y. Ishikawa, M. Kurata, et al. 2009. Adult
Xp11 translocation renal cell carcinoma diagnosed by cytogenetics and
immunohistochemistry. Clin. Cancer Res. 15:1170–1176. http://dx.doi
.org/10.1158/1078-0432.CCR-08-1183
Komatsu, M., S. Waguri, T. Ueno, J. Iwata, S. Murata, I. Tanida, J. Ezaki,
N. Mizushima, Y. Ohsumi, Y. Uchiyama, et al. 2005. Impairment of
starvation-induced and constitutive autophagy in Atg7-deficient mice.
J. Cell Biol. 169:425–434. http://dx.doi.org/10.1083/jcb.200412022
Kops, G.J., N.D. de Ruiter, A.M. De Vries-Smits, D.R. Powell, J.L. Bos, and
B.M. Burgering. 1999. Direct control of the Forkhead transcription factor
AFX by protein kinase B. Nature. 398:630–634. http://dx.doi.org/10
.1038/19328
Korolchuk, V.I., S. Saiki, M. Lichtenberg, F.H. Siddiqi, E.A. Roberts, S. Imarisio,
L. Jahreiss, S. Sarkar, M. Futter, F.M. Menzies, et al. 2011. Lysosomal
positioning coordinates cellular nutrient responses. Nat. Cell Biol.
13:453–460. http://dx.doi.org/10.1038/ncb2204
Kuma, A., M. Hatano, M. Matsui, A. Yamamoto, H. Nakaya, T. Yoshimori,
Y. Ohsumi, T. Tokuhisa, and N. Mizushima. 2004. The role of autophagy
during the early neonatal starvation period. Nature. 432:1032–1036.
http://dx.doi.org/10.1038/nature03029
Lapierre, L.R., C.D. De Magalhaes Filho, P.R. McQuary, C.-C. Chu, O. Visvikis,
J.T. Chang, S. Gelino, B. Ong, A.E. Davis, J.E. Irazoqui, et al. 2013. The
TFEB orthologue HLH-30 regulates autophagy and modulates longevity
in Caenorhabditis elegans. Nat. Commun. 4:2267. http://dx.doi.org/10
.1038/ncomms3267
Laplante, M., and D.M. Sabatini. 2012. mTOR signaling in growth control and
disease. Cell. 149:274–293. http://dx.doi.org/10.1016/j.cell.2012.03.017
Lee, B.L., and G.M. Barton. 2014. Trafficking of endosomal Toll-like receptors.
Trends Cell Biol. 24:360–369. http://dx.doi.org/10.1016/j.tcb.2013.12
.002
Lee, J.M., M. Wagner, R. Xiao, K.H. Kim, D. Feng, M.A. Lazar, and D.D. Moore.
2014. Nutrient-sensing nuclear receptors coordinate autophagy. Nature.
516:112–115.
Li, S.C., and P.M. Kane. 2009. The yeast lysosome-like vacuole: Endpoint and
crossroads. Biochim. Biophys. Acta. 1793:650–663. http://dx.doi.org/10
.1016/j.bbamcr.2008.08.003
Li, X., N. Rydzewski, A. Hider, X. Zhang, J. Yang, W. Wang, Q. Gao, X. Cheng,
and H. Xu. 2016. A molecular mechanism to regulate lysosome motility
for lysosome positioning and tubulation. Nat. Cell Biol. 18:404–417.
http://dx.doi.org/10.1038/ncb3324
Lim, J.-A., O. Kakhlon, L. Li, R. Myerowitz, and N. Raben. 2015. Pompe disease:
Shared and unshared features of lysosomal storage disorders. Rare Dis.
3:e1068978. http://dx.doi.org/10.1080/21675511.2015.1068978
Luzio, J.P., M.D.J. Parkinson, S.R. Gray, and N.A. Bright. 2009. The delivery
of endocytosed cargo to lysosomes. Biochem. Soc. Trans. 37:1019–1021.
http://dx.doi.org/10.1042/BST0371019
Ma, X., X. Wang, X. Gao, L. Wang, Y. Lu, P. Gao, W. Deng, P. Yu, J. Ma, J. Guo,
et al. 2007. Identification of five human novel genes associated with cell
proliferation by cell-based screening from an expressed cDNA ORF
library. Life Sci. 81:1141–1151. http://dx.doi.org/10.1016/j.lfs.2007.08
.006
Magers, M.J., A.M. Udager, and R. Mehra. 2015. MiT family translocationassociated renal cell carcinoma: A contemporary update with emphasis
on morphologic, immunophenotypic, and molecular mimics. Arch.
