
What is Nutrient Sensing?
All organisms have the capacity to sense the presence and absence of the nutrients required to 
generate energy and the building blocks of cells

Chantranupong et al, Cell, 2015



Nutrient sensing regulates growth in unicellular organisms

Organisms gauge environmental conditions to 
decide cell fate



Bacteria have evolved many interesting mechanisms 
for sensing diverse nutrients, undoubtedly an 
adaptation to living in environments where the 
concentrations and types of nutrients can vary 
unpredictably.

E. coli express five dimeric, single-pass transmembrane 
chemoreceptors—Tar, Tsr, Tap, Trg, and Aer—which 
function as distinct nutrient sensors.  
In aggregate, they allow E. coli to detect and respond to a broad 
spectrum of extracellular molecules, with aspartate, maltose, Co2+, 
and Ni2+ binding to Tar; ribose and galactose to Trg; flavin adenine 
dinucleotide to Aer; serine to Tsr; and dipeptides to Tap.  

Chemoreceptors sense ligand concentrations as low as 
3 nM and function over a concentration range of five 
orders of magnitude.  
This high sensitivity stems from the clustering at the cell pole of the receptors 
into higher-order arrays, enabling one ligand-binding event to affect multiple 
neighboring receptors and effectors.

Chantranupong et al, Cell, 2015



Multicellular organisms adapted ancient 
nutrient sensing mechanisms

Chantranupong et al, Cell, 2015



Multicellular organisms adapted ancient 
nutrient sensing mechanisms

Chantranupong et al, Cell, 2015

…and integrated hormonal regulation!!
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Why Nutrient Sensing?

1. Restrain toxicity 
2. Enable metabolic conservation 
3. Ensure stable levels of key metabolites 
4. Allow metabolic plasticity 
5. Protect against stress

FEEDBACK

FEEDFORWARD



Molecular mechanisms of 
nutrient sensing



Metabolites Sensor

Effector

Consumers

Metabolites are sensed by proteins

Adapted from: Ye & Medzhitov, Nat Metab, 2019

Regardless of the manner in which nutrient sensing 
occurs, for a protein to be considered a sensor, its affinity must be 
within the range of physiological fluctuations of the concentration 
of the nutrient or its surrogate.



Different biochemical logics can mediate 
feedback or feedforward signals

a  Principle 1 b  Principle 2 c  Principle 3

P

S1 S2 S3

P1 P2

Upstream substrates

Downstream products

Regulatory
enzyme

Upstream 
substrate 
activation

S1 S2 S3

P1 P2

Downstream 
product inhibition

Conceptual
pathway

S1 S2 S3

P1 P2

Hormone signal 
integration

Hormone signalling 

P

S1 S1S2 S3

P1 P2

Indirect 
regulation

Inhibition via 
a 'safety valve'

d  Principle 4 e  Principle 5

S2 S3

P2

AMP R1
Regulatory

kinase

ADP

ATP

Energy 
state input

S2 S3

P1 P2

f  Principle 6

E1 E1 E1

E1E1E1

Fig. 1 | Principles of metabolite signals drawn from classical experiments. ATP (replacing S1) and produces ADP (replacing P1), thus consuming energy. 

Baker & Rutter, NRMCB, 2023



Different biochemical logics can mediate 
feedback or feedforward signals

a  Principle 1 b  Principle 2 c  Principle 3

P

S1 S2 S3

P1 P2

Upstream substrates

Downstream products

Regulatory
enzyme

Upstream 
substrate 
activation

S1 S2 S3

P1 P2

Downstream 
product inhibition

Conceptual
pathway

S1 S2 S3

P1 P2

Hormone signal 
integration

Hormone signalling 

P

S1 S1S2 S3

P1 P2

Indirect 
regulation

Inhibition via 
a 'safety valve'

d  Principle 4 e  Principle 5

S2 S3

P2

AMP R1
Regulatory

kinase

ADP

ATP

Energy 
state input

S2 S3

P1 P2

f  Principle 6

E1 E1 E1

E1E1E1

Fig. 1 | Principles of metabolite signals drawn from classical experiments. ATP (replacing S1) and produces ADP (replacing P1), thus consuming energy. 

Baker & Rutter, NRMCB, 2023

To accomplish metabolite 
homeostasis, two clear 
strategies have evolved.  

First, the hyper-accumulation of 
upstream substrates often 
activates downstream regulatory 
steps in a pathway. This serves 
to increase the flux through the 
pathway, thereby returning 
metabolite concentrations to 
within the desired window.  

Second, the hyper-accumulation 
of downstream products often 
inhibits upstream steps in a 
pathway. This mechanism slows 
the synthesis of overly abundant 
intermediates to modulate a 
pathway based on the 
physiologic state.
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Example: Phospho-Fructose Kinase 1 (PFK1)

Even though ADP is produced directly by PFK1 in 
the process of phosphate transfer, the overall 
result of glycolysis is to produce two net ATPs 
from ADP per consumed glucose.  

Activation of PFK1 by ADP illustrates the first 
principle of metabolic regulation in that ADP is an 
upstream ‘pathway substrate’ of glycolysis and, 
when accumulated, stimulates PFK1 to facilitate 
net ADP to ATP conversion.  

PFK1 is also negatively regulated by ATP, as well 
as multiple downstream products from glycolysis 
including phosphoenolpyruvate (PEP), 3-
phosphoglycerate (3PG) and citrate.  

This regulation highlights the second principle of 
metabolic regulation.  

Importantly, the accumulation of downstream 
products, but not their formation per se, inhibits 
upstream reactions.  
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First two principles are very 
simple. Multicellular organisms 
require more sophisticated 
systems. 

Inputs from additional pathways 
frequently feed into or even 
override intra-pathway 
homeostatic metabolite signals  
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In the fasted state, glucagon activates protein kinase A (PKA) 
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dephosphorylates and activates PFK2, thereby increasing 
F2,6BP to permit the flow of carbon through glycolysis even in a 
state of energy abundance (ATP accumulation).  
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Example: Phospho-Fructose Kinase 1 (PFK1)
An example of this third principle, PFK1 is activated 
by the signaling metabolite fructose 2,6-bisphosphate 
(F2,6BP), which is synthesized by 
phosphofructokinase 2 (PFK2). PFK2 phosphorylates 
F6P to generate F2,6BP, and is regulated by the 
insulin and glucagon pathways in metazoans (to 
couple cell responses to systemic glucose levels).
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Reactions require energy 
equivalents (often, ATP). 
Pathways that consume a lot of 
ATP needs to account for the 
cell’s energy status (ATP:ADP 
ratio)  
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Example: Phospho-Fructose Kinase 1 (PFK1)
Glycolysis and gluconeogenesis are inversely regulated to 
prevent futile cycling.  

The counterpart of PFK1 for gluconeogenesis is the enzyme 
fructose 1,6-bisphosphatase (FBPase1). FBPase1 and PFK1 
catalyze opposite reactions, albeit FBPase1 does not 
regenerate the ATP consumed by PFK1. 

AMP activates PFK1 and, conversely, inhibits FBPase1. This 
ensures cellular survival as the accumulation of AMP indicates 
dangerously low energy abundance in the form of ATP. In a cell 
that is undergoing gluconeogenesis but experiences energetic 
deficits, AMP can halt the production of glucose and propel 
glycolysis to restore the ATP concentration to a safe level. 
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Regulation can occur indirectly. 

Pro: a regulatory kinase can 
control multiple pathways 
(outputs) 
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Example: Pyruvate metabolism (PDC-PDK)

PDC activity receives metabolite 
signaling indirectly through inhibitory 
phosphorylation by pyruvate 
dehydrogenase kinases (PDKs). 

PDKs are allosterically activated by 
NADH and acetyl-CoA and inhibited 
by ADP, NAD+, coenzyme A (CoA-
SH) and pyruvate  
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Metabolites can use a ‘safety 
valve’ measure to prevent the 
depletion of a key cellular 
resource (or detrimental 
accumulation)  

Pro: rapid adjustment 



Example: Pyruvate metabolism (TCA/ETC)

Pyruvate

The TCA cycle produces NADH, 
while the ETC regenerates NAD+ 
(essential for glycolysis) 

Cells with ETC defects exhibit 
proliferation impairment and need 
pyruvate/uridine for culture 



in the lactate dehydrogenase (LDH) reac-
tion. To test this hypothesis, the authors
treat ETC-deficient cells with a-ketobuty-
rate (AKB), which can also be reduced by
LDH and regenerate NAD+, but is not
further metabolized to generate ATP or
for other purposes. Indeed, AKB, like py-
ruvate, is sufficient to restore proliferation
in these cells, and both treatments restore
the normal NAD+/NADH ratio in the face of
ongoing ETC impairment.
To further understand the metabolic

consequences of electron acceptor defi-
ciency, each group independently interro-
gate the steady-state abundance of
cellular metabolites. Among other pertur-
bations, the authors observe a striking
decrease in aspartate that is fully rescued
by addition of exogenous AKB (Sullivan

Figure 1. Aspartate Biosynthesis in Normal
andElectronTransportChain-DeficientCells
(A) A simplified overview of glycolysis, the tricar-
boxylic acid (TCA) cycle and the malate-aspartate
shuttle (shaded in green) in normal cells, and their
contribution of essential precursors for the
biosynthesis of nucleotides, fatty acids, and amino
acids. The electron transport chain (ETC) and other
processes that drive NAD+/NADH balance are
indicated. Right: The green arrows andmetabolites
represent the primary aspartate biosynthetic sys-
tems operating in normal, ETC-deficient. and
pyruvate supplemented ETC-deficient cells as
described in Birsoy et al. (2015).
(B) Normal respiring cells utilize an oxidative
aspartate biosynthetic pathway in which malate
dehydrogenase (MDH2)-derived oxaloacetate is
used as the primary substrate for glutamate-
oxaloacetate transaminase (GOT2)-dependent
aspartate biosynthesis in the mitochondria. This
pathway requires a functional electron transport
chain to oxidize mitochondrial NADH to NAD+,
which is an essential cofactor of MDH2.
(C) ETC deficiency causes a decreased NAD+/
NADH ratio, which forces cells to utilize a reductive
aspartate biosynthetic pathway. ATP-citrate lyase
(ACL) uses citrate derived from reductive carbox-
ylation of glutamine to generate cytosolic oxalo-
acetate, which is converted to aspartate by GOT1.
Upon full inhibition of the ETC, this pathway fails to
generate sufficient aspartate to promote normal
cell proliferation.
(D) Exogenous pyruvate treatment enables aspar-
tate biosynthesis and cell proliferation in ETC-
deficient cells. Glycolytic production of pyruvate
and then conversion to lactate by lactate dehy-
drogenase (LDH) has no net effect on the NAD+/
NADH ratio. Exogenous pyruvate, on the other
hand, bypasses glycolysis and reduction by LDH
leads to a net gain in NAD+, enabling MDH1 to
generate oxaloacetate for conversion to aspartate
by GOT1. The source of cytosolic malate remains
unclear but could either be derived from pyruvate
via the malic enzyme, or from TCA cycle activity
enabled by the presumably increased NAD+/NADH
ratio in the mitochondria.
As illustrated in both (C) and (D), GOT1 is essen-
tial for aspartate biosynthesis in cells with an
impaired ETC.

