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SUMMARY

The process of pyroptosis is mediated by inflammasomes and a downstream effector known as gasdermin D
(GSDMD). Upon cleavage by inflammasome-associated caspases, the N-terminal domain of GSDMD forms
membrane pores that promote cytolysis. Numerous proteins promote GSDMD cleavage, but none are known
to be required for pore formation after GSDMD cleavage. Herein, we report a forward genetic screen that
identified the Ragulator-Rag complex as being necessary for GSDMD pore formation and pyroptosis in mac-
rophages. Mechanistic analysis revealed that Ragulator-Rag is not required for GSDMD cleavage upon in-
flammasome activation but rather promotes GSDMD oligomerization in the plasma membrane. Defects in
GSDMD oligomerization and pore formation can be rescued bymitochondrial poisons that stimulate reactive
oxygen species (ROS) production, and ROS modulation impacts the ability of inflammasome pathways to
promote pore formation downstream of GSDMD cleavage. These findings reveal an unexpected link between
key regulators of immunity (inflammasome-GSDMD) and metabolism (Ragulator-Rag).

INTRODUCTION

The linkbetweencell deathand inflammationhas longbeen recog-
nized,withcertaindeathprocesses inducing immuno-suppressive
responses (e.g., apoptosis) and others inducing inflammatory re-
sponses (e.g., pyroptosis). Central to the inflammatory process
of pyroptosis is the protein gasdermin D (GSDMD) (Kayagaki
etal., 2015;Shi etal., 2015),which formspores in theplasmamem-
brane of cells that can result in lysis and the release of intracellular
inflammatorymediators (KovacsandMiao, 2017; Liebermanet al.,
2019). Among these inflammatory mediators are interleukin (IL)-1
family cytokines (Dinarello, 2018), which are cytosolic proteins
that can be released from living (Evavold et al., 2018; Heilig et al.,
2018)orpyroptotic (Kayagakietal., 2015;Shietal., 2015) cells after
GSDMD pore formation. In contrast to their pyroptotic counter-
parts, apoptotic cells typically maintain plasma membrane
integrity and therefore donot release inflammatorymediators.Dis-
tinctions in plasma membrane integrity therefore (in part) explain
inflammatory or non-inflammatory consequences of the different
processes of cell death.
Two known mechanisms explain GSDMD pore formation and

inflammation. The first mechanism involves the actions of in-
flammasomes, which are supramolecular organizing centers
that function as the subcellular sites of caspase-1 activation

(Chan and Schroder, 2020). Caspase-1 is a dormant enzyme
in resting cells. Upon infection or select disruptions of cellular
homeostasis, inflammasomes are assembled in the cytosol
that recruit and activate caspase-1. This enzyme cleaves
GSDMD into two fragments. The N-terminal fragment oligomer-
izes and inserts into the plasma membrane where it forms
pores of 10–20 nm in inner diameter (Aglietti et al., 2016;
Ding et al., 2016; Liu et al., 2016; Ruan et al., 2018; Sborgi
et al., 2016). The second means by which pyroptosis is induced
is by the actions of murine caspase-11 (or caspase-4 and -5 in
humans). The catalytic activity of these caspases is not stimu-
lated by recruitment into inflammasomes. Rather, catalytic ac-
tivity is stimulated upon binding to bacterial lipopolysaccha-
rides (LPS) (Hagar et al., 2013; Kayagaki et al., 2013; Shi
et al., 2014). Upon LPS binding, active caspase-11 cleaves
GSDMD in a manner similar to caspase-1 (Wang et al., 2020),
leading to pore formation and pyroptosis (Aglietti et al., 2016;
Kayagaki et al., 2015; Liu et al., 2016; Shi et al., 2015).
Caspase-8 also cleaves GSDMD to induce pyroptosis in certain
contexts (Orning et al., 2018; Sarhan et al., 2018).
Despite the importance of GSDMD in pyroptosis, mechanisms

regulating its activity are largely focused on upstream factors
that influence its cleavage. For example, genetic deficiencies in
components of inflammasomes (e.g., NLRP3 or ASC) prevent
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Forward genetic screen identifies new regulators of GSDMD activity
in iBDMCs
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Figure 1. Engineered macrophages model pyroptosis through expression of the GSDMD N-terminal domain
(A) Retroviral transduction workflow to generate Tet3G transactivator-expressing Dox-inducible fluorescently tagged variants of GSDMD in iBMDMs from the

Cas9 knockin mouse and downstream characterization.

