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Nutrient regulation of mMTORC1 at a glance
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ABSTRACT

The mechanistic target of rapamycin (mTOR) signaling pathway
coordinates environmental and intracellular cues to control eukaryotic
cell growth. As a pivot point between anabolic and catabolic
processes, mTOR complex 1 (mTORC1) signaling has established
roles in regulating metabolism, translation and autophagy.
Hyperactivity of the mTOR pathway is associated with numerous
human diseases, including diabetes, cancer and epilepsy.
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Pharmacological inhibition of the mTOR pathway can extend
lifespan in a variety of model organisms. Given its broad control of
essential cellular processes and clear relevance to human health,
there is extensive interest in elucidating how upstream inputs regulate
mTORCH1 activation. In this Cell Science at a Glance article and
accompanying poster, we summarize our understanding of how
extracellular and intracellular signals feed into the mTOR pathway,
how the lysosome acts as an mTOR signaling hub, and how
downstream signaling controls autophagy and lysosome biogenesis.
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Introduction
As a major regulator of eukaryotic cell growth, the mechanistic
(formerly known as ‘mammalian’) target of rapamycin (mTOR)
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protein kinase responds to intra- and extra-cellular signals. To
facilitate growth, mTOR coordinates the synthesis and recycling of
essential biomolecules, such as lipids, proteins and nucleotides.
While mTOR is tightly controlled under physiological conditions,
the loss of negative regulation can lead to the unrestrained cell
growth found in cancers, benign tumors or in epilepsy (Guertin and
Sabatini, 2007; Tee et al., 2002; Yuskaitis et al., 2018). Conversely,
a decrease in mTOR activation is associated with longevity (Bjedov
et al., 2010; Wu et al., 2013). Such a broad role in cell growth
necessitates a specialized regulation of mTOR kinase activity.

The serine/threonine protein kinase mTOR is a conserved member
of the phosphoinositide 3-kinase (PI3K)-related kinase family and is
the key component of two distinct complexes termed mTOR complex
1 (mTORC1) and mTOR complex 2 (mTORC2). Both complexes
share mTOR, the catalytic subunit, mammalian lethal with Secl3
protein 8 (mLSTS), a protein that might stabilize mTOR, and DEP-
domain-containing mTOR-interacting protein (Deptor), a negative
regulator of mTOR (Kim et al., 2003; Peterson et al., 2009).
mTORCI1 is distinguished from mTORC2 by the presence of the
regulatory-associated protein of mTOR (Raptor, also known as
RPTOR), a protein responsible for mTORC1 localization and
substrate recruitment, and the proline-rich AKT substrate of 40 kDa
(PRAS40, also known as AKT1S1), an insulin-responsive mTORC1
inhibitor (Aylett et al., 2016; Hara et al., 2002; Kim and Sabatini,
2004; Sancak et al., 2007). mTORC2 contains mSIN1, Protor and the
rapamycin-insensitive companion of mTOR (Rictor), a protein that
may have analogous function to Raptor (Frias et al., 2006; Pearce
et al.,, 2007; Sarbassov et al., 2004) (see poster). These distinct
complexes perform separate functions in the cell: mMTORCI primarily
controls cell growth, while mTORC2 participates in the control of cell
survival and proliferation (Saxton and Sabatini, 2017). Here, we
focus on the regulation of mTORCI in response to nutrient
availability in the cytosol and lysosome.

As a major depot for recycled biomolecules, the lysosome is an
important point of regulation for mTORC1 signaling. With roughly
60 acid hydrolases, the lysosome degrades macromolecules so that
their constituent building blocks can be reused within the cell. These
macromolecules arrive at the lysosome through two major pathways.
The first route, autophagy (reviewed by Bento et al., 2016), is a
cellular process in which damaged and unnecessary organelles or
proteins are targeted for destruction and constituent biomolecules are
recycled. Through a step-wise process, a double-membraned
autophagosome is formed and encapsulates intracellular cargo. The
autophagosome then fuses with the late endosome or lysosome to
generate an autolysosome, where the contents are degraded (Luzio
et al.,, 2007; Xu and Ren, 2015). The second path, endocytosis,
involves engulfment of extracellular material into a vesicle, which
then enters into the endosomal maturation process and terminates
with lysosomal degradation (Doherty and McMahon, 2009).