472 Cell 162, July 30, 2015 ª2015 Elsevier Inc.

Both pyruvate and uridine provide 
cells with a mean to regenerate 
NAD+ independently of ETC 

ETC-deficient cells increase their 
uptake of pyruvate to lower 
NADH:NAD+ ratio 

Example: Pyruvate metabolism (TCA/ETC)



Molecular mechanisms of 
nutrient sensing



sirtuin deacylation enzymes. Modulation of metabolic flux
controlled by SIRT3 activity might be particularly important in
adaptation to stress conditions such as starvation and
hypoxia.84,85 Similar to SIRT3, SIRT4 and SIRT5 also reside in
mitochondria, where they catalyze the removal of negatively
charged lysine acyl modifications.86,87 Together these post-
translational modification mechanisms allow responses to
different environmental perturbations and coordinate cellular
metabolism via diverse downstream targets.88,89

Another intriguing example is the S-glutathionylation of protein
cysteine residues, which have been shown tomodulate the activ-
ity of diverse targets ranging from respiratory complexes to un-
coupling proteins.90,91 Inmitochondria, a dedicated enzyme, glu-
taredoxin 2, catalyzes the reversible glutathionylation of thiol
proteins. The thiol groups on both protein cysteine residues
and glutathione could form disulfide bonds, and glutaredoxins

catalyze protein S-glutathionylation by facilitating the disulfide
bond exchange from oxidized glutathione (GSSG) to the pro-
tein-glutathione mixed disulfide bond. Remarkably, for proteins
with two adjacent thiol groups capable of forming intra-molecular
disulfide bonds, thermodynamic equilibrium between reduced
and oxidized protein is predicted to be sensitive to glutathione
levels.92 Thus, in the case of S-glutathionylation, reversiblemodi-
fication by a single enzyme at equilibrium is sufficient to translate
the availability of a givenmetabolite into altered protein behavior.

Sensing metabolites via the availability of cofactors,
co-substrates, and coenzymes
The mitochondria harbor multiple pathways for the synthesis,
trafficking, and functioning of coenzymes and cofactors, ranging
from lipoic acid and iron-sulfur clusters to coenzyme Q and
heme. These processes offer effective leverages for metabolic

Figure 2. Molecular basis of metabolite sensing in mitochondria
Schematics for different mechanisms by which metabolites alter the properties of a sensor protein.
(A) Metabolites could directly interact with metabolite sensors and modify their behavior through allosteric regulation or post-translational modification. For
example, GTP allosterically inhibits glutamate dehydrogenase, which connects themitochondrial energy state with the replenishment of TCA cycle intermediates.
(B) Metabolites could affect enzymatic activity by serving as substrates of protein post-translational modifications. The long-chain acyl-CoA dehydrogenase
responds to mitochondrial acetyl-CoA levels via acetylation of residue K42, a reversible modification that reduces its enzymatic activity.
(C) Metabolites could modulate the activity of sensor proteins by affecting the incorporation of cofactors and prosthetic groups into apoproteins. Human
aminolevulinic acid dehydratase requires an iron-sulfur [4Fe-4S] cluster for its activity, coordinating heme intermediate synthesis with iron availability.
(D) The physical properties ofmitochondrial membranes are sensitive to their chemical composition, providing a platform formembrane-bound sensor proteins to
respond to metabolic stimuli. The cardiolipin-remodeling enzyme Tafazzin preferentially incorporates unsaturated acyl chains into cardiolipin through activation
by negative membrane curvature.
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Several protein (or protein complex) sensors have been described, 
all functioning via 4 fundamental mechanisms 
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Allosteric activation of GDH enables insulin secretion. 
Pathogenic mutations have been identified in human GDH 
enzyme that specifically abolish the allosteric inhibition by 
GTP. These mutations lead to a gain-of-function effect on 
the GDH enzyme and hyperactive insulin secretion in beta 
cells.  
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SUMMARY

Histone acetylation plays important roles in gene
regulation, DNA replication, and the response to
DNA damage, and it is frequently deregulated in
tumors. We postulated that tumor cell histone acety-
lation levels are determined in part by changes in
acetyl coenzyme A (acetyl-CoA) availability mediated
by oncogenic metabolic reprogramming. Here, we
demonstrate that acetyl-CoA isdynamically regulated
by glucose availability in cancer cells and that the
ratio of acetyl-CoA:coenzyme A within the nucleus
modulates global histone acetylation levels. In vivo,
expression of oncogenic Kras or Akt stimulates
histone acetylation changes that precede tumor
development. Furthermore, we show that Akt’s ef-
fects on histone acetylation are mediated through
the metabolic enzyme ATP-citrate lyase and that
pAkt(Ser473) levels correlate significantly with his-
tone acetylation marks in human gliomas and
prostate tumors. Thedata implicateacetyl-CoAmeta-
bolism as a key determinant of histone acetylation
levels in cancer cells.

INTRODUCTION

Rewiring of cellular metabolism in cancer cells is crucial for
increased macromolecular biosynthesis, growth, and prolifera-
tion, and metabolic deregulation is now considered a hallmark
feature of cancer cells (Hanahan and Weinberg, 2011; Ward

and Thompson, 2012). In addition to directly supporting ener-
getics and biosynthesis, a growing body of evidence suggests
that metabolic enzymes may also promote tumorigenesis
through functions that are not overtly metabolic. For example,
the M2 isoform of pyruvate kinase, a glycolytic enzyme, has
been reported to enter the nucleus and serve as transcrip-
tional coregulator (Luo and Semenza, 2012). ATP-citrate lyase
(ACLY), a lipogenic enzyme, is also present in the nucleus and
plays a crucial role in regulating nuclear acetylation events,
including histone acetylation (Wellen et al., 2009).
Metabolic changes in cancer cells are typically mediated

by activation of oncogenes and/or loss of tumor suppressors.
Hence, mutations that drive tumorigenesis also cause metabolic
alterations. In addition to genetic mutations, epigenetic alter-
ations play a key role in enabling malignant transformation and
tumor growth (Azad et al., 2013; Shen and Laird, 2013), although
mechanisms underlying epigenetic alterations in cancer are not
fully clear. Notably, many chromatin-modifying enzymes depend
on metabolic intermediates as cofactors or substrates, and
certain chromatinmodifications have been shown to be sensitive
to the cellular metabolic state (reviewed in Kaelin and McKnight,
2013; Katada et al., 2012; Lu and Thompson, 2012; Yun et al.,
2012). Links between cancer cell metabolism and DNA and his-
tone methylation have been recently identified in tumors with
specific mutations, such as those in isocitrate dehydrogenase
(IDH1 and IDH2). Mutant IDH enzymes exhibit altered enzyme
activity favoring conversion of a-ketoglutarate (aKG) into (R)-
2-hydroxyglutarate, a metabolite that inhibits the activity of
aKG-dependent JmjC-domain histone demethylases and TET
enzymes, resulting in hypermethylation of DNA and histones
(reviewed in Losman and Kaelin, 2013; Ward and Thompson,
2012). Succinate dehydrogenase (SDH) mutations and nicotin-
amide N-methyltransferase (NNMT) overexpression also result
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sirtuin deacylation enzymes. Modulation of metabolic flux
controlled by SIRT3 activity might be particularly important in
adaptation to stress conditions such as starvation and
hypoxia.84,85 Similar to SIRT3, SIRT4 and SIRT5 also reside in
mitochondria, where they catalyze the removal of negatively
charged lysine acyl modifications.86,87 Together these post-
translational modification mechanisms allow responses to
different environmental perturbations and coordinate cellular
metabolism via diverse downstream targets.88,89

Another intriguing example is the S-glutathionylation of protein
cysteine residues, which have been shown tomodulate the activ-
ity of diverse targets ranging from respiratory complexes to un-
coupling proteins.90,91 Inmitochondria, a dedicated enzyme, glu-
taredoxin 2, catalyzes the reversible glutathionylation of thiol
proteins. The thiol groups on both protein cysteine residues
and glutathione could form disulfide bonds, and glutaredoxins

catalyze protein S-glutathionylation by facilitating the disulfide
bond exchange from oxidized glutathione (GSSG) to the pro-
tein-glutathione mixed disulfide bond. Remarkably, for proteins
with two adjacent thiol groups capable of forming intra-molecular
disulfide bonds, thermodynamic equilibrium between reduced
and oxidized protein is predicted to be sensitive to glutathione
levels.92 Thus, in the case of S-glutathionylation, reversiblemodi-
fication by a single enzyme at equilibrium is sufficient to translate
the availability of a givenmetabolite into altered protein behavior.