(B) Western blot of stable Cas9 expression in parental and progeny iBMDMs and stable expression of Tet3G transactivator in progeny iBMDM clones with b-actin

loading control.

(C) Kinetic analysis of PI uptake by plate reader tomeasure bulk membrane permeability in populations of uninduced or Dox-induced (0.5 mg/mL) cells expressing

NT-GSDMD-BFP or FL-GSDMD-BFP.

(D) Time-course endpoint analysis of LDH release into cell-free supernatants to measure cell lysis in populations of uninduced or Dox-induced (0.5 mg/mL) cells

expressing NT-GSDMD-BFP or FL-GSDMD-BFP.

(legend continued on next page)
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Forward genetic screen identifies the RAG-mTORC1 pathway as a 
modifier of GSDMD activity in iBDMCs
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Figure 2. Analysis of survivor cells sgRNA enrichment and validation of screen hits
(A) Hypergeometric analysis of log-normalized guide abundance of survivor cells subtracted by the log-normalized abundance of input cells plotted as gene-level

average p-value versus gene-level average LFC.

(B) Gene ontology functional annotation enrichment analysis for ranked hit list using GOrilla web analysis tool.

(C) Cryo-EM structure of the Ragulator-Rag complex cartoon schematic with top hits identified from CRISPR screen highlighted in red.

(D and E) Western blot of RagC (D) or RagA (E) protein ablation comparing empty vector transduced or cells expressing sgRNA guides targeting RagC and RagA.

(legend continued on next page)
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mTORC1 – a master regulator cell growth and metabolism

suggest that mLST8 may stabilize the kinase domain 
of mTOR18, ablation of this protein does not affect 
phospho rylation of known mTORC1 substrates in vivo19. 
Meanwhile, RAPTOR is essential for proper subcellu-
lar localization of mTORC1 and can recruit substrates 
of mTORC1 by binding the TOR signalling motifs that 

are present on several canonical mTOR substrates20,21. 
In addition, RAPTOR forms a scaffold for the mTORC1 
accessory factor proline- rich AKT substrate 40 kDa 
(PRAS40)22,23, which acts as an endogenous inhibitor of 
mTORC1 activity alongside DEP- domain-containing 
mTOR- interacting protein (DEPTOR)24.
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Fig. 1 | Structure and function of mTORC1 and mTORC2. a | mTOR complex 1 (mTORC1) and mTORC2 have distinct 
signalling roles in the cell. mTORC1 integrates information about nutritional abundance and environmental status to tune 
the balance of anabolism and catabolism in the cell, while mTORC2 governs cytoskeletal behaviour and activates several 
pro- survival pathways. Unlike mTORC1, which is acutely inhibited by rapamycin, mTORC2 responds only to chronic 
rapamycin treatment. b | Components of mTORC1 (left). The domain structure of the mTOR kinase (green) is annotated 
with binding sites for the other mTORC1 subunits. The N- terminus of mTOR contains clusters of huntingtin, elongation 
factor 3, a subunit of protein phosphatase 2A and TOR1 (HEAT) repeats, followed by a FRAP, ATM and TRRAP (FAT) domain; 
the FKBP12–rapamycin binding (FRB) domain; the catalytic kinase domain; and the C- terminal FATC domain. mTOR  
binds mammalian lethal with SEC13 protein 8 (mLST8), a core component of the complex, and DEP- domain-containing 
mTOR- interacting protein (DEPTOR), an endogenous inhibitor of mTORC1 activity. Regulatory- associated protein of mTOR 
(Raptor), the defining subunit of mTORC1, binds mTOR with its own HEAT repeats and is required for lysosomal localization 
of the complex. Raptor also recruits proline- rich AKT substrate 40 kDa (PRAS40), an insulin- regulated inhibitor of mTORC1 
activity. A 5.9-Å reconstruction of mTORC1 (without PRAS40 and DEPTOR) complexed with FKBP12–rapamycin is shown 
as a surface representation (Protein Database (PDB) ID: 5FLC) (right). c | Components of mTORC2 (left). The mTOR kinase 
(green) is annotated with the binding sites for the other constituent subunits of mTORC2. These subunits include mLST8, 
DEPTOR and RICTOR, the defining component of mTORC2. As a scaffolding protein, RICTOR recruits protein associated 
with rictor 1 or 2 (PROTOR1/2) to the complex, along with MAPK- interacting protein (mSIN1), which contains a pleckstrin 
homology domain. A 4.9-Å reconstruction of mTORC2 (without DEPTOR and PROTOR) is shown as a surface representation 
(PDB: 5ZCS) (right).
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In 1964, a team of pharmaceutical prospectors from 
Ayerst Research Laboratories struck microbial gold in a 
soil sample from the island of Rapa Nui (Easter Island). 
From a Streptomyces hygroscopicus soil bacterium, 
Sehgal and colleagues isolated a novel macrolide with 
potent antifungal activity, which they named ‘rapamycin’ 
in deference to its place of origin1. Subsequent studies 
of rapamycin elaborated on its immunosuppressive, 
anti tumour and neuroprotective properties, generating 
signi ficant clinical excitement2–4. Nonetheless, its mecha-
nism of action remained elusive for more than 20 years 
until a series of breakthroughs in the early 1990s cracked 
open both the mystery of rapamycin and one of the most 
important signalling networks in biology.