Extensive crosstalk between mTORCI1 and the lysosome grants the
cell exquisite sensitivity to changes in the environment. In this ‘Cell
Science at a Glance’ and the accompanying poster, we will discuss a
lysosome-centric model of mTORCI activation, the machinery
required, and the relationship between mTORC1 and the lysosome.

A coincidence detector on the lysosomal surface

At the lysosomal surface, an mTORCI1 recruitment complex and an
mTORCI1 activator colocalize so that mTORC1 can only be
activated when both growth factors and nutrients are present, thus
acting as an ‘AND’ gate. Growth factors and cellular stress signals
feed into one side of the AND gate and culminate in the activation of
the small GTPase Rheb, which resides on the lysosomal membrane

and directly stimulates mTOR kinase activity when it is bound to
GTP (Inoki et al., 2003a; Long et al., 2005). These signals regulate
the nucleotide state of Rheb (GDP- versus GTP-bound), thereby
licensing mTORCI1-dependent phosphorylation of its targets.
Nutrients, such as amino acids and glucose, regulate the other
side of the AND gate through the heterodimeric Rag GTPases. In
order to interact with Rheb, mTORC1 must be recruited to the
lysosomal membrane, a translocation that requires the Rags.
Composed of RagA or RagB and RagC or RagD, the Rags are
only competent to recruit mMTORC1 when RagA or RagB is bound
to GTP and RagC or RagD is bound to GDP (Efeyan et al., 2013;
Sancak et al., 2008, 2010). Coordination of these signals via the
coincidence detector ensures that mTORC] kinase activity is only
turned on when all the requisites for cell growth are fulfilled.

Inputs into mTORC1

Growth factors, nucleotides, energy and oxygen

The tuberous sclerosis complex (TSC) is a major mediator of growth
factor and cellular stress signaling to mTORCI1. TSC is a complex
composed of TSC1, TSC2 and TBC1D7, which acts as a GTPase-
activating protein (GAP) for Rheb and therefore serves as a negative
regulator of mTORCI signaling (Dibble et al., 2012; Li et al., 2004).
Several pathways converge on TSC to regulate mTORCI in
response to growth factors (see poster). Upon insulin stimulation,
insulin and/or insulin-like growth factor-1 (IGF-1) stimulate PI3K
signaling, which recruits and activates AKT1 (hereafter AKT).
Active AKT then phosphorylates TSC2, leading to its dissociation
from the lysosome and its substrate Rheb (Inoki et al., 2002;
Manning et al., 2002; Menon et al., 2014; Potter et al., 2002).
Furthermore, both the WNT and Ras signaling pathways affect
mTORCI signaling through TSC phosphorylation (Inoki et al.,
2006; Mendoza et al., 2011; Roux et al., 2004). Independently of
TSC, PRAS40, a component of mTORCI, relays growth factor
signals to mTORCI, and in the absence of active AKT, PRAS40
negatively regulates mTORCI. Once AKT is activated by the
presence of growth factors, it directly phosphorylates PRAS40 and
causes its dissociation from the complex, thereby relieving
inhibition (Sancak et al., 2007; Vander Haar et al., 2007).

A depletion of cellular nucleotide pools inhibits mTORCI1
through two distinct mechanisms. Although both mechanisms are
responsive to lowered purine levels, they differ with respect to the
molecule sensed and the machinery required for sensing. Acute
sensing occurs in response to lowered adenylate levels and is
mediated by TSC (Hoxhaj et al., 2017). In contrast, prolonged
deprivation of guanylate inhibits mTORCI1 by inducing Rheb
degradation (Valvezan et al., 2017). However, the molecular
underpinnings of these mechanisms are largely unknown.

Under energetic stress, 5" AMP-activated protein kinase (AMPK)
signaling inactivates mTORCI1 (Inoki et al., 2003b). When AMP
levels rise, AMPK is activated and inhibits mTORC]1 through
activating phosphorylation of TSC and inhibiting phosphorylation
of Raptor (Gwinn et al., 2008; Shaw et al., 2004) (see poster). As a
fundamental energetic substrate, glucose is important for
maintaining energetic homeostasis. Glucose transport across the
plasma membrane is mediated by glucose transporters, such as
Glutl. Interestingly, inhibition of this transporter selectively inhibits
mTORCI1 signaling (Kang et al., 2019). Although glucose
starvation can induce energetic stress, it has been reported that
glucose sensing may occur through the Rags (Efeyan et al., 2013).
Much like energetic stress, hypoxic conditions also oppose cell
growth. Conditions of low oxygen inhibit mTORCI1 through both
the activation of AMPK, as discussed above, and the transcriptional
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activation of the negative regulator DNA damage response 1
(REDD1), which is thought to inhibit mMTORC1 via TSC activation
(Brugarolas et al., 2004) (see poster).