Sensing metabolites via the availability of cofactors,
co-substrates, and coenzymes
The mitochondria harbor multiple pathways for the synthesis,
trafficking, and functioning of coenzymes and cofactors, ranging
from lipoic acid and iron-sulfur clusters to coenzyme Q and
heme. These processes offer effective leverages for metabolic

Figure 2. Molecular basis of metabolite sensing in mitochondria
Schematics for different mechanisms by which metabolites alter the properties of a sensor protein.
(A) Metabolites could directly interact with metabolite sensors and modify their behavior through allosteric regulation or post-translational modification. For
example, GTP allosterically inhibits glutamate dehydrogenase, which connects themitochondrial energy state with the replenishment of TCA cycle intermediates.
(B) Metabolites could affect enzymatic activity by serving as substrates of protein post-translational modifications. The long-chain acyl-CoA dehydrogenase
responds to mitochondrial acetyl-CoA levels via acetylation of residue K42, a reversible modification that reduces its enzymatic activity.
(C) Metabolites could modulate the activity of sensor proteins by affecting the incorporation of cofactors and prosthetic groups into apoproteins. Human
aminolevulinic acid dehydratase requires an iron-sulfur [4Fe-4S] cluster for its activity, coordinating heme intermediate synthesis with iron availability.
(D) The physical properties ofmitochondrial membranes are sensitive to their chemical composition, providing a platform formembrane-bound sensor proteins to
respond to metabolic stimuli. The cardiolipin-remodeling enzyme Tafazzin preferentially incorporates unsaturated acyl chains into cardiolipin through activation
by negative membrane curvature.
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Metabolites are sensed through 
cofactor availability
Some metabolites are critical co-factors for enzymatic activity 
Particularly useful when metabolite/co-factor synthesis and availability is highly compartmentalized 

Mitochondria harbor the largest pool of 
intracellular iron, accounting for up to more 
than 50% of total cellular iron content.  

Unbuffered free iron participates in Fenton 
reactions that produce reactive hydroxyl 
radicals. These toxic byproducts damage 
proteins, DNA, and lipid bilayers and trigger 
cell death through ferroptosis. Thus, iron 
levels must be sensed and kept within a 
narrow range.  
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taredoxin 2, catalyzes the reversible glutathionylation of thiol
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and glutathione could form disulfide bonds, and glutaredoxins

catalyze protein S-glutathionylation by facilitating the disulfide
bond exchange from oxidized glutathione (GSSG) to the pro-
tein-glutathione mixed disulfide bond. Remarkably, for proteins
with two adjacent thiol groups capable of forming intra-molecular
disulfide bonds, thermodynamic equilibrium between reduced
and oxidized protein is predicted to be sensitive to glutathione
levels.92 Thus, in the case of S-glutathionylation, reversiblemodi-
fication by a single enzyme at equilibrium is sufficient to translate
the availability of a givenmetabolite into altered protein behavior.

Sensing metabolites via the availability of cofactors,
co-substrates, and coenzymes
The mitochondria harbor multiple pathways for the synthesis,
trafficking, and functioning of coenzymes and cofactors, ranging
from lipoic acid and iron-sulfur clusters to coenzyme Q and
heme. These processes offer effective leverages for metabolic

Figure 2. Molecular basis of metabolite sensing in mitochondria
Schematics for different mechanisms by which metabolites alter the properties of a sensor protein.
(A) Metabolites could directly interact with metabolite sensors and modify their behavior through allosteric regulation or post-translational modification. For
example, GTP allosterically inhibits glutamate dehydrogenase, which connects themitochondrial energy state with the replenishment of TCA cycle intermediates.
(B) Metabolites could affect enzymatic activity by serving as substrates of protein post-translational modifications. The long-chain acyl-CoA dehydrogenase
responds to mitochondrial acetyl-CoA levels via acetylation of residue K42, a reversible modification that reduces its enzymatic activity.
(C) Metabolites could modulate the activity of sensor proteins by affecting the incorporation of cofactors and prosthetic groups into apoproteins. Human
aminolevulinic acid dehydratase requires an iron-sulfur [4Fe-4S] cluster for its activity, coordinating heme intermediate synthesis with iron availability.
(D) The physical properties ofmitochondrial membranes are sensitive to their chemical composition, providing a platform formembrane-bound sensor proteins to
respond to metabolic stimuli. The cardiolipin-remodeling enzyme Tafazzin preferentially incorporates unsaturated acyl chains into cardiolipin through activation
by negative membrane curvature.
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Example: Carnitine Palmitoyltransferase 1A (CPT1A)

CPT1A is a transmembrane protein at the 
outer mitochondrial membrane. 

The N-terminal domain (NTD) of CPT1A is 
sensitive to the curvature of the membrane. 

Membrane curvature is dictated by several 
factors including PL composition. 
PE: phosphatidyl-ethanolamine 
PC: phosphatidyl-choline 



Example: Carnitine Palmitoyltransferase 1A (CPT1A)

The activity of CPT1A is regulated by PL abundance through biophysical interactions 
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Molecular mechanisms of 
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WHERE??



Membrane-enclosed organelles maintain distinct 
biochemical environments.  

This creates a unique milieu for nutrient sensing.  



Another interesting example of such regulation is the synthesis
of heme, an essential cofactor produced via a multistep pathway
that spans across the mitochondria and the cytosol. Despite the
critical function of heme, free heme can participate in Fenton re-
actions that generate highly toxic hydroxyl radicals, which dam-
age proteins and lipids andmust therefore be tightly regulated.22

In eukaryotes, control of heme synthesis occurs primarily at its
rate-limiting enzyme, delta-aminolevulinate synthase (encoded
by ubiquitously expressed ALAS1 and erythroid-restricted
ALAS2). Multiple mechanisms act in concert to repress ALAS ac-
tivity in response to heme accumulation. Heme suppresses
ALAS1 levels by inhibiting the translation and enhancing the
degradation of its mRNA.23,24 Moreover, heme binds ALAS1
via Cys-Pro motifs,25 inhibiting its mitochondrial import26 and

inducing the degradation of the protein via the mitochondrial
protease CLPP/CLPX. These mechanisms ensure that free
heme, as well as phototoxic porphyrin intermediates, are kept
at a level that does not interfere with normal cellular physiology.
Failure in the metabolic control for heme synthesis leads to
porphyria, a family of conditions caused by the accumulation
of toxic heme synthesis intermediates that damage the liver, kid-
ney, and nervous system.27 Loss-of-function mutations in multi-
ple enzymes of the heme synthesis pathway have been found to
cause porphyria, due to ineffective feedback inhibition on the
rate-limiting enzyme ALAS. Much of the clinical symptoms could
be attributed to intermediate toxicity rather than insufficient
heme production, as demonstrated by several cases of liver
transplantation from donors with porphyria.28 Such clinical
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Figure 1. Mitochondria adopt feedback and feedforward control circuits to achieve metabolic homeostasis or adaptation
(A) Schematic of a mitochondrial feedback circuit that ensures metabolic conservation by limiting the synthesis of metabolites demanded in mitochondria.
PANK2, a mitochondrial enzyme in the CoA synthesis pathway, is allosterically inhibited by CoA and acetyl-CoA.
(B) Schematic of a mitochondrial feedback circuit dedicated to maintaining the mitochondrial levels of a metabolite. Glutathione has been observed to down-
regulate its mitochondrial importer SLC25A39, functioning in a feedback mechanism likely to achieve homeostatic regulation of mitochondrial glutathione levels.
(C) Schematic of a mitochondrial feedback circuit that restrains the production of toxic mitochondrial metabolites. Heme inhibits the import of the rate-limiting
enzyme in its de novo synthesis, ALAS1/ALAS2, to avoid the accumulation of toxic porphyrin intermediates.
(D) Schematic of a mitochondrial feedforward circuit that enables metabolic plasticity. Urea cycle intermediate arginine stimulates the synthesis of
N-acetylglutamate, an allosteric activator of urea cycle enzyme CPS1, allowing robust activation of the urea cycle upon the influx of ammonium nitrogen.
(E) Schematic of amitochondrial feedforward circuit that prevents futile cycles. Fatty acid synthesis substrate malonyl-CoA inhibits the entrance of fatty acids into
the reverse reaction, b-oxidation, by allosterically inhibiting CPS1.
(F) Schematic of mitochondrial feedforward circuits that trigger adaptive responses to stress. The release of mitochondrial DNA or cytochrome c triggers stress
response signaling via the cGAS-STING pathway or the integrated stress response (ISR).
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MITOCHONDRIA

(A) Feedback circuit that ensures metabolic conservation by limiting energy-consuming pathways. PANK2, a 
mitochondrial enzyme in the CoA synthesis pathway, is allosterically inhibited by CoA and acetyl-CoA. 
(B) Feedback circuit dedicated to maintaining the mitochondrial levels of a metabolite. Glutathione has been observed to 
down-regulate its mitochondrial importer SLC25A39. 
(C) Feedback circuit that restrains the production of toxic metabolites. Heme inhibits the import of the rate-
limiting enzyme in its de novo synthesis, ALAS1/ALAS2, to avoid the accumulation of toxic intermediates.  
(D) Feedforward circuit that enables metabolic plasticity. Arginine stimulates the synthesis of N-acetylglutamate, an 
allosteric activator of urea cycle enzyme CPS1, allowing robust activation of the urea cycle upon the influx of N. 
(E) Feedforward circuit that prevents futile cycles. Fatty acid synthesis substrate malonyl-CoA inhibits the entrance of 
fatty acids into the reverse reaction, b-oxidation, by allosterically inhibiting CPS1.  
(F) Feedforward circuits that trigger adaptive responses to stress. The release of mitochondrial DNA or cytochrome c 
triggers stress response signaling via the cGAS-STING pathway or the integrated stress response (ISR).  