Pathol. Lab. Med. 139:1224–1233. http://dx.doi.org/10.5858/arpa.2015
-0196-RA
Makishima, H., H. Cazzolli, H. Szpurka, A. Dunbar, R. Tiu, J. Huh, H. Muramatsu,
C. O’Keefe, E. Hsi, R.L. Paquette, et al. 2009. Mutations of e3 ubiquitin
ligase cbl family members constitute a novel common pathogenic lesion
in myeloid malignancies. J. Clin. Oncol. 27:6109–6116. http://dx.doi.org
/10.1200/JCO.2009.23.7503
Mammucari, C., G. Milan, V. Romanello, E. Masiero, R. Rudolf, P. Del Piccolo,
S.J. Burden, R. Di Lisi, C. Sandri, J. Zhao, et al. 2007. FoxO3 controls
autophagy in skeletal muscle in vivo. Cell Metab. 6:458–471. http://dx
.doi.org/10.1016/j.cmet.2007.11.001
Martina, J.A., and R. Puertollano. 2013. Rag GTPases mediate amino aciddependent recruitment of TFEB and MITF to lysosomes. J. Cell Biol.
200:475–491. http://dx.doi.org/10.1083/jcb.201209135
662

JCB • Volume 214 • Number 6 • 2016

Martina, J.A., Y. Chen, M. Gucek, and R. Puertollano. 2012. MTORC1 functions
as a transcriptional regulator of autophagy by preventing nuclear transport
of TFEB. Autophagy. 8:903–914. http://dx.doi.org/10.4161/auto.19653
Medina, D.L., S. Di Paola, I. Peluso, A. Armani, D. De Stefani, R. Venditti,
S. Montefusco, A. Scotto-Rosato, C. Prezioso, A. Forrester, et al. 2015.
Lysosomal calcium signalling regulates autophagy through calcineurin
and TFEB. Nat. Cell Biol. 17:288–299. http://dx.doi.org/10.1038/
ncb3114
Menon, S., C.C. Dibble, G. Talbott, G. Hoxhaj, A.J. Valvezan, H. Takahashi,
L.C. Cantley, and B.D. Manning. 2014. Spatial control of the TSC
complex integrates insulin and nutrient regulation of mTORC1 at the
lysosome. Cell. 156:771–785. http://dx.doi.org/10.1016/j.cell.2013.11
.049
Mosquera, J.-M., P. Dal Cin, K.D. Mertz, S. Perner, I.J. Davis, D.E. Fisher,
M.A. Rubin, and M.S. Hirsch. 2011. Validation of a TFE3 break-apart
FISH assay for Xp11.2 translocation renal cell carcinomas. Diagn. Mol.
Pathol. 20:129–137. http://dx.doi.org/10.1097/PDM.0b013e31820e9c67
Nada, S., A. Hondo, A. Kasai, M. Koike, K. Saito, Y. Uchiyama, and M. Okada.
2009. The novel lipid raft adaptor p18 controls endosome dynamics by
anchoring the MEK-ERK pathway to late endosomes. EMBO J. 28:477–
489. http://dx.doi.org/10.1038/emboj.2008.308
O’Neill, L.A.J., D. Golenbock, and A.G. Bowie. 2013. The history of Toll-like
receptors—redefining innate immunity. Nat. Rev. Immunol. 13:453–460.
http://dx.doi.org/10.1038/nri3446
O’Rourke, E.J., and G. Ruvkun. 2013. MXL-3 and HLH-30 transcriptionally
link lipolysis and autophagy to nutrient availability. Nat. Cell Biol.
15:668–676. http://dx.doi.org/10.1038/ncb2741
Ögmundsdóttir, M.H., S. Heublein, S. Kazi, B. Reynolds, S.M. Visvalingam,
M.K. Shaw, and D.C.I. Goberdhan. 2012. Proton-assisted amino acid
transporter PAT1 complexes with Rag GTPases and activates TORC1
on late endosomal and lysosomal membranes. PLoS One. 7:e36616.
http://dx.doi.org/10.1371/journal.pone.0036616
Ohsumi, Y., and Y. Anraku. 1981. Active transport of basic amino acids driven by
a proton motive force in vacuolar membrane vesicles of Saccharomyces
cerevisiae. J. Biol. Chem. 256:2079–2082.