Amino acids

Amino acids regulate mTORCI activation through the Rag GTPases,
which direct the translocation of mTORC]1 from an ill-defined, but
likely cytosolic location, to the lysosome via a nutrient-sensitive
interaction with Raptor (Sancak et al., 2008, 2010). Recruitment of
mTORCI1 to the lysosomal surface depends on the Rag nucleotide-
loading state, which is tightly regulated by numerous mechanisms,
including interactions within the Rag heterodimers themselves
(Sancak et al., 2010). In order to precisely control mTORCI
activation, RagA or RagB, and RagC or RagD communicate through
inter-subunit interactions that generate a series of stable and transient
states (Shen et al., 2017). This regulation also may act as a backstop
for aberrant mTORCI activation.

In addition to this inter-subunit regulation, several complexes act
upstream of the Rag heterodimer to control its nucleotide-loading
state (see poster). Ragulator, a pentameric complex containing
Lamtorl-Lamtor3, affects the nucleotide loading of RagC or RagD
through a noncanonical guanine nucleotide exchange factor (GEF)
mechanism, in which GTP release is accelerated (Bar-Peled et al.,
2012; Shen and Sabatini, 2018). Moreover, Ragulator localizes the
Rags to the lysosome via palmitoylation and myristoylation at the
N-terminus of Lamtorl (Nada et al., 2009; Sancak et al., 2010;
Wunderlich et al., 2001). Structurally, Lamtorl, the subunit
responsible for anchoring Ragulator to the lysosomal surface,
wraps around the Lamtor2-Lamtor3 and Lamtor4—Lamtor5
heterodimers. Here, Lamtorl, Lamtor2 and Lamtor3 act as a
platform for the Rags (de Araujo et al., 2017; Mu et al., 2017; Su
et al., 2017; Yonehara et al., 2017; Zhang et al., 2017).

Another complex acting on the Rags is ‘GAP activity towards the
Rags’ (GATORU1), which consists of three components: Nprl2, Nprl3
and DEPDCS5. GATORI functions as a GAP toward RagA and RagB;
accordingly, it is a negative regulator of the pathway (Bar-Peled et al.,
2013). Extensive biochemical and structural evidence suggests that
GATORI1 interacts with the Rags through two distinct binding modes,
termed the inhibitory and GAP modes. The inhibitory mode, wherein
GATORI1 is not competent to act as a GAP toward RagA or RagB, is
characterized by Rag binding to DEPDCS5, while the GAP mode
consists of Rag binding to Nprl2 and/or Nprl3 (Shen et al., 2018).
These data, and the identification of a critical arginine residue on
Nprl2, indicate that the GAP function lies within Nprl2 (Shen et al.,
2019). This model proposes that remodeling of the GATOR1-Rag
interaction is required to regulate the Rag nucleotide state. However,
additional structural studies are required to understand how this
conversion occurs at the surface of the lysosome.

In order to interact with the Rags, GATOR 1 must be localized to the
lysosome. This localization requires KPTN-, ITFG2-, C120rf66- and
SZT2-containing regulator of TOR (KICSTOR), a complex that acts as
a scaffold for GATORI (see poster). Deletion of any KICSTOR
component leads to the mislocalization of GATORI and renders cells
insensitive to amino acid starvation (Peng et al., 2017; Wolfson et al.,
2017). It remains unclear whether KICSTOR plays additional roles in
the regulation of GATORI activity. At the lysosome, GATOR1 also
interacts with the GATOR2 complex, which is composed of MIOS,
WDRS59, WDR24, SehlL and SEC13. While its function remains
elusive, it is a positive regulator of the pathway and acts either upstream
of or in parallel to GATOR1 (Bar-Peled et al., 2013).