Liu & Birsoy, Mol Cell, 2023



Compartmentalization of nutrient sensing: 
LYSOSOMES

Ballabio & Bonifacino, NRMCB, 2020



function properly, metabolic pathways compartmentalized to different
organelles must be able to crosstalk and utilize products from one
pathway as intermediates for another. For example, products from
mitochondrial anaplerosis, such as aspartate and citrate, are required
to fuel cytosolic pathways, such as de novo purine/pyrimidine syn-
thesis and de novo lipogenesis, respectively [10]. On the other hand,
branched-chain amino acids, derived from macromolecular degrada-
tion within lysosomes, and acetyl-CoA, derived from peroxisomal fatty
acid oxidation, may be used as inputs to the mitochondrial TCA cycle
[10] (Figure 1). While inter-organelle exchange of small, polar

metabolites occurs primarily via membrane transporters, inter-
organelle transport of lipids and ions, such as Ca2þ, may take place
via targeted organelle-to-organelle interaction mediated by membrane
contact sites (MCSs). Finally, signaling pathways that control metabolic
function may be localized to specific organelle membranes, such as
mechanistic target of rapamycin complex 1 (mTORC1) to the lysosome
or cyclic AMP (cAMP)-dependent protein kinase (PKA) to various lo-
cations via organelle-specific A kinase-anchoring proteins (AKAPs).
This allows signaling platforms to sense local metabolite concentra-
tions and coordinate anabolism versus catabolism based on local and

Figure 1: Overview of inter-organelle communication pathways. Inter-organelle metabolic crosstalk is coordinated by multiple mechanisms, including i) cross-talk between
solute transporters for the translocation of small, polar metabolites between organelles ii) physical membrane contact sites, notably for lipid transport and calcium signaling iii)
through localized activation of signaling platforms, such as mTORC1 on the lysosomal limiting membrane, which regulates anabolism versus catabolism in response to local
metabolite concentrations.
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Compartmentalization of nutrient sensing: 
LYSOSOMES

Jain & Zoncu, Mol Metab, 2021

Its unique biochemical milieu, the scavenging 
of cellular components, the interconnections 
with other organelles, make the lysosome 
ideally positioned to sense metabolic inputs
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Catabolism and Anabolism are juxtaposed and 
regulated by nutrient sensing

AMPK

AMP-activated protein kinase

mTORC

mechanistic Target of Rapamycin



AMPK and mTORC are master regulator of 
catabolism and anabolism, respectively

Both activated at lysosomes, enabling co-regulation

AMPK and mTOR are both components of ancient conserved pathways that have evolved 
as a yin-yang-like antagonistic mechanism controlling catabolism and anabolism



AMPK: Central regulator of glucose and lipid 
metabolism

J Physiol 574.1 AMPK – development of the energy sensor concept 11

(Inoki et al. 2003) and activation of elongation factor-2
kinase (Horman et al. 2002), and de novo glucose synthesis
(gluconeogenesis) in the liver via phosphorylation of
the transcriptional coactivator TORC2, which inhibits
expression of genes involved in this pathway (Lochhead
et al. 2000; Koo et al. 2005). This generalized inhibition of
biosynthesis by AMPK (particularly its ability to inhibit the
growth-promoting TOR pathway) may partly explain the
tumour suppressor effects of the upstream kinase LKB1.
In addition, AMPK activation appears to cause a G1 phase
cell cycle arrest that is dependent on another tumour
suppressor, p53 (Imamura et al. 2001; Jones et al. 2005).
This arrest would prevent entry into S phase of the cell
cycle when DNA replication takes place, the latter being
another costly process in terms of ATP turnover.

As well as conserving ATP by inhibiting biosynthetic
pathways, AMPK activation stimulates catabolic pathways
that generate ATP. In skeletal muscle it stimulates glucose
uptake (Merrill et al. 1997), both via translocation of
the glucose transporter GLUT4 to the plasma membrane
(Kurth-Kraczek et al. 1999) and, in the longer term, by
increasing its expression (Holmes et al. 1999). Studies
of mice in which AMPK activation has been knocked
out by various means show that AMPK is at least partly
responsible for the increased glucose uptake during muscle
contraction (Mu et al. 2001; Sakamoto et al. 2005). In other
cells, AMPK activation increases the intrinsic activity of the
glucose transporter GLUT1 by an unknown mechanism
(Barnes et al. 2002). In some cell types such as cardiac
myocytes (Marsin et al. 2000) and monocytes and
macrophages (Marsin et al. 2002), AMPK phosphorylates
and activates 6-phosphofructo-2-kinase, thus increasing
the glycolytic activator fructose-2,6-bisphosphate,
stimulating ATP production by glycolysis in response
to hypoxia. By phosphorylation of the ACC-2 (-β)
isoform of acetyl-CoA carboxylase AMPK lowers
malonyl-CoA, relieving inhibition of uptake of fatty
acids into mitochondria via the carnitine carrier system,
and thus stimulating fatty acid oxidation (Merrill et al.
1997). As well as these acute effects on glucose and fatty
acid oxidation, AMPK also up-regulates mitochondrial
biogenesis (Winder et al. 2000), thus increasing the
capacity of tissues for aerobic production of ATP.
This appears to involve increased expression of the
transcriptional coactivator PGC-1α (Zong et al. 2002).

Although many of the targets initially identified for
AMPK are involved in energy metabolism, examples of
targets involved in other processes are increasingly being
found. For example, ion channels have the potential
to initiate very significant ATP turnover, due to their
ability to rapidly dissipate concentration gradients across
membranes when in the open state. Transepithelial NaCl
transport, an energetically costly process for epithelial
cells, is inhibited by effects of AMPK both on the cystic
fibrosis transmembrane regulator Cl− channel (CFTR)

(Hallows et al. 2000, 2003a,b) and the amiloride-sensitive
Na+ channel (ENaC) (Carattino et al. 2005; Woollhead
et al. 2005). In our view there are likely to be many
other undiscovered targets for AMPK within ion channels
and pumps, and this is an area that is ripe for further
exploration.

Conclusions and medical perspectives

To summarize, AMPK is activated by metabolic stresses
that either inhibit ATP production (e.g. hypoxia,
hypoglycaemia) or accelerate ATP consumption
(e.g. muscle contraction). Once activated by such
metabolic stresses, it switches on catabolic pathways that
generate ATP, while switching off biosynthetic pathways
and other processes that consume ATP. Its key roles in
maintaining energy balance, both at the single cell and the
whole body levels, suggest that it will also be an important
player in the derangements of energy metabolism that
occur in conditions like obesity, Type 2 diabetes and the
metabolic syndrome. There is no current evidence that
mutations or altered expression of AMPK is a common
cause of Type 2 diabetes in humans, but the latter is
strongly correlated with obesity and a sedentary lifestyle,
and a low activation state of AMPK in the periphery,
due to over-nutrition and lack of exercise, may be a
contributory factor in its onset. Consistent with this, two
of the major classes of drug currently widely used to treat
Type 2 diabetes, i.e. biguanides like metformin (Zhou
et al. 2001) and the thiazolidinediones (Fryer et al. 2002),
have been reported to activate AMPK. Both appear to do
this indirectly by inhibiting complex I of the respiratory
chain (El-Mir et al. 2000; Owen et al. 2000; Brunmair et al.
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Figure 3. Key processes of energy metabolism that are
regulated by AMPK
A green arrow indicates activation, whereas a red line with a bar at the
end indicates inhibition. Some of these processes are regulated by
multiple effects of AMPK. For example, glucose uptake and fatty acid
synthesis are regulated both acutely (with no change in gene
expression) and chronically (via effects on gene expression).
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Cells constantly need to manage their energy consumption depending on the 
availability of nutrients and on their capacity to produce ATP. 
When cellular ATP levels decrease, it is essential for cells to minimize energy 
consumption to avoid exhausting what is left of their resources. At the same 
time, emergency measures have to be taken to restore the cellular energy 
supply, such as increasing nutrient intake, activating alternative energy-
producing pathways or turning over existing macromolecules into nutrients.
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respond to AMP and ATP rather than ADP and ATP?
Eukaryotic cells universally express the enzyme adenylate
kinase, which catalyses the reaction 2ADP ⇀↽ ATP + AMP
and maintains it close to equilibrium at all times. It is easy
to show (Hardie et al. 2003) that this causes the cellular
AMP : ATP ratio to vary approximately as the square of
the ADP : ATP ratio. The former ratio is thus a much
more sensitive indicator of compromised energy status
than the latter. It is interesting that many of the features
of regulation of the AMPK system seem to be geared to
maximizing its sensitivity.

Identification of the upstream kinases

Although evidence was reported in 1978 that AMPK (then
called HMG-CoA reductase kinase) was activated by an
upstream kinase (Ingebritsen et al. 1978), it was to be
25 years before the latter was identified. An ‘AMP-activated
protein kinase kinase’ (AMPKK) was partially purified
in 1996 (Hawley et al. 1996), but attempts to purify it
to homogeneity proved frustrating. However, after the
completion of the budding yeast genome project, three
protein kinases acting upstream of the yeast homologue
of AMPK (the SNF1 complex) were identified by various
genome-wide screening approaches (Hong et al. 2003;
Sutherland et al. 2003). While none had a clear and obvious
mammalian homologue, their kinase domains were most
closely related to those of the protein kinase LKB1, and the
calmodulin-dependent protein kinase kinases, CaMKKα
and CaMKKβ. In a rapid flurry of activity, evidence was
obtained that all three, but especially LKB1 and CaMKKβ,
can phosphorylate Thr-172 and thus activate AMPK in
intact cells and in vivo (Hawley et al. 2003, 2005; Woods
et al. 2003, 2005; Shaw et al. 2004; Hurley et al. 2005;
Sakamoto et al. 2005, 2006).

LKB1 exists as a complex with two accessory subunits,
STRAD and MO25, and the AMPKK partially purified
earlier (Hawley et al. 1996) was shown to be a complex
between LKB1 and the α isoforms of STRAD and
MO25 (Hawley et al. 2003). Intriguingly, LKB1 had been
originally identified in humans as a tumour suppressor,
indicating for the first time a link between AMPK and
cancer. LKB1 is the gene mutated in the rare autosomal
dominant human genetic disorder, Peutz–Jeghers
syndrome (PJS) (Hemminki et al. 1998; Jenne et al. 1998).
PJS subjects develop numerous benign tumours in the
gastrointestinal tract, but also have a 20-fold increased
risk of developing malignant tumours at other sites
(Giardiello et al. 2000). Moreover, mutations in the LKB1
gene are also seen in some sporadic cancers, especially
adenocarcinoma of the lung (Sanchez-Cespedes et al.
2002). LKB1 is required for activation of AMPK in
response to treatments that elevate AMP or AMP mimetic
agents, both in cultured cells (Hawley et al. 2003) and in
skeletal muscle in vivo (Sakamoto et al. 2006). However,

the LKB1 complex itself is not regulated by AMP and
appears to be constitutively active (Lizcano et al. 2004;
Sakamoto et al. 2004), with activation of the cascade being
produced by the binding of AMP to AMPK causing it to
become a better substrate for LKB1 (Hawley et al. 2003)
(Fig. 2).