In 1990, Schreiber and colleagues demonstrated that 
rapamycin acts in part by binding the prolyl- isomerase 
FKBP12 to form a gain- of-function complex that broadly 
inhibits cell growth and proliferation5,6. However, the full 
mechanism of action of rapamycin was only elucidated 
in 1994, when three groups used biochemical affinity 
purification of the FKBP12–rapamycin complex to iden-
tify a large kinase as the mechanistic (originally ‘mam-
malian’) target of rapamycin (mTOR) in mammals7–9. 
This discovery also revealed homology between mTOR 
and the yeast TOR/DRR proteins, which had previously 
emerged as rapamycin targets in genetic screens for 
rapamycin resistance10–13.

As intimated by the profound effects of rapamycin 
treatment, we now know that the mTOR protein kinase 
lies at the nexus of many major signalling pathways and 
plays a key part in organizing the cellular and organis-
mal physiology of all eukaryotes. In the two and a half 
decades since its discovery, mTOR has emerged as the 
central node in a network that controls cell growth. 
As such, it integrates information about the availability 

of energy and nutrients to coordinate the synthesis or 
breakdown of new cellular components. Dysregula-
tion of this fundamental signalling pathway disrupts 
cellular homeostasis and may fuel the overgrowth of 
cancers and the pathologies associated with ageing and 
metabolic disease.

In this Review, we analyse the signalling landscape of 
the mTOR pathway, from the inputs that regulate mTOR 
activation to the downstream effectors that enact its pro- 
growth programmes. In particular, we highlight how the 
intimate association between mTOR and the lysosome 
can facilitate rapid mobilization of nutrients upon stress 
or starvation. We then discuss how the mTOR pathway 
responds to metabolic signals in diverse organisms, cell 
types and tissues. Finally, drawing on recent advances in 
our understanding of mTOR pathway structure and func-
tion, we examine pharmacological approaches that tar-
get the pathway and evaluate their therapeutic potential 
in the treatment of metabolic disease, neurodegeneration, 
cancer and ageing.

Architecture of mTORC1 and mTORC2
mTOR is a 289-kDa serine/threonine protein kinase 
in the PI3K- related protein kinases (PIKK) family14. In 
mammals, it constitutes the catalytic subunit of two dis-
tinct complexes known as mTOR complex 1 (mTORC1) 
and mTORC2. These complexes are distinguished by 
their accessory proteins and their differential sensitivity 
to rapamycin, as well as by their unique substrates and 
functions (FIG. 1a).

mTORC1 is nucleated by three core components: 
mTOR, mammalian lethal with SEC13 protein 8 (mLST8, 
also known as GβL)15 and its unique defining sub-
unit, the scaffold protein regulatory- associated protein  
of mTOR (RAPTOR)16,17 (FIG. 1b). While structural data 
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RAGs tether mTORC1 to lysosomes
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coordinated through PRAS40 and Rheb, and the relative 
importance of each branch in different cellular contexts, 
remains an area of active study.