Palmieri, M., S. Impey, H. Kang, A. di Ronza, C. Pelz, M. Sardiello, and
A. Ballabio. 2011. Characterization of the CLEAR network reveals an
integrated control of cellular clearance pathways. Hum. Mol. Genet.
20:3852–3866. http://dx.doi.org/10.1093/hmg/ddr306
Panchaud, N., M.-P. Péli-Gulli, and C. De Virgilio. 2013. Amino acid deprivation
inhibits TORC1 through a GTPase-activating protein complex for the
Rag family GTPase Gtr1. Sci. Signal. 6:ra42. http://dx.doi.org/10.1126
/scisignal.2004112
Parenti, G., G. Andria, and A. Ballabio. 2015. Lysosomal storage diseases: From
pathophysiology to therapy. Annu. Rev. Med. 66:471–486. http://dx.doi
.org/10.1146/annurev-med-122313-085916
Péli-Gulli, M.-P., A. Sardu, N. Panchaud, S. Raucci, and C. De Virgilio. 2015.
Amino acids stimulate TORC1 through Lst4-Lst7, a GTPase-activating
protein complex for the Rag family GTPase Gtr2. Cell Reports. 13:1–
7. http://dx.doi.org/10.1016/j.celrep.2015.08.059
Peña-Llopis, S., S. Vega-Rubin-de-Celis, J.C. Schwartz, N.C. Wolff, T.A.T. Tran,
L. Zou, X.-J. Xie, D.R. Corey, and J. Brugarolas. 2011. Regulation of
TFEB and V-ATPases by mTORC1. EMBO J. 30:3242–3258. http://dx
.doi.org/10.1038/emboj.2011.257
Perera, R.M., S. Stoykova, B.N. Nicolay, K.N. Ross, J. Fitamant, M. Boukhali,
J. Lengrand, V. Deshpande, M.K. Selig, C.R. Ferrone, et al. 2015.
Transcriptional control of autophagy-lysosome function drives pancreatic
cancer metabolism. Nature. 524:361–365. http://dx.doi.org/10.1038/
nature14587
Peterson, T.R., M. Laplante, C.C. Thoreen, Y. Sancak, S.A. Kang, W.M. Kuehl,
N.S. Gray, and D.M. Sabatini. 2009. DEPTOR is an mTOR inhibitor
frequently overexpressed in multiple myeloma cells and required for their
survival. Cell. 137:873–886. http://dx.doi.org/10.1016/j.cell.2009.03.046
Petit, C.S., A. Roczniak-Ferguson, and S.M. Ferguson. 2013. Recruitment of
folliculin to lysosomes supports the amino acid-dependent activation of
Rag GTPases. J. Cell Biol. 202:1107–1122. http://dx.doi.org/10.1083/jcb
.201307084
Platt, F.M., B. Boland, and A.C. van der Spoel. 2012. The cell biology of
disease: Lysosomal storage disorders: The cellular impact of lysosomal
dysfunction. J. Cell Biol. 199:723–734. http://dx.doi.org/10.1083/jcb
.201208152
Ploper, D., V.F. Taelman, L. Robert, B.S. Perez, B. Titz, H.-W. Chen,
T.G. Graeber, E. von Euw, A. Ribas, and E.M. De Robertis. 2015.
MITF drives endolysosomal biogenesis and potentiates Wnt signaling in
melanoma cells. Proc. Natl. Acad. Sci. USA. 112:E420–E429. http://dx
.doi.org/10.1073/pnas.1424576112
Polito, V.A., H. Li, H. Martini-Stoica, B. Wang, L. Yang, Y. Xu, D.B. Swartzlander,
M. Palmieri, A. di Ronza, V.M.-Y. Lee, et al. 2014. Selective clearance of

aberrant tau proteins and rescue of neurotoxicity by transcription factor
EB. EMBO Mol. Med. 6:1142–1160. http://dx.doi.org/10.15252/emmm
.201303671
Powis, K., T. Zhang, N. Panchaud, R. Wang, C. De Virgilio, and J. Ding.