Surprisingly, increases in AMP do not stimulate
phosphorylation of Thr-172 by the CaMKKs, which is
triggered instead by a rise in Ca2+ (Fig. 2) (Hawley et al.
2005; Hurley et al. 2005; Woods et al. 2005). While LKB1
is ubiquitously expressed, a limited survey of different
tissues suggest that the CaMKKs are mainly expressed
in neural tissues (Anderson et al. 1998). Experiments
with muscle-specific knockouts of LKB1 in mice suggest
that the Ca2+-mediated pathway cannot be a significant
player in skeletal muscle (Sakamoto et al. 2005), but a
more thorough investigation of the distribution of the
Ca2+-mediated pathway needs to be performed.

Metabolic stresses that activate AMPK in intact cells
and in vivo

Arguments discussed above suggest that the
LKB1→AMPK cascade will be activated in a highly
sensitive manner by even a very small decrease in cellular
energy status. What conditions cause this to happen?
Similar to its homologues in single celled eukaryotes like
S. cerevisiae (Wilson et al. 1996), AMPK can be activated
in cultured mammalian cells by glucose deprivation
(Salt et al. 1998). However, regulation of AMPK by
glucose in vivo may be normally restricted to specialized
cells, including pancreatic β cells that secrete insulin in
response to the level of glucose in the portal circulation,
and cells in the hypothalamus that initiate feeding
behaviour in response to hypoglycaemia. Like β cells, cells
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Figure 2. Upstream regulators of AMPK
LKB1 and CaMKKs phosphorylate the same residue (Thr-172) on the α

subunit of AMPK. Phosphorylation by LKB1, but not by CaMKKs, is
stimulated by binding of AMP to AMPK.
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AMPK: energy sensor



AMPK is an obligate heterotrimeric kinase complex composed of a catalytic (α) subunit 
and two regulatory (β and γ) subunits. 

AMPK: structure and function

Herzig & Shaw, NRMCB, 2018

The α subunit contains the kinase domain and a critical residue, Thr172, that is phosphorylated by 
upstream kinases. The β subunit contains a carbohydrate binding module that allows AMPK to associate 
with glycogen. The γ subunit enables AMPK to respond to changes in the ATP:AMP ratio as it contains 
four tandem cystathionine-β-synthase (CBS) domains that bind adenine nucleotides. Binding of AMP, 
and to a lesser extent ADP, to the γsubunit stimulates AMPK activity 



AMP binding to the γ subunit enhances AMPK activity through three distinct 
mechanisms:  
1. AMP has been proposed to stimulate phosphorylation of Thr172 by directly stimulating 

the activity of the upstream kinase or by an allosteric mechanism that would render 
AMPK a better substrate for the upstream kinase; however reports show no effect of 
AMP on the phosphorylation of Thr172 by the upstream kinase in vitro. 

2. AMP inhibits the dephosphorylation of Thr172 by protecting it from phosphatases. 

3. AMP causes allosteric activation of AMPK already phosphorylated on Thr172. 

AMPK: structure and function

Several factors lead to AMPK activation, such as mitochondrial poisons and oxygen or 
glucose starvation, as well as exercise. Drugs that activate AMPK include the AMP mimetic 
AICAR and several small-molecule allosteric activators (listed on the left-hand side)  
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thus causing allosteric activation26, while also pulling the catalytic and 
regulatory modules tightly together and thus shielding pThr172 from 
dephosphorylation (Fig. 1b). By contrast, when ATP displaces AMP at 
CBS3 the α-linker dissociates from the γ-subunit so that it can act as a 
flexible hinge allowing the regulatory module to move with respect to 
the catalytic module. This is thought to re-establish inhibition of the 
α-KD by the α-AID8,9, while exposing pThr172 for dephosphorylation. 

A recent cryo-EM structure17 (Fig. 1c) provides strong support for this 
model and suggests a rather dramatic conformational change when 
ATP displaces AMP at CBS3 and Thr172 is dephosphorylated, with the 
catalytic module undergoing a rotation of ≈180o and translation of 
≈100 Å relative to the regulatory module (Fig. 1b,c). Note that some 
domains and regions, including the α-linker, were not fully resolved 
in the cryo-EM structure, which also included additional components 
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Fig. 1 | Domain structure of AMPK and model for canonical activation.  
a, Domain structure of α-subunits, β-subunits and γ-subunits of AMP-activated 
protein kinase (AMPK), drawn approximately to scale (scale bar shown at middle 
right). The γ2-isoforms and γ3-isoforms have amino-terminal extensions that 
are not related to each other and are absent from the γ1-isoform. The adenine 
nucleotide binding sites formed by the cystathionine-β-synthase (CBS) repeats 
on the γ-subunits, and the specific nucleotides they are proposed to bind, are 
indicated. b, Structure of active conformation of human α1β2γ1 complex with 
AMP bound at the CBS3 site, cyclodextrin at the glycogen-binding site and Thr172 
phosphorylated (although hidden in this view). Location of the allosteric drug 
and metabolite (ADaM) and catalytic sites indicated. Drawn using Pymol 2.5.2 
using PDB file 4RER. c, Structure of inactive, dephosphorylated conformation  

of human α1β2γ1 complex with the ATP analogue ATP-γ-S bound at the CBS3 site; 
note the dramatic movement of the catalytic module relative to the regulatory 
module, with the latter being in approximately the same orientation as in  
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However, impairments in mitochondrial function cause rising ADP to ATP ratios, driving the AK2 
reaction in the opposite direction and causing an even larger increase in the AMP to ATP ratio. This 
activates AMPK by the canonical pathway 



ATP

ADP

AMP + ATP

AMPK

Mitochondrial
biogenesis

Mitochondrial
fission Mitophagy

ATP

ADP

ATP
ADP

AK2

• Oxidative stress
• Mitochondrial 

inhibitors

Mitochondrion

ADP/ATP
translocase

ATP synthase

How AMPK is activated?

Steinberg & Hardie, NRMCB, 2023

Mitochondria are the major suppliers of ATP,     
but are susceptible to damage by oxidative stress 

In fully energized, undamaged mitochondria the high ATP to ADP ratio drives the freely reversible 
adenylate kinase reaction (ATP + AMP ↔ 2ADP) towards ADP, thus keeping AMP at very low levels. 
However, impairments in mitochondrial function cause rising ADP to ATP ratios, driving the AK2 
reaction in the opposite direction and causing an even larger increase in the AMP to ATP ratio. This 
activates AMPK by the canonical pathway 

(ATP + AMP ↔ 2ADP) is 
catalysed by the AK2 isoform 
of adenylate kinase, which is 
located in the mitochondrial 
intermembrane/ intra-cristae 
space.



Point mutations in the γ2 interfere with 
the binding of the regulatory nucleotides, 
AMP and ATP.  

Here, they selected one of these 
mutations, R531G, that causes a severe 
loss of binding of AMP and ATP to CBS3, 
thus generating an AMP-insensitive 
complex.  
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stably expressing either wild-type γ2 or 
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whether a variety of pharmacological 
agents and stresses that activate AMPK 
do so via increases in AMP  
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The AMPK system is exquisitely sensitive to small changes in
AMP (Hardie et al., 1999; Suter et al., 2006), and it seemed to us
that it might be activated by subtle changes in cellular nucleo-
tides that may not be detectable by measuring total cellular
levels. Adenine nucleotides are compartmentalized between
the mitochondria and cytoplasm and, due to limitations on diffu-
sion, may not be uniformly distributed even within the cytoplasm
(Dzeja and Terzic, 2003). Cellular concentrations of ADP and
AMP are usually too low to be measured directly by 31P NMR;
their contents can be estimated in cell extracts, but in that
case effects of compartmentation will be lost. Therefore, while
an agent like metformin may activate AMPK without producing
a detectable change in adenine nucleotides, this does not prove
that the effect is AMP independent. We felt that it was important
to develop a more sensitive diagnostic test to determine whether
or not activation of AMPK by different agents was AMP depen-
dent. The recent discovery of mutations that render the AMPK
complex AMP insensitive provided an opportunity to achieve
this. Point mutations in the g2 subunit are associated with ele-
vated glycogen in cardiac myocytes, leading to cardiac arrhyth-
mias and hypertrophy (Arad et al., 2007). These mutations inter-
fere with the binding of the regulatory nucleotides, AMP and
ATP, to two sites on the g subunit (Scott et al., 2004; Xiao
et al., 2007). For the present study, we have selected one of
these mutations, R531G, that causes a severe loss of binding
of AMP and ATP, thus generating an AMP-insensitive complex
(Scott et al., 2004). We constructed isogenic HEK293 cells stably
expressing either wild-type g2 or this mutant and used them to
test whether a variety of pharmacological agents and stresses
that activate AMPK do so via increases in AMP.

RESULTS

Characterization of Stably Transfected Cells
We generated stable, isogenic HEK293 lines expressing the WT
or the R531G mutant using the Flp-In system, in which the DNA is
inserted by homologous recombination into a single Flp recom-
bination target (FRT) site previously introduced into the host
cells. The a, b, and g subunits of AMPK are unstable when
expressed individually in cells, and coexpression of all three is
necessary to obtain significant overexpression. We therefore
suspected that if we stably expressed only the g2 subunit, it
might replace the endogenous g1 subunit in the HEK293 cells,
a hypothesis supported by the data in Figure 1. By Western blot-
ting (Figure 1A), the expression of the a1, a2, b1, and b2 subunits
was not significantly altered in cells stably expressing wild-type
g2 (referred to below as WT cells) or the R531G mutant (RG
cells), compared with the parental cells containing the FRT
site. As expected, g2 was readily detectable by Western blotting
in the WT and RG cells, using either anti-g2 or anti-FLAG anti-
bodies. However, expression of the endogenous g1 subunit
decreased markedly, suggesting that the recombinant g2 had
largely, if not entirely, replaced it. This was confirmed by another
approach (Figure 1B). When cell extracts were immunoprecipi-
tated with anti-FLAG antibodies, the activity recovered from
the parental cells was negligible as expected, but immunopre-
cipitation from the resulting supernatant using anti-a subunit
antibodies yielded a substantial activity, corresponding to the
endogenous AMPK complexes containing g1. If the same exper-

iments were carried out with WT or RG cells, activities 2- to 3-fold
higher than the endogenous activity of the parental cells
(measured in the presence of AMP) were recovered using anti-
FLAG antibody, but the activity recovered from the subsequent
immunoprecipitate using anti-a antibodies was reduced by >
80%. These results show that the recombinant FLAG-tagged
g2 subunit had largely replaced the endogenous g1 subunit
within AMPK complexes in the WT and RG cells.