Energy and oxygen availability, and other cellular stresses.  
Under conditions of energy or oxygen scarcity, several 
factors work together to activate the TSC axis and sup-
press mTORC1 signalling. Periods of intense metabolic  

exertion or glucose withdrawal can deplete cellular 
stores of ATP, triggering the AMP- activated protein 
kinase (AMPK) complex, a master regulator of cel-
lular energy charge. As an antagonist of most major 
ATP- consumptive processes, AMPK inhibits mTORC1 
directly, by phosphorylating Raptor, and indirectly, by 
activating TSC2 (REFS121–123). At the same time, by repro-
gramming metabolism away from anabolic pathways, 

mTORC1

Insulin

Insulin/IGF
receptor

IRS
PIP2

PIP3

PDK1

Growth
factors

EGFR
receptor

Grb2
Sos

Ras

Raf

TSC

Wnt

Amino
acids

GSK3β

IKKβ

TNF
Energetic stress

Hypoxia REDD1

DNA damage

Low nucleotides

Rheb

?

?

Lysosome

RagC/D
GTP RagA/B
GDP

Ragulator

SLC38A9

GATOR1GATOR2

CASTOR1

KICSTOR

Arginine

Arginine

SAM

Leucine

Methionine

Positive regulator of mTORC1 Negative regulator of mTORC1

NF1

Mek

Erk

Rsk

Akt

p53

AMPKLKB1

Sesn2

GTP

Plasma
membrane

Amino acid
efflux

v-ATPase

PI3K PTEN

FLCN/FNIP2

SAMTOR

mTORC2

Cholesterol

Fig. 3 | Upstream regulators of the mTOR signalling pathway. mTOR complex 1 (mTORC1) and mTORC2 integrate 
upstream environmental information to gate their own activation. Because mTORC1 controls cellular entry into an 
anabolic state that requires copious amounts of energy and macromolecules, activation of the complex should only 
occur when amino acids, insulin/growth factors, ATP and oxygen are all readily available. To ensure that all of these 
requirements are satisfied, mTORC1 must translocate to the lysosome by anchoring onto the Rag GTPases, which are 
only competent to recruit mTORC1 in the presence of amino acids. Once localized to the lysosomal surface, mTORC1 
can be then be activated by the small GTPase Rheb in its GTP- bound state. Importantly, GTP loading of Rheb is 
promoted by growth factors and opposed by energetic stress or hypoxia. All of these inputs converge on tuberous 
sclerosis complex (TSC), which acts as a GAP for Rheb. mTORC2 is thought to be primarily regulated by growth factors. 
Although it is not clear where mTORC2 activation occurs, the pleckstrin homology domain on MAPK- interacting 
protein 1 (mSIN1) may recruit mTORC2 to the plasma membrane. Positive regulators of the mTORC1 pathway are 
shown in green, while negative regulators of mTORC1 are shown in blue. AMPK, AMP- activated protein kinase; 
CASTOR, cellular arginine sensor for mTORC1; EGFR, epidermal growth factor receptor; FLCN, folliculin; GATOR,  
GAP activity towards the Rags; Grb2, growth factor receptor- bound protein 2; GSK3, glycogen synthase kinase 3;  
IGF, insulin- like growth factor; IKKβ, inhibitor of nuclear factor κB kinase β; IRS, insulin receptor substrate; LKB1, liver 
kinase B1; Mek, MAPK/ERK kinase; NF1, neurofibromatosis type 1; PIP2, phosphatidylinositol (4,5)-bisphosphate;  
PIP3, phosphatidylinositol (3,4,5)-trisphosphate; PTEN, phosphatase and tensin homologue; RSK, p90 ribosomal  
S6 kinase; SAM, S- adenosylmethionine; SAMTOR, S- adenosylmethionine sensor; Sos, son of sevenless; TNF, tumour 
PGETQUKU|HCEVQT�

NATURE REVIEWS | MOLECULAR CELL BIOLOGY

REV IEWS

  VOLUME 21 | APRIL 2020 | 189

In 1964, a team of pharmaceutical prospectors from 
Ayerst Research Laboratories struck microbial gold in a 
soil sample from the island of Rapa Nui (Easter Island). 
From a Streptomyces hygroscopicus soil bacterium, 
Sehgal and colleagues isolated a novel macrolide with 
potent antifungal activity, which they named ‘rapamycin’ 
in deference to its place of origin1. Subsequent studies 
of rapamycin elaborated on its immunosuppressive, 
anti tumour and neuroprotective properties, generating 
signi ficant clinical excitement2–4. Nonetheless, its mecha-
nism of action remained elusive for more than 20 years 
until a series of breakthroughs in the early 1990s cracked 
open both the mystery of rapamycin and one of the most 
important signalling networks in biology.