2015. Crystal structure of the Ego1-Ego2-Ego3 complex and its role in
promoting Rag GTPase-dependent TORC1 signaling. Cell Res. 25:1043–
1059. http://dx.doi.org/10.1038/cr.2015.86
Price, D.J., R.A. Nemenoff, and J. Avruch. 1989. Purification of a hepatic S6 kinase from cycloheximide-treated rats. J. Biol. Chem. 264:13825–13833.
Pu, J., C. Schindler, R. Jia, M. Jarnik, P. Backlund, and J.S. Bonifacino. 2015.
BORC, a multisubunit complex that regulates lysosome positioning. Dev.
Cell. 33:176–188. http://dx.doi.org/10.1016/j.devcel.2015.02.011
Rabinowitz, J.D., and E. White. 2010. Autophagy and metabolism. Science.
330:1344–1348. http://dx.doi.org/10.1126/science.1193497
Raposo, G., and M.S. Marks. 2002. The dark side of lysosome-related
organelles: Specialization of the endocytic pathway for melanosome
biogenesis. Traffic. 3:237–248. http://dx.doi.org/10.1034/j.1600-0854
.2002.030401.x
Raposo, G., and M.S. Marks. 2007. Melanosomes—dark organelles enlighten
endosomal membrane transport. Nat. Rev. Mol. Cell Biol. 8:786–797. http
://dx.doi.org/10.1038/nrm2258
Rebsamen, M., L. Pochini, T. Stasyk, M.E.G. de Araújo, M. Galluccio,
R.K. Kandasamy, B. Snijder, A. Fauster, E.L. Rudashevskaya,
M. Bruckner, et al. 2015. SLC38A9 is a component of the lysosomal
amino acid sensing machinery that controls mTORC1. Nature. 519:477–
481. http://dx.doi.org/10.1038/nature14107
Rehli, M., N. Den Elzen, A.I. Cassady, M.C. Ostrowski, and D.A. Hume.
1999. Cloning and characterization of the murine genes for bHLH-ZIP
transcription factors TFEC and TFEB reveal a common gene organization
for all MiT subfamily members. Genomics. 56:111–120. http://dx.doi.org
/10.1006/geno.1998.5588
Reiling, J.H., and E. Hafen. 2004. The hypoxia-induced paralogs Scylla and
Charybdis inhibit growth by down-regulating S6K activity upstream of
TSC in Drosophila. Genes Dev. 18:2879–2892. http://dx.doi.org/10.1101
/gad.322704
Roczniak-Ferguson, A., C.S. Petit, F. Froehlich, S. Qian, J. Ky, B. Angarola,
T.C. Walther, and S.M. Ferguson. 2012. The transcription factor
TFEB links mTORC1 signaling to transcriptional control of lysosome
homeostasis. Sci. Signal. 5:ra42. http://dx.doi.org/10.1126/scisignal
.2002790
Sabatini, D.M., H. Erdjument-Bromage, M. Lui, P. Tempst, and S.H. Snyder.
1994. RAFT1: A mammalian protein that binds to FKBP12 in a
rapamycin-dependent fashion and is homologous to yeast TORs. Cell.
78:35–43. http://dx.doi.org/10.1016/0092-8674(94)90570-3
Saftig, P., and J. Klumperman. 2009. Lysosome biogenesis and lysosomal
membrane proteins: Trafficking meets function. Nat. Rev. Mol. Cell Biol.
10:623–635. http://dx.doi.org/10.1038/nrm2745
Sancak, Y., C.C. Thoreen, T.R. Peterson, R.A. Lindquist, S.A. Kang, E. Spooner,
S.A. Carr, and D.M. Sabatini. 2007. PRAS40 is an insulin-regulated
inhibitor of the mTORC1 protein kinase. Mol. Cell. 25:903–915. http://
dx.doi.org/10.1016/j.molcel.2007.03.003
Sancak, Y., T.R. Peterson, Y.D. Shaul, R.A. Lindquist, C.C. Thoreen, L. BarPeled, and D.M. Sabatini. 2008. The Rag GTPases bind raptor and
mediate amino acid signaling to mTORC1. Science. 320:1496–1501. http
://dx.doi.org/10.1126/science.1157535
Sancak, Y., L. Bar-Peled, R. Zoncu, A.L. Markhard, S. Nada, and D.M. Sabatini.