We next examined the effects of AMP and A769662 in cell-free
assays of AMPK recovered using anti-FLAG antibodies from WT
and RG cells. AMPK from WT cells was activated 3-fold by AMP
and 2-fold by A769662 (Figure 1C). As expected, AMPK from RG
cells was not activated by AMP, but it was still stimulated by
A769662, consistent with previous results (Sanders et al.,
2007a) showing that the equivalent R298G mutation in g1 did
not affect activation by A769662. Another notable finding in

Figure 1. Analysis of HEK293 Cells Stably Expressing WT g2 and the
R531G Mutant
(A) Duplicate western blots of parental HEK293 cells and WT or RG cells using

antibodies against the a1, a2, b1, b2, g1, and g2 subunits of AMPK, and

against the FLAG epitope on g2.

(B) AMPK activities in parental HEK293 cells and WT and RG cells, in samples

made by immunoprecipitation using anti-FLAG antibodies, and by subsequent

immunoprecipitation from the anti-FLAG supernatants using anti-a1/a2 anti-

bodies. Results (mean ± SD, n = 2) are expressed as units per milligram of

protein in the volume of cell lysate from which the first immunoprecipitation

was performed.

(C) Effect of AMP (200 mM) and A769662 (1 mM) in cell-free assays of anti-FLAG

immunoprecipitates from WT and RG cells. Results expressed as in (B). Signif-

icant differences between indicated groups were determined by one-way

ANOVA (***p < 0.001; n.s., not significant).

(D) Western blots (n = 4) showing phosphorylation (pT172) and expression

(a1/a2) of AMPK, phosphorylation (pACC) and expression (ACC) of acetyl-

CoA carboxylase, and expression of three mitochondrial markers (cyt c, cyto-

chrome c; cox2, flavoprotein subunit of succinate dehydrogenase [SDHA];

cox5, ATP synthase, F1 complex, b subunit) in WT and RG cells.
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bination target (FRT) site previously introduced into the host
cells. The a, b, and g subunits of AMPK are unstable when
expressed individually in cells, and coexpression of all three is
necessary to obtain significant overexpression. We therefore
suspected that if we stably expressed only the g2 subunit, it
might replace the endogenous g1 subunit in the HEK293 cells,
a hypothesis supported by the data in Figure 1. By Western blot-
ting (Figure 1A), the expression of the a1, a2, b1, and b2 subunits
was not significantly altered in cells stably expressing wild-type
g2 (referred to below as WT cells) or the R531G mutant (RG
cells), compared with the parental cells containing the FRT
site. As expected, g2 was readily detectable by Western blotting
in the WT and RG cells, using either anti-g2 or anti-FLAG anti-
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largely, if not entirely, replaced it. This was confirmed by another
approach (Figure 1B). When cell extracts were immunoprecipi-
tated with anti-FLAG antibodies, the activity recovered from
the parental cells was negligible as expected, but immunopre-
cipitation from the resulting supernatant using anti-a subunit
antibodies yielded a substantial activity, corresponding to the
endogenous AMPK complexes containing g1. If the same exper-

iments were carried out with WT or RG cells, activities 2- to 3-fold
higher than the endogenous activity of the parental cells
(measured in the presence of AMP) were recovered using anti-
FLAG antibody, but the activity recovered from the subsequent
immunoprecipitate using anti-a antibodies was reduced by >
80%. These results show that the recombinant FLAG-tagged
g2 subunit had largely replaced the endogenous g1 subunit
within AMPK complexes in the WT and RG cells.

We next examined the effects of AMP and A769662 in cell-free
assays of AMPK recovered using anti-FLAG antibodies from WT
and RG cells. AMPK from WT cells was activated 3-fold by AMP
and 2-fold by A769662 (Figure 1C). As expected, AMPK from RG
cells was not activated by AMP, but it was still stimulated by
A769662, consistent with previous results (Sanders et al.,
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not affect activation by A769662. Another notable finding in
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to alter cellular nucleotide contents. This was addressed using
capillary electrophoresis to measure nucleotides in perchloric
acid extracts. While AMP could usually be detected in treated
cells (data not shown), its content was too low to reliably esti-
mate in the untreated cells. To obtain a quantitative measure of
energy stress, we therefore measured the ADP:ATP ratio and
used it as a surrogate for AMP:ATP (which, assuming that adeny-

late kinase reaction is at equilibrium, will vary as the square of
ADP:ATP [Hardie and Hawley, 2001]). As expected, the mito-
chondrial inhibitors oligomycin and DNP, and the glycolytic
inhibitor 2-deoxyglucose, all increased the ADP:ATP ratio in
WT cells (Figure 5A), whereas AICAR, A23187, and A769662
did not produce a significant change. Hydrogen peroxide
increased the ADP:ATP ratio significantly in WT cells at 0.3 mM
and to a much greater extent (15-fold, data not shown) at
1 mM. Osmotic stress using sorbitol also caused a small
increase in ADP:ATP in both WT and RG cells.

Results with a wide range of AMPK-activating drugs and xeno-
biotics are shown in Figure 5B. Although metformin appeared to
cause small increases in ADP:ATP (16% in WT and 38% in RG
cells), these were not statistically significant. All other drugs
produced significant increases, both in WT and RG cells. The
effect of 100 mM quercetin was small but significant (1.6-fold,
Figure 5B), while the effect of 300 mM quercetin (data not shown)
was much larger (18-fold in WT and 33-fold in RG cells).

Interestingly, with the exceptions of 2-deoxyglucose, quer-
cetin, and resveratrol, the agents that caused increases in the
ADP:ATP ratio tended to cause larger increases in the WT than
in the RG cells, suggesting that the latter might be more resistant
to metabolic stress. Since AMPK has been found to promote
mitochondrial biogenesis, we initially hypothesized that the
higher basal AMPK activity in the RG cells (Figure 1) meant
that they might have higher mitochondrial content and thus a
greater capacity to generate ATP. However, this appears not
to be the case. First, expression of a number of mitochondrial
markers (cyt c, cox2, cox5) was not different between the WT
and RG cells (Figure 1D). Second, the density of mitochondria
by fluorescence microscopy of cells stained with MitoTracker
dye was not different (data not shown). Third, the rate of oxygen
uptake in WT and RG cells, when maximally stimulated using
DNP, was not significantly different (see next section).

Most Treatments that Increase AMP Inhibit O2 Uptake
To confirm that most treatments that activate AMPK in a strictly
AMP-dependent manner act by inhibiting mitochondrial metab-
olism, we analyzed their effects on oxygen uptake using an
extracellular flux analyzer. Basal oxygen uptake was very similar
between the two cell lines (WT, 4.6 ± 1.3 [mean ± SD, n = 38];
RG, 4.3 ± 0.8 [n = 31] nmol/min/106 cells). If the cells were titrated
with an inhibitor of the ATP synthase, oligomycin, oxygen uptake
in the WT cells decreased by a maximum of 60% to 1.8 ± 0.4
(WT, n = 7) and 1.6 ± 0.2 (RG, n = 8) nmol/min/106 cells. If the cells
were titrated with the uncoupler DNP, basal oxygen uptake in the
WT cells increased by a maximum of z3-fold to 15.4 ± 2.1 (WT,
n = 5) and 13.7 ± 2.3 (RG, n = 8) nmol/min/106 cells. The rates in
the presence of DNP represent estimates of the maximal rate of
the respiratory chain. Neither the basal, the oligomycin-inhibited,
nor the DNP-stimulated rates were significantly different
between the WT and RG cells, confirming that the mitochondrial
capacities of these cells were similar.

All stress and drug treatments also had very similar effects on
oxygen uptake in WT cells (Figures 6A and 6B) and in RG cells
(see Figure S1 available online). Hydrogen peroxide, phenformin,
galegine, troglitazone, Phenobarbital, and berberine all inhibited
basal oxygen uptake in a similar manner, and in these cases
there was no significant stimulation of oxygen uptake on

Figure 3. Concentration Dependence of AMPK Activation by the
Indicated Drugs and Phytochemicals
Results are shown for WT cells (open circles) or RG cells (filled circles). Incu-

bations with the indicated agent were for 1 hr (except metformin, 16 hr), after

which AMPK was assayed as for Figure 2. Results (mean ± SD, n = 2 except

quercetin, n = 4) are expressed as percentages of the activity in controls

without added agent.
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inserted by homologous recombination into a single Flp recom-
bination target (FRT) site previously introduced into the host
cells. The a, b, and g subunits of AMPK are unstable when
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site. As expected, g2 was readily detectable by Western blotting
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increased the ADP:ATP ratio significantly in WT cells at 0.3 mM
and to a much greater extent (15-fold, data not shown) at
1 mM. Osmotic stress using sorbitol also caused a small
increase in ADP:ATP in both WT and RG cells.

Results with a wide range of AMPK-activating drugs and xeno-
biotics are shown in Figure 5B. Although metformin appeared to
cause small increases in ADP:ATP (16% in WT and 38% in RG
cells), these were not statistically significant. All other drugs
produced significant increases, both in WT and RG cells. The
effect of 100 mM quercetin was small but significant (1.6-fold,
Figure 5B), while the effect of 300 mM quercetin (data not shown)
was much larger (18-fold in WT and 33-fold in RG cells).