In 1990, Schreiber and colleagues demonstrated that 
rapamycin acts in part by binding the prolyl- isomerase 
FKBP12 to form a gain- of-function complex that broadly 
inhibits cell growth and proliferation5,6. However, the full 
mechanism of action of rapamycin was only elucidated 
in 1994, when three groups used biochemical affinity 
purification of the FKBP12–rapamycin complex to iden-
tify a large kinase as the mechanistic (originally ‘mam-
malian’) target of rapamycin (mTOR) in mammals7–9. 
This discovery also revealed homology between mTOR 
and the yeast TOR/DRR proteins, which had previously 
emerged as rapamycin targets in genetic screens for 
rapamycin resistance10–13.

As intimated by the profound effects of rapamycin 
treatment, we now know that the mTOR protein kinase 
lies at the nexus of many major signalling pathways and 
plays a key part in organizing the cellular and organis-
mal physiology of all eukaryotes. In the two and a half 
decades since its discovery, mTOR has emerged as the 
central node in a network that controls cell growth. 
As such, it integrates information about the availability 

of energy and nutrients to coordinate the synthesis or 
breakdown of new cellular components. Dysregula-
tion of this fundamental signalling pathway disrupts 
cellular homeostasis and may fuel the overgrowth of 
cancers and the pathologies associated with ageing and 
metabolic disease.

In this Review, we analyse the signalling landscape of 
the mTOR pathway, from the inputs that regulate mTOR 
activation to the downstream effectors that enact its pro- 
growth programmes. In particular, we highlight how the 
intimate association between mTOR and the lysosome 
can facilitate rapid mobilization of nutrients upon stress 
or starvation. We then discuss how the mTOR pathway 
responds to metabolic signals in diverse organisms, cell 
types and tissues. Finally, drawing on recent advances in 
our understanding of mTOR pathway structure and func-
tion, we examine pharmacological approaches that tar-
get the pathway and evaluate their therapeutic potential 
in the treatment of metabolic disease, neurodegeneration, 
cancer and ageing.

Architecture of mTORC1 and mTORC2
mTOR is a 289-kDa serine/threonine protein kinase 
in the PI3K- related protein kinases (PIKK) family14. In 
mammals, it constitutes the catalytic subunit of two dis-
tinct complexes known as mTOR complex 1 (mTORC1) 
and mTORC2. These complexes are distinguished by 
their accessory proteins and their differential sensitivity 
to rapamycin, as well as by their unique substrates and 
functions (FIG. 1a).

mTORC1 is nucleated by three core components: 
mTOR, mammalian lethal with SEC13 protein 8 (mLST8, 
also known as GβL)15 and its unique defining sub-
unit, the scaffold protein regulatory- associated protein  
of mTOR (RAPTOR)16,17 (FIG. 1b). While structural data 
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A CRISPR-Cas9 delivery system for in vivo
screening of genes in the immune system
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Justin D. Trombley 1,3, Sarah A. Weiss 2, Flavian D. Brown1,2,3, Jacob E. Gillis1,3, Daniel J. Coxe5,
John G. Doench 4, W. Nicholas Haining 2,4 & Arlene H. Sharpe1,3,4

Therapies that target the function of immune cells have significant clinical efficacy in diseases

such as cancer and autoimmunity. Although functional genomics has accelerated therapeutic

target discovery in cancer, its use in primary immune cells is limited because vector delivery

is inefficient and can perturb cell states. Here we describe CHIME: CHimeric IMmune Editing,

a CRISPR-Cas9 bone marrow delivery system to rapidly evaluate gene function in innate

and adaptive immune cells in vivo without ex vivo manipulation of these mature lineages.