2010. Ragulator-Rag complex targets mTORC1 to the lysosomal surface
and is necessary for its activation by amino acids. Cell. 141:290–303. http
://dx.doi.org/10.1016/j.cell.2010.02.024
Sardiello, M., M. Palmieri, A. di Ronza, D.L. Medina, M. Valenza,
V.A. Gennarino, C. Di Malta, F. Donaudy, V. Embrione, R.S. Polishchuk,
et al. 2009. A gene network regulating lysosomal biogenesis and function. Science. 325:473–477.
Saucedo, L.J., X. Gao, D.A. Chiarelli, L. Li, D. Pan, and B.A. Edgar. 2003.
Rheb promotes cell growth as a component of the insulin/TOR signalling
network. Nat. Cell Biol. 5:566–571. http://dx.doi.org/10.1038/ncb996
Saxton, R.A., K.E. Knockenhauer, R.L. Wolfson, L. Chantranupong, M.E. Pacold,
T. Wang, T.U. Schwartz, and D.M. Sabatini. 2016. Structural basis for
leucine sensing by the Sestrin2-mTORC1 pathway. Science. 351:53–58.
http://dx.doi.org/10.1126/science.aad2087
Sengupta, S., T.R. Peterson, M. Laplante, S. Oh, and D.M. Sabatini. 2010.
mTORC1 controls fasting-induced ketogenesis and its modulation by
ageing. Nature. 468:1100–1104. http://dx.doi.org/10.1038/nature09584
Seok, S., T. Fu, S.-E. Choi, Y. Li, R. Zhu, S. Kumar, X. Sun, G. Yoon, Y. Kang,
W. Zhong, et al. 2014. Transcriptional regulation of autophagy by an
FXR-CREB axis. Nature. 516:108–111.

Settembre, C., C. Di Malta, V.A. Polito, M. Garcia Arencibia, F. Vetrini, S. Erdin,
S.U. Erdin, T. Huynh, D. Medina, P. Colella, et al. 2011. TFEB links
autophagy to lysosomal biogenesis. Science. 332:1429–1433. http://dx
.doi.org/10.1126/science.1204592
Settembre, C., R. Zoncu, D.L. Medina, F. Vetrini, S. Erdin, S. Erdin, T. Huynh,
M. Ferron, G. Karsenty, M.C. Vellard, et al. 2012. A lysosome-tonucleus signalling mechanism senses and regulates the lysosome via
mTOR and TFEB. EMBO J. 31:1095–1108. http://dx.doi.org/10.1038
/emboj.2012.32
Settembre, C., R. De Cegli, G. Mansueto, P.K. Saha, F. Vetrini, O. Visvikis,
T. Huynh, A. Carissimo, D. Palmer, T.J. Klisch, et al. 2013b. TFEB
controls cellular lipid metabolism through a starvation-induced
autoregulatory loop. Nat. Cell Biol. 15:647–658. http://dx.doi.org/10
.1038/ncb2718
Settembre, C., A. Fraldi, D.L. Medina, and A. Ballabio. 2013a. Signals from the
lysosome: A control centre for cellular clearance and energy metabolism.
Nat. Rev. Mol. Cell Biol. 14:283–296. http://dx.doi.org/10.1038/nrm3565
Shimobayashi, M., and M.N. Hall. 2014. Making new contacts: The mTOR
network in metabolism and signalling crosstalk. Nat. Rev. Mol. Cell Biol.
15:155–162. http://dx.doi.org/10.1038/nrm3757
Singh, R., and A.M. Cuervo. 2011. Autophagy in the cellular energetic balance.
Cell Metab. 13:495–504. http://dx.doi.org/10.1016/j.cmet.2011.04.004
Spampanato, C., E. Feeney, L. Li, M. Cardone, J.-A. Lim, F. Annunziata, H. Zare,
R. Polishchuk, R. Puertollano, G. Parenti, et al. 2013. Transcription factor
EB (TFEB) is a new therapeutic target for Pompe disease. EMBO Mol.
Med. 5:691–706. http://dx.doi.org/10.1002/emmm.201202176
Steingrímsson, E., L. Tessarollo, S.W. Reid, N.A. Jenkins, and N.G. Copeland.
1998. The bHLH-Zip transcription factor Tfeb is essential for placental
vascularization. Development. 125:4607–4616.