Interestingly, with the exceptions of 2-deoxyglucose, quer-
cetin, and resveratrol, the agents that caused increases in the
ADP:ATP ratio tended to cause larger increases in the WT than
in the RG cells, suggesting that the latter might be more resistant
to metabolic stress. Since AMPK has been found to promote
mitochondrial biogenesis, we initially hypothesized that the
higher basal AMPK activity in the RG cells (Figure 1) meant
that they might have higher mitochondrial content and thus a
greater capacity to generate ATP. However, this appears not
to be the case. First, expression of a number of mitochondrial
markers (cyt c, cox2, cox5) was not different between the WT
and RG cells (Figure 1D). Second, the density of mitochondria
by fluorescence microscopy of cells stained with MitoTracker
dye was not different (data not shown). Third, the rate of oxygen
uptake in WT and RG cells, when maximally stimulated using
DNP, was not significantly different (see next section).

Most Treatments that Increase AMP Inhibit O2 Uptake
To confirm that most treatments that activate AMPK in a strictly
AMP-dependent manner act by inhibiting mitochondrial metab-
olism, we analyzed their effects on oxygen uptake using an
extracellular flux analyzer. Basal oxygen uptake was very similar
between the two cell lines (WT, 4.6 ± 1.3 [mean ± SD, n = 38];
RG, 4.3 ± 0.8 [n = 31] nmol/min/106 cells). If the cells were titrated
with an inhibitor of the ATP synthase, oligomycin, oxygen uptake
in the WT cells decreased by a maximum of 60% to 1.8 ± 0.4
(WT, n = 7) and 1.6 ± 0.2 (RG, n = 8) nmol/min/106 cells. If the cells
were titrated with the uncoupler DNP, basal oxygen uptake in the
WT cells increased by a maximum of z3-fold to 15.4 ± 2.1 (WT,
n = 5) and 13.7 ± 2.3 (RG, n = 8) nmol/min/106 cells. The rates in
the presence of DNP represent estimates of the maximal rate of
the respiratory chain. Neither the basal, the oligomycin-inhibited,
nor the DNP-stimulated rates were significantly different
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All stress and drug treatments also had very similar effects on
oxygen uptake in WT cells (Figures 6A and 6B) and in RG cells
(see Figure S1 available online). Hydrogen peroxide, phenformin,
galegine, troglitazone, Phenobarbital, and berberine all inhibited
basal oxygen uptake in a similar manner, and in these cases
there was no significant stimulation of oxygen uptake on

Figure 3. Concentration Dependence of AMPK Activation by the
Indicated Drugs and Phytochemicals
Results are shown for WT cells (open circles) or RG cells (filled circles). Incu-

bations with the indicated agent were for 1 hr (except metformin, 16 hr), after

which AMPK was assayed as for Figure 2. Results (mean ± SD, n = 2 except

quercetin, n = 4) are expressed as percentages of the activity in controls

without added agent.
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subsequent addition of DNP, indicating that they were inhibiting
the respiratory chain. Osmotic stress also reduced oxygen
uptake; subsequent addition of DNP increased the rate slightly,
but not to the level seen after oligomycin. Resveratrol and quer-
cetin inhibited basal oxygen uptake, although with quercetin
inhibition was not significant at 100 mM and was only modest
(25%, Figure 6 and Figure S1) at 300 mM. With these agents there
was a large stimulation in oxygen uptake after subsequent addi-
tion of DNP, although with resveratrol this did not reach the level
seen after oligomycin or quercetin. 2-deoxyglucose, AICAR,
A23187, and A769662 produced no changes either in basal or
DNP-stimulated oxygen uptake.

Metformin appeared to produce an almost total inhibition of
oxygen uptake with no subsequent stimulation by DNP (Fig-
ure 6B). However, because of the slow uptake of metformin by
HEK293 cells, the incubation with metformin was for 16 hr rather
than 1 hr as for other treatments. Due to the long incubation we
were also forced to use a different experimental design in which

Figure 4. Phosphorylation of Thr-172 on
AMPK-a in WT or RG Cells in Response to
Various Agents
Cells were incubated in duplicate for 1 hr (except

metformin, 16 hr) with the indicated agent at the

following concentrations: oligomycin (1 mM), DNP

(100 mM), 2-deoxyglucose (30 mM), AICAR (3 mM),

hydrogen peroxide (1 mM), sorbitol (1.5 M),

A23187 (3 mM), A769662 (300 mM), metformin

(3 mM), phenformin (3 mM), galegine (100 mM), tro-

glitazone (100 mM), phenobarbital (3 mM), quer-

cetin (100 mM), resveratrol (300 mM), and berberine

(100 mM).

the basal and metformin-inhibited rates
were measured in different wells on the
same plate, rather than in the same wells
before and after addition of the drug as
for other treatments. To circumvent the
problem of the slow uptake of metformin
by HEK293 cells, we also studied H4IIE
cells, a rat hepatoma cell line that we sus-
pected might express the organic cation
tranporter OCT1, which promotes met-
formin uptake (Shu et al., 2007). In these
cells, activation of endogenous AMPK
by metformin was much more rapid,
reaching a maximum after 2–3 hr with
a half-maximal effect at 1.1 mM (data
not shown), consistent with a reported
Km of OCT1 for metformin of 1.5 mM
(Koepsell et al., 2007). To confirm that
the more rapid effect of metformin in
H4IIE cells was due to the expression of
OCT1, we investigated the effects of
quinidine, a high-affinity substrate for
OCT1 that acts as a competitive inhibitor.
As expected, in H4IIE cells quinidine
almost completely blocked AMPK activa-
tion, as well as the phosphorylation of

the AMPK target, ACC, by metformin. By contrast, quinidine
had no effect on the responses to phenformin or galegine (Fig-
ure 6C). Figure 6D shows that, after a lag of about 30 min, met-
formin caused a time- and concentration-dependent decrease
of oxygen uptake in H4IIE cells. At 10 mM metformin, inhibition
of oxygen uptake was significant by 45 min and had reached >
80% by 2 hr. After this, addition of a maximally effective concen-
tration of the uncoupler DNP caused only a modest stimulation of
oxygen uptake, consistent with the idea that metformin was
inhibiting the respiratory chain.

Effect of STO-609 and Ca2+ Measurements
To examine whether activation of AMPK by agents that acted in
an AMP-independent manner required calmodulin-dependent
protein kinase kinases (CaMKKs), we utilized the CaMKK inhib-
itor, STO-609 (Figure 7A). As expected, increasing concentra-
tions (3 and 10 mM) of the Ca2+ ionophore A23187 progressively
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of oxygen uptake was significant by 45 min and had reached >
80% by 2 hr. After this, addition of a maximally effective concen-
tration of the uncoupler DNP caused only a modest stimulation of
oxygen uptake, consistent with the idea that metformin was
inhibiting the respiratory chain.

Effect of STO-609 and Ca2+ Measurements
To examine whether activation of AMPK by agents that acted in
an AMP-independent manner required calmodulin-dependent
protein kinase kinases (CaMKKs), we utilized the CaMKK inhib-
itor, STO-609 (Figure 7A). As expected, increasing concentra-
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uptake; subsequent addition of DNP increased the rate slightly,
but not to the level seen after oligomycin. Resveratrol and quer-
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inhibition was not significant at 100 mM and was only modest
(25%, Figure 6 and Figure S1) at 300 mM. With these agents there
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tion of DNP, although with resveratrol this did not reach the level
seen after oligomycin or quercetin. 2-deoxyglucose, AICAR,
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oxygen uptake with no subsequent stimulation by DNP (Fig-
ure 6B). However, because of the slow uptake of metformin by
HEK293 cells, the incubation with metformin was for 16 hr rather
than 1 hr as for other treatments. Due to the long incubation we
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by HEK293 cells, we also studied H4IIE
cells, a rat hepatoma cell line that we sus-
pected might express the organic cation
tranporter OCT1, which promotes met-
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reaching a maximum after 2–3 hr with
a half-maximal effect at 1.1 mM (data
not shown), consistent with a reported
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(Koepsell et al., 2007). To confirm that
the more rapid effect of metformin in
H4IIE cells was due to the expression of
OCT1, we investigated the effects of
quinidine, a high-affinity substrate for
OCT1 that acts as a competitive inhibitor.
As expected, in H4IIE cells quinidine
almost completely blocked AMPK activa-
tion, as well as the phosphorylation of

the AMPK target, ACC, by metformin. By contrast, quinidine
had no effect on the responses to phenformin or galegine (Fig-
ure 6C). Figure 6D shows that, after a lag of about 30 min, met-
formin caused a time- and concentration-dependent decrease
of oxygen uptake in H4IIE cells. At 10 mM metformin, inhibition
of oxygen uptake was significant by 45 min and had reached >
80% by 2 hr. After this, addition of a maximally effective concen-
tration of the uncoupler DNP caused only a modest stimulation of
oxygen uptake, consistent with the idea that metformin was
inhibiting the respiratory chain.

Effect of STO-609 and Ca2+ Measurements
To examine whether activation of AMPK by agents that acted in
an AMP-independent manner required calmodulin-dependent
protein kinase kinases (CaMKKs), we utilized the CaMKK inhib-
itor, STO-609 (Figure 7A). As expected, increasing concentra-
tions (3 and 10 mM) of the Ca2+ ionophore A23187 progressively
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Figure 1C was that the basal activity (measured in the absence of
AMP) of the R531G mutant was 2-fold higher (p < 0.001) than that
in the WT cells. This increased activity correlated with a 2-fold
higher level of phosphorylation of AMPK at Thr-172 (pT172,
p < 0.001), and a 2.6-fold increase in phosphorylation of
acetyl-CoA carboxylase (pACC, p < 0.0001), with no change in
expression of either protein (Figure 1D).

Effects of Metabolic Stresses and AMPK Activators
We next tested on WT and RG cells various agents previously
shown to activate AMPK (Figure 2). Oligomycin (an inhibitor of
the mitochondrial ATP synthase), dinitrophenol (DNP, which
uncouples the respiratory chain from ATP synthesis), 2-deoxy-
glucose (an inhibitor of glycolysis), 5-aminoimidazole-4-carbox-
amide riboside (AICAR, a nucleoside converted within the cell to
an AMP mimetic), and the reactive oxygen species, hydrogen
peroxide, all activated AMPK in WT cells but had no effect in
RG cells. By contrast, the effects of osmotic stress (induced by
the cell-impermeant solute, sorbitol) and increasing cytoplasmic
calcium using the Ca2+ ionophore, A23187, were reduced but
not abolished in RG cells. Finally, activation by A769662 was
completely unaffected by the RG mutation. These latter results
provide important positive controls, because they show that
the RG mutant, although insensitive to AMP, is nevertheless
functional and can still be activated by treatments that do not
involve a change in cellular AMP.