This approach enables efficient deletion of genes of interest in major immune lineages

without altering their development or function. We use this approach to perform an in vivo

pooled genetic screen and identify Ptpn2 as a negative regulator of CD8+ T cell-mediated

responses to LCMV Clone 13 viral infection. These findings indicate that this genetic platform

can enable rapid target discovery through pooled screening in immune cells in vivo.
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double-positive (DP), or CD4/CD8 single-positive (SP) popula-
tions in WT and Cas9+ non-targeting sgRNA chimeras (Fig. 2a).
We also examined the naive status of CD8+ T cells from these
chimeric mice and found no differences in CD44, CD62L, and
CD69 percentages (Fig. 2b–d). To determine if CHIME enabled
efficient deletion of genes in naive CD4+ and CD8+ T cells, we
created chimeras carrying two non-targeting control sgRNAs or
three Pdcd1 targeting sgRNAs. We stimulated T cells from these
chimeric mice with αCD3/CD28 to induce PD-1 expression and
found a significant reduction of PD-1 expression in the presence
of targeting sgRNAs but not control sgRNAs. On average 80%
deletion was achieved in both CD4+ and CD8+ T cells (Fig. 2e, f).
Analyses of naive CD4+ and CD8+ T cells from these mice prior

to stimulation using the TIDE assay25 confirmed that these T cells
had ~80% aberrant sequences, indicating efficient CRISPR-
mediated indel formation (Fig. 2g and Supplementary Fig. 2d).
We next analyzed off-target effects in this system by performing
the TIDE assay on the top three predicted off-target sites for each
of the three Pdcd1 sgRNAs, and found minimal off-target editing
above background in both CD4+ (Fig. 2h) and CD8+ T cells
(Fig. 2i). Thus, this system can be used to knockout genes in naive
T cells without altering their development or state.

T cell-intrinsic functions can be examined in disease models.
To assess whether this Cas9-sgRNA delivery system can be used to
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Fig. 1 CHIME enables deletion of genes without impairing immune homeostasis. a Schematic of chimeric CRISPR-Cas9 system. b CD20 (left), CD64
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targeting control sgRNA or targeting sgRNAs to Ms4a1, Fcgr1, or Ly75. c Quantification of CD20, CD64, and DEC205 expression on relevant lineages from
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suggest that mLST8 may stabilize the kinase domain 
of mTOR18, ablation of this protein does not affect 
phospho rylation of known mTORC1 substrates in vivo19. 
Meanwhile, RAPTOR is essential for proper subcellu-
lar localization of mTORC1 and can recruit substrates 
of mTORC1 by binding the TOR signalling motifs that 

are present on several canonical mTOR substrates20,21. 
In addition, RAPTOR forms a scaffold for the mTORC1 
accessory factor proline- rich AKT substrate 40 kDa 
(PRAS40)22,23, which acts as an endogenous inhibitor of 
mTORC1 activity alongside DEP- domain-containing 
mTOR- interacting protein (DEPTOR)24.
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Fig. 1 | Structure and function of mTORC1 and mTORC2. a | mTOR complex 1 (mTORC1) and mTORC2 have distinct 
signalling roles in the cell. mTORC1 integrates information about nutritional abundance and environmental status to tune 
the balance of anabolism and catabolism in the cell, while mTORC2 governs cytoskeletal behaviour and activates several 
pro- survival pathways. Unlike mTORC1, which is acutely inhibited by rapamycin, mTORC2 responds only to chronic 
rapamycin treatment. b | Components of mTORC1 (left). The domain structure of the mTOR kinase (green) is annotated 
with binding sites for the other mTORC1 subunits. The N- terminus of mTOR contains clusters of huntingtin, elongation 
factor 3, a subunit of protein phosphatase 2A and TOR1 (HEAT) repeats, followed by a FRAP, ATM and TRRAP (FAT) domain; 
the FKBP12–rapamycin binding (FRB) domain; the catalytic kinase domain; and the C- terminal FATC domain. mTOR  
binds mammalian lethal with SEC13 protein 8 (mLST8), a core component of the complex, and DEP- domain-containing 
mTOR- interacting protein (DEPTOR), an endogenous inhibitor of mTORC1 activity. Regulatory- associated protein of mTOR 
(Raptor), the defining subunit of mTORC1, binds mTOR with its own HEAT repeats and is required for lysosomal localization 
of the complex. Raptor also recruits proline- rich AKT substrate 40 kDa (PRAS40), an insulin- regulated inhibitor of mTORC1 
activity. A 5.9-Å reconstruction of mTORC1 (without PRAS40 and DEPTOR) complexed with FKBP12–rapamycin is shown 
as a surface representation (Protein Database (PDB) ID: 5FLC) (right). c | Components of mTORC2 (left). The mTOR kinase 
(green) is annotated with the binding sites for the other constituent subunits of mTORC2. These subunits include mLST8, 
DEPTOR and RICTOR, the defining component of mTORC2. As a scaffolding protein, RICTOR recruits protein associated 
with rictor 1 or 2 (PROTOR1/2) to the complex, along with MAPK- interacting protein (mSIN1), which contains a pleckstrin 
homology domain. A 4.9-Å reconstruction of mTORC2 (without DEPTOR and PROTOR) is shown as a surface representation 
(PDB: 5ZCS) (right).
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coordinated through PRAS40 and Rheb, and the relative 
importance of each branch in different cellular contexts, 
remains an area of active study.