Stocker, H., T. Radimerski, B. Schindelholz, F. Wittwer, P. Belawat, P. Daram,
S. Breuer, G. Thomas, and E. Hafen. 2003. Rheb is an essential regulator
of S6K in controlling cell growth in Drosophila. Nat. Cell Biol. 5:559–
565. http://dx.doi.org/10.1038/ncb995
Stracka, D., S. Jozefczuk, F. Rudroff, U. Sauer, and M.N. Hall. 2014. Nitrogen
source activates TOR (target of rapamycin) complex 1 via glutamine and
independently of Gtr/Rag proteins. J. Biol. Chem. 289:25010–25020.
http://dx.doi.org/10.1074/jbc.M114.574335
Stransky, L.A., and M. Forgac. 2015. Amino acid availability modulates vacuolar
H+-ATPase assembly. J. Biol. Chem. 290:27360–27369. http://dx.doi.org
/10.1074/jbc.M115.659128
Sturgill, T.W., A. Cohen, M. Diefenbacher, M. Trautwein, D.E. Martin, and
M.N. Hall. 2008. TOR1 and TOR2 have distinct locations in live cells.
Eukaryot. Cell. 7:1819–1830. http://dx.doi.org/10.1128/EC.00088-08
Tan, Y.-H.C., S. Krishnaswamy, S. Nandi, R. Kanteti, S. Vora, K. Onel, R. Hasina,
F.-Y. Lo, E. El-Hashani, G. Cervantes, et al. 2010. CBL is frequently
altered in lung cancers: Its relationship to mutations in MET and EGFR
tyrosine kinases. PLoS One. 5:e8972. http://dx.doi.org/10.1371/journal
.pone.0008972
Taniguchi, C.M., B. Emanuelli, and C.R. Kahn. 2006. Critical nodes in signalling
pathways: Insights into insulin action. Nat. Rev. Mol. Cell Biol. 7:85–96.
http://dx.doi.org/10.1038/nrm1837
Tomas, A., C.E. Futter, and E.R. Eden. 2014. EGF receptor trafficking:
Consequences for signaling and cancer. Trends Cell Biol. 24:26–34. http
://dx.doi.org/10.1016/j.tcb.2013.11.002
Tsun, Z.-Y., L. Bar-Peled, L. Chantranupong, R. Zoncu, T. Wang, C. Kim,
E. Spooner, and D.M. Sabatini. 2013. The folliculin tumor suppressor is a
GAP for the RagC/D GTPases that signal amino acid levels to mTORC1.
Mol. Cell. 52:495–505. http://dx.doi.org/10.1016/j.molcel.2013.09.016
Wang, S., Z.-Y. Tsun, R.L. Wolfson, K. Shen, G.A. Wyant, M.E. Plovanich,
E.D. Yuan, T.D. Jones, L. Chantranupong, W. Comb, et al. 2015a.
Metabolism. Lysosomal amino acid transporter SLC38A9 signals
arginine sufficiency to mTORC1. Science. 347:188–194. http://dx.doi.org
/10.1126/science.1257132
Wang, W., Q. Gao, M. Yang, X. Zhang, L. Yu, M. Lawas, X. Li, M. BryantGenevier, N.T. Southall, J. Marugan, et al. 2015b. Up-regulation of
lysosomal TRPML1 channels is essential for lysosomal adaptation to
nutrient starvation. Proc. Natl. Acad. Sci. USA. 112:E1373–E1381. http://
dx.doi.org/10.1073/pnas.1419669112
Wang, X., L.E. Campbell, C.M. Miller, and C.G. Proud. 1998. Amino acid
availability regulates p70 S6 kinase and multiple translation factors.
Biochem. J. 334:261–267. http://dx.doi.org/10.1042/bj3340261
Ward, P.S., and C.B. Thompson. 2012. Signaling in control of cell growth and
metabolism. Cold Spring Harb. Perspect. Biol. 4:a006783. http://dx.doi
.org/10.1101/cshperspect.a006783
Webb, A.E., and A. Brunet. 2014. FOXO transcription factors: Key regulators of
cellular quality control. Trends Biochem. Sci. 39:159–169. http://dx.doi
.org/10.1016/j.tibs.2014.02.003

Lysosomes as orchestrators of cellular metabolism • Lim and Zoncu

663

Wiemken, A., and M. Dürr. 1974. Characterization of amino acid pools in the
vacuolar compartment of Saccharomyces cerevisiae. Arch. Microbiol.