Two additional complexes regulate the Rags (see poster). The
first, the lysosomal v-ATPase, contributes to mTORCI1 signaling

through an unknown mechanism that involves an interaction with
Ragulator (Bar-Peled et al., 2012; Zoncu et al., 2011). Functionally,
this protein complex sets up a pH gradient that acidifies the
lysosome and thus facilitates its degradative capacity (Cotter et al.,
2015). Similarly, disruption of lysosomal trafficking hinders
mTORCI1 activation (Bridges et al., 2012; Kvainickas et al.,
2019). While it is not fully understood how the v-ATPase affects
mTORCI signaling, small-molecule regulation of the v-ATPase
increases lysosome acidification and inhibits mTORC1 (Chung
etal.,2019). The second, the folliculin complex (FLCN with FNIP1
or FNIP2), has GAP activity for RagC and/or RagD. Amino acids
regulate the localization of the Folliculin complex to the lysosome,
though it is not known how this recruitment occurs (Petit et al.,
2013; Tsun et al., 2013). FLCN may also promote mTORCI-
mediated phosphorylation of the transcription factors TFEB and
TFE3 (Wada et al., 2016).

Amino acid sensors

The amino acid sensors each directly bind an amino acid or amino
acid-derived molecule and relay that signal to mTORC1 through the
Rag GTPases (see poster). Specific amino acids appear to be more
important for mTORCI signaling than others, though the reasons
for this are largely speculative. For example, leucine starvation has a
potent inhibitory effect on mTORC1 and the leucine sensor Sestrin2
mediates this signal (Anthony et al., 2000; Wolfson et al., 2016).
Mechanistically, upon leucine starvation, monomeric Sestrin2 binds
to and antagonizes GATOR2, which leads to mTORCI inhibition.
When leucine is present, Sestrin2 directly binds leucine, which
results in its dissociation from GATOR2 (Saxton et al., 2016b).
Sestrin2 has two homologs, Sestrinl and Sestrin3. Of these, Sestrin1
is thought to act in a similar manner to Sestrin2, while Sestrin3 binds
to GATOR2, but does not bind leucine at high affinity (Wolfson
etal., 2016). As Sestrin3 is an endogenous inhibitor of the mTORCI1
pathway, it would be interesting to investigate whether Sestrin3
expression could impact the range of leucine levels detected.

Similar to what is seen for Sestrin2, the cytosolic arginine sensor,
CASTORI, directly binds to cytosolic arginine and inhibits
mTORCI through its interaction with GATOR2 and subsequent
opposition of GATOR?2 activity (Chantranupong et al., 2016). The
mode of interaction differs from the Sestrins in that CASTORI1 acts
as a homodimer and binds two arginine molecules at the interface
of the aspartate kinase chorismate mutase, TyrA (ACT) domains
(Saxton et al.,, 2016a). Likewise, the CASTORI1 homolog
CASTOR2 can form a heterodimer with CASTORI1 and bind
GATOR?2, but its interaction with GATOR2 is insensitive to
arginine. Interestingly, CASTOR1 is not the only arginine sensor to
communicate with mTORCI1. SLC38A09 is an essential, arginine-
gated lysosomal amino acid transporter that allows mTORCI1 to
sense both cytosolic and lysosomal levels of arginine (Jung et al.,
2015; Wang et al., 2015; Wyant et al., 2017). SLC38A9 directly
affects the RagA or RagB nucleotide state through an arginine-
regulated GEF mechanism. Additionally, SLC38A9 directly binds
arginine within its first transmembrane helix (TM1) (Lei et al.,
2018). Upon arginine binding, the N-terminus of SLC38A9
promotes GTP-bound RagA and/or RagB, which pushes the Rags
toward an active state (Shen and Sabatini, 2018).

The identification of the S-adenosylmethionine (SAM) sensor
SAMTOR indicates that mTORCI1 is not only responsive to amino
acids themselves, but also to their metabolic products. SAMTOR
binds directly to SAM, which is generated from methionine and
serves as an essential cellular metabolite in one-carbon metabolism
(Gu et al., 2017). This sensor differs from the other cytosolic amino
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acid sensors Sestrin2 and CASTORI in that it does not appear to
interact with GATOR2. Although the molecular details are not fully
understood, SAMTOR acts through a physical interaction with
KICSTOR and GATORI to inhibit mTORCI in the absence of SAM.

mTORC1 sensing at the lysosome and regulation of
autophagy

mTORCI1 responds to amino acids in the cytosol and those
generated by protein degradation in the lysosome. When amino
acids are present in the environment, amino acid transporters at the
plasma membrane, such as SLC1AS and SLC7AS, supply cytosolic
amino acids that activate mTORCI signaling. Conversely, when
cytosolic amino acids are absent, mTORCI signaling is inhibited
and autophagy is initiated to restore lysosomal amino acid pools
through protein degradation. To prevent a futile cycle between
mTORCI1-stimulated mass accumulation and autophagic
degradation, mTORC1 acutely controls autophagic flux through
the direct phosphorylation of two proteins required for the initiation
of autophagosome formation: Unc-51 like autophagy activating
kinase (ULK) 1 and ULK2, and ATG13 (Hosokawa et al., 2009;
Kim et al., 2011) (see poster).