Energy and oxygen availability, and other cellular stresses.  
Under conditions of energy or oxygen scarcity, several 
factors work together to activate the TSC axis and sup-
press mTORC1 signalling. Periods of intense metabolic  

exertion or glucose withdrawal can deplete cellular 
stores of ATP, triggering the AMP- activated protein 
kinase (AMPK) complex, a master regulator of cel-
lular energy charge. As an antagonist of most major 
ATP- consumptive processes, AMPK inhibits mTORC1 
directly, by phosphorylating Raptor, and indirectly, by 
activating TSC2 (REFS121–123). At the same time, by repro-
gramming metabolism away from anabolic pathways, 
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Fig. 3 | Upstream regulators of the mTOR signalling pathway. mTOR complex 1 (mTORC1) and mTORC2 integrate 
upstream environmental information to gate their own activation. Because mTORC1 controls cellular entry into an 
anabolic state that requires copious amounts of energy and macromolecules, activation of the complex should only 
occur when amino acids, insulin/growth factors, ATP and oxygen are all readily available. To ensure that all of these 
requirements are satisfied, mTORC1 must translocate to the lysosome by anchoring onto the Rag GTPases, which are 
only competent to recruit mTORC1 in the presence of amino acids. Once localized to the lysosomal surface, mTORC1 
can be then be activated by the small GTPase Rheb in its GTP- bound state. Importantly, GTP loading of Rheb is 
promoted by growth factors and opposed by energetic stress or hypoxia. All of these inputs converge on tuberous 
sclerosis complex (TSC), which acts as a GAP for Rheb. mTORC2 is thought to be primarily regulated by growth factors. 
Although it is not clear where mTORC2 activation occurs, the pleckstrin homology domain on MAPK- interacting 
protein 1 (mSIN1) may recruit mTORC2 to the plasma membrane. Positive regulators of the mTORC1 pathway are 
shown in green, while negative regulators of mTORC1 are shown in blue. AMPK, AMP- activated protein kinase; 
CASTOR, cellular arginine sensor for mTORC1; EGFR, epidermal growth factor receptor; FLCN, folliculin; GATOR,  
GAP activity towards the Rags; Grb2, growth factor receptor- bound protein 2; GSK3, glycogen synthase kinase 3;  
IGF, insulin- like growth factor; IKKβ, inhibitor of nuclear factor κB kinase β; IRS, insulin receptor substrate; LKB1, liver 
kinase B1; Mek, MAPK/ERK kinase; NF1, neurofibromatosis type 1; PIP2, phosphatidylinositol (4,5)-bisphosphate;  
PIP3, phosphatidylinositol (3,4,5)-trisphosphate; PTEN, phosphatase and tensin homologue; RSK, p90 ribosomal  
S6 kinase; SAM, S- adenosylmethionine; SAMTOR, S- adenosylmethionine sensor; Sos, son of sevenless; TNF, tumour 
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Loss of mTORC1 activity does affect cellular ROS levels
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Increased ROS levels promote pyroptosis in RagA/C KO cells
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ROS scavenging reduces pyroptosis w/o affecting processing
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