Effects of Other AMPK-Activating Drugs
We next tested the effects of a variety of drugs and xenobiotics
that have been reported to activate AMPK in cell-based assays
(Figure 3). First, we studied biguanides currently or previously
used to treat type 2 diabetes, i.e., metformin and phenformin.
Metformin uptake in HEK293 cells is very slow due to lack of
expression of the transporter OCT1 (Shu et al., 2007), so incuba-
tion with metformin was for 16 hr rather than the 1 hr incubation
used for all other treatments. Nevertheless, metformin and phen-
formin, as well as the related natural product galegine (isoprenyl
guanidine), clearly activated AMPK in WT cells, but not RG cells.
Similar results were obtained with the thiazolidinedione, troglita-
zone, and the barbiturate, phenobarbital. Finally, we studied
quercetin (a plant flavonoid), resveratrol (a polyphenol present
in red wine), and berberine (from the genus Berberis, used in
traditional Chinese medicine). All three agents caused a robust
activation of AMPK in WT cells. Resveratrol and berberine had
no effect in RG cells, although a modest effect did remain with
quercetin.

Phosphorylation of AMPK
The assays in Figures 2 and 3 were conducted in immunoprecip-
itates at saturating AMP concentration (200 mM), suggesting that
the effects were due to increased phosphorylation rather than
allosteric activation. Confirming this, there was a good correla-
tion between increased AMPK activation and Thr-172 phosphor-
ylation assessed by Western blotting. Thus, all 16 treatments
produced clear increases in Thr-172 phosphorylation in WT cells
without any changes in a1/a2 subunit expression (Figure 4). With
oligomycin, DNP, 2-deoxyglucose, AICAR, hydrogen peroxide,
metformin, phenformin, galegine, troglitazone, phenobarbital,
resveratrol, and berberine, this was only observed in WT but

not RG cells, while with sorbitol, A23187, A769662, and
quercetin there was also increased Thr-172 phosphorylation in
RG cells.

Changes in Cellular Nucleotides
If treatments that activate AMPK in WT but not RG cells do so
because they increase cellular AMP, they would be predicted

Figure 2. Concentration Dependence of AMPK Activation by Various
Agents
Results are shown for WT cells (open circles) or RG cells (filled circles). Incu-

bations with the indicated agent were for 1 hr, after which AMPK was immuno-

precipitated using anti-FLAG antibody and assayed at 200 mM AMP. Results

(mean ± SD, n = 2) are expressed as percentages of the activity in controls

without added agent.
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subsequent addition of DNP, indicating that they were inhibiting
the respiratory chain. Osmotic stress also reduced oxygen
uptake; subsequent addition of DNP increased the rate slightly,
but not to the level seen after oligomycin. Resveratrol and quer-
cetin inhibited basal oxygen uptake, although with quercetin
inhibition was not significant at 100 mM and was only modest
(25%, Figure 6 and Figure S1) at 300 mM. With these agents there
was a large stimulation in oxygen uptake after subsequent addi-
tion of DNP, although with resveratrol this did not reach the level
seen after oligomycin or quercetin. 2-deoxyglucose, AICAR,
A23187, and A769662 produced no changes either in basal or
DNP-stimulated oxygen uptake.

Metformin appeared to produce an almost total inhibition of
oxygen uptake with no subsequent stimulation by DNP (Fig-
ure 6B). However, because of the slow uptake of metformin by
HEK293 cells, the incubation with metformin was for 16 hr rather
than 1 hr as for other treatments. Due to the long incubation we
were also forced to use a different experimental design in which
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the basal and metformin-inhibited rates
were measured in different wells on the
same plate, rather than in the same wells
before and after addition of the drug as
for other treatments. To circumvent the
problem of the slow uptake of metformin
by HEK293 cells, we also studied H4IIE
cells, a rat hepatoma cell line that we sus-
pected might express the organic cation
tranporter OCT1, which promotes met-
formin uptake (Shu et al., 2007). In these
cells, activation of endogenous AMPK
by metformin was much more rapid,
reaching a maximum after 2–3 hr with
a half-maximal effect at 1.1 mM (data
not shown), consistent with a reported
Km of OCT1 for metformin of 1.5 mM
(Koepsell et al., 2007). To confirm that
the more rapid effect of metformin in
H4IIE cells was due to the expression of
OCT1, we investigated the effects of
quinidine, a high-affinity substrate for
OCT1 that acts as a competitive inhibitor.
As expected, in H4IIE cells quinidine
almost completely blocked AMPK activa-
tion, as well as the phosphorylation of

the AMPK target, ACC, by metformin. By contrast, quinidine
had no effect on the responses to phenformin or galegine (Fig-
ure 6C). Figure 6D shows that, after a lag of about 30 min, met-
formin caused a time- and concentration-dependent decrease
of oxygen uptake in H4IIE cells. At 10 mM metformin, inhibition
of oxygen uptake was significant by 45 min and had reached >
80% by 2 hr. After this, addition of a maximally effective concen-
tration of the uncoupler DNP caused only a modest stimulation of
oxygen uptake, consistent with the idea that metformin was
inhibiting the respiratory chain.

Effect of STO-609 and Ca2+ Measurements
To examine whether activation of AMPK by agents that acted in
an AMP-independent manner required calmodulin-dependent
protein kinase kinases (CaMKKs), we utilized the CaMKK inhib-
itor, STO-609 (Figure 7A). As expected, increasing concentra-
tions (3 and 10 mM) of the Ca2+ ionophore A23187 progressively
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almost completely blocked AMPK activa-
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had no effect on the responses to phenformin or galegine (Fig-
ure 6C). Figure 6D shows that, after a lag of about 30 min, met-
formin caused a time- and concentration-dependent decrease
of oxygen uptake in H4IIE cells. At 10 mM metformin, inhibition
of oxygen uptake was significant by 45 min and had reached >
80% by 2 hr. After this, addition of a maximally effective concen-
tration of the uncoupler DNP caused only a modest stimulation of
oxygen uptake, consistent with the idea that metformin was
inhibiting the respiratory chain.

Effect of STO-609 and Ca2+ Measurements
To examine whether activation of AMPK by agents that acted in
an AMP-independent manner required calmodulin-dependent
protein kinase kinases (CaMKKs), we utilized the CaMKK inhib-
itor, STO-609 (Figure 7A). As expected, increasing concentra-
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Figure 1C was that the basal activity (measured in the absence of
AMP) of the R531G mutant was 2-fold higher (p < 0.001) than that
in the WT cells. This increased activity correlated with a 2-fold
higher level of phosphorylation of AMPK at Thr-172 (pT172,
p < 0.001), and a 2.6-fold increase in phosphorylation of
acetyl-CoA carboxylase (pACC, p < 0.0001), with no change in
expression of either protein (Figure 1D).

Effects of Metabolic Stresses and AMPK Activators
We next tested on WT and RG cells various agents previously
shown to activate AMPK (Figure 2). Oligomycin (an inhibitor of
the mitochondrial ATP synthase), dinitrophenol (DNP, which
uncouples the respiratory chain from ATP synthesis), 2-deoxy-
glucose (an inhibitor of glycolysis), 5-aminoimidazole-4-carbox-
amide riboside (AICAR, a nucleoside converted within the cell to
an AMP mimetic), and the reactive oxygen species, hydrogen
peroxide, all activated AMPK in WT cells but had no effect in
RG cells. By contrast, the effects of osmotic stress (induced by
the cell-impermeant solute, sorbitol) and increasing cytoplasmic
calcium using the Ca2+ ionophore, A23187, were reduced but
not abolished in RG cells. Finally, activation by A769662 was
completely unaffected by the RG mutation. These latter results
provide important positive controls, because they show that
the RG mutant, although insensitive to AMP, is nevertheless
functional and can still be activated by treatments that do not
involve a change in cellular AMP.

Effects of Other AMPK-Activating Drugs
We next tested the effects of a variety of drugs and xenobiotics
that have been reported to activate AMPK in cell-based assays
(Figure 3). First, we studied biguanides currently or previously
used to treat type 2 diabetes, i.e., metformin and phenformin.
Metformin uptake in HEK293 cells is very slow due to lack of
expression of the transporter OCT1 (Shu et al., 2007), so incuba-
tion with metformin was for 16 hr rather than the 1 hr incubation
used for all other treatments. Nevertheless, metformin and phen-
formin, as well as the related natural product galegine (isoprenyl
guanidine), clearly activated AMPK in WT cells, but not RG cells.
Similar results were obtained with the thiazolidinedione, troglita-
zone, and the barbiturate, phenobarbital. Finally, we studied
quercetin (a plant flavonoid), resveratrol (a polyphenol present
in red wine), and berberine (from the genus Berberis, used in
traditional Chinese medicine). All three agents caused a robust
activation of AMPK in WT cells. Resveratrol and berberine had
no effect in RG cells, although a modest effect did remain with
quercetin.

Phosphorylation of AMPK
The assays in Figures 2 and 3 were conducted in immunoprecip-
itates at saturating AMP concentration (200 mM), suggesting that
the effects were due to increased phosphorylation rather than
allosteric activation. Confirming this, there was a good correla-
tion between increased AMPK activation and Thr-172 phosphor-
ylation assessed by Western blotting. Thus, all 16 treatments
produced clear increases in Thr-172 phosphorylation in WT cells
without any changes in a1/a2 subunit expression (Figure 4). With
oligomycin, DNP, 2-deoxyglucose, AICAR, hydrogen peroxide,
metformin, phenformin, galegine, troglitazone, phenobarbital,
resveratrol, and berberine, this was only observed in WT but

not RG cells, while with sorbitol, A23187, A769662, and
quercetin there was also increased Thr-172 phosphorylation in
RG cells.

Changes in Cellular Nucleotides
If treatments that