101:45–57. http://dx.doi.org/10.1007/BF00455924
Wolfson, R.L., L. Chantranupong, R.A. Saxton, K. Shen, S.M. Scaria,
J.R. Cantor, and D.M. Sabatini. 2016. Sestrin2 is a leucine sensor for
the mTORC1 pathway. Science. 351:43–48. http://dx.doi.org/10.1126/
science.aab2674
Wu, M., T.J. Hemesath, C.M. Takemoto, M.A. Horstmann, A.G. Wells,
E.R. Price, D.Z. Fisher, and D.E. Fisher. 2000. c-Kit triggers dual phosphorylations, which couple activation and degradation of the essential
melanocyte factor Mi. Genes Dev. 14:301–312.
Xiao, Q., P. Yan, X. Ma, H. Liu, R. Perez, A. Zhu, E. Gonzales, J.M. Burchett,
D.R. Schuler, J.R. Cirrito, et al. 2014. Enhancing astrocytic lysosome
biogenesis facilitates Aβ clearance and attenuates amyloid plaque
pathogenesis. J. Neurosci. 34:9607–9620. http://dx.doi.org/10.1523/JNE
UROSCI.3788-13.2014
Xiao, Q., P. Yan, X. Ma, H. Liu, R. Perez, A. Zhu, E. Gonzales, D.L. Tripoli,
L. Czerniewski, A. Ballabio, et al. 2015. Neuronal-targeted TFEB
Accelerates lysosomal degradation of APP, reducing Aβ generation and
amyloid plaque pathogenesis. J. Neurosci. 35:12137–12151. http://dx.doi
.org/10.1523/JNEUROSCI.0705-15.2015
Yan, L., V. Mieulet, D. Burgess, G.M. Findlay, K. Sully, J. Procter, J. Goris,
V. Janssens, N.A. Morrice, and R.F. Lamb. 2010. PP2A T61 epsilon is an
inhibitor of MAP4K3 in nutrient signaling to mTOR. Mol. Cell. 37:633–
642. http://dx.doi.org/10.1016/j.molcel.2010.01.031

664

JCB • Volume 214 • Number 6 • 2016

Yang, L., S.R. Hamilton, A. Sood, T. Kuwai, L. Ellis, A. Sanguino, G. LopezBerestein, and D.D. Boyd. 2008. The previously undescribed ZKS
CAN3 (ZNF306) is a novel “driver” of colorectal cancer progression.
Cancer Res. 68:4321–4330. http://dx.doi.org/10.1158/0008-5472
.CAN-08-0407
Zhang, Y., X. Gao, L.J. Saucedo, B. Ru, B.A. Edgar, and D. Pan. 2003. Rheb is
a direct target of the tuberous sclerosis tumour suppressor proteins. Nat.
Cell Biol. 5:578–581. http://dx.doi.org/10.1038/ncb999
Zhao, J., J.J. Brault, A. Schild, P. Cao, M. Sandri, S. Schiaffino, S.H. Lecker, and
A.L. Goldberg. 2007. FoxO3 coordinately activates protein degradation
by the autophagic/lysosomal and proteasomal pathways in atrophying
muscle cells. Cell Metab. 6:472–483. http://dx.doi.org/10.1016/j.cmet
.2007.11.004
Zhong, M., P. De Angelo, L. Osborne, A.E. Paniz-Mondolfi, M. Geller,
Y. Yang, W.M. Linehan, M.J. Merino, C. Cordon-Cardo, and D. Cai.
2012. Translocation renal cell carcinomas in adults: A single-institution
experience. Am. J. Surg. Pathol. 36:654–662. http://dx.doi.org/10.1097/
PAS.0b013e31824f24a6
Zoncu, R., L. Bar-Peled, A. Efeyan, S. Wang, Y. Sancak, and D.M. Sabatini.
2011b. mTORC1 senses lysosomal amino acids through an inside-out
mechanism that requires the vacuolar H(+)-ATPase. Science. 334:678–
683. http://dx.doi.org/10.1126/science.1207056
Zoncu, R., A. Efeyan, and D.M. Sabatini. 2011a. mTOR: From growth signal
integration to cancer, diabetes and ageing. Nat. Rev. Mol. Cell Biol.
12:21–35. http://dx.doi.org/10.1038/nrm3025