Over the course of long-term starvation, lysosomal protein
degradation restores amino acid levels in the lysosome.
Interestingly, starvation-induced autophagy can be targeted;
emerging evidence suggests that ribosomes, which constitute a
large fraction of the protein and nucleotides in the cell, may serve as a
crucial reservoir of resources and may be selectively degraded (Kraft
et al., 2008). This process is referred to as ribophagy and is regulated
by mTORC1 through the autophagy receptor NUFIP1-ZNHIT3
(Wyant et al., 2018). Ribosomal degradation not only contributes to
the restoration of amino acid levels, but also that of the nucleotide
pool, which is essential for cell survival under prolonged nutrient
starvation (Guo et al., 2016). Release of these amino acids from the
lysosome relies on the arginine-gated transport activity of SLC38A9.
Consequently, SLC38A09 is required for the cell to use protein as a
nutrient (Wyant et al., 2017). Furthermore, the importance of
SLC38A9 in lysosomal amino acid efflux is striking in pancreatic
cancer cell lines that rely on uptake and ingestion of extracellular
proteins through macropinocytosis in order to obtain nutrients
(Commisso et al., 2013; Davidson et al., 2017).

Once amino acids are released into the cytosol, they can reactivate
mTORCI and can be used in growth-promoting processes that are
regulated by mTORCI1. Reactivation under long-term starvation
conditions is autophagy dependent and critical for cell survival.
mTORCI activation at this stage may allow the cell to translate
proteins that are transcribed at the onset of starvation. A further
consequence of long-term starvation is the consumption of
lysosomes through the generation of autolysosomes. In this case,
mTORCI reactivation is required for the reformation of lysosomes
through the autophagic lysosome reformation (ALR) pathway,
wherein proto-lysosomal tubules are extruded from autolysosomes
and the resulting vesicles mature into a restored pool of lysosomes
(Yu et al.,, 2010).

mTORCI also controls the localization of several downstream
effectors through phosphorylation (see poster). The mTORCI
substrates TFE3, MITF and TFEB, members of the of the
microphthalmia family of basic helix-loop-helix—leucine-zipper
(bHLH-Zip) transcription factors (MiT family), are transcription
factors that control lysosome biogenesis genes, together referred to
as the coordinated lysosomal expression and regulation (CLEAR)
gene network (Palmieri et al., 2011; Sardiello et al., 2009; Settembre
et al., 2011). This downstream transcriptional program allows the

cell to metabolically adapt to environmental stresses by controlling
autophagic flux, lysosome number and lysosome function (Nnah
et al., 2019; Raben and Puertollano, 2016; Settembre et al., 2012).
Under nutrient-replete conditions, TFEB is confined to the cytosol
by phosphorylation and is only able to enter the nucleus when
mTORCI is inhibited. For mTORC1 to phosphorylate TFE3 and/or
TFEB, these transcription factors must be recruited to the lysosomal
surface through an interaction with the active Rags (Martina et al.,
2012). Furthermore, FLCN may regulate the localization of TFE3
and TFEB in an mTORC1-independent manner (El-Houjeiri et al.,
2019). Understanding this regulation is an interesting research
focus, as it may reconcile the observations that FLCN acts both as a
tumor suppressor and a positive regulator of mTORCI1 activation
(Baba et al., 2006; Tsun et al., 2013).

Conclusions

To be an effective cell growth ‘decision maker’, mTORC1 must
survey cellular contents before initiating processes that build mass.
Elucidating the machinery that enables cytosolic sensing sheds light
on how specific amino acids dynamically regulate mTORCI
activation. Ultimately, these signals feed into mTORCI activation
through a machinery localized to and embedded in the lysosomal
membrane, making the lysosome a hub for mTORCI1 signaling. This
sets up a truly elegant system, in which mTORC1 can surveil
the contents of both the cytosol and lysosome at once. Furthermore,
feedback between mTORC1 and the lysosome coordinates
autophagy to enable cell survival under nutrient-depleted
conditions. It is clear that the convergence of mTORCI signaling
and the lysosome benefits the cell in many ways.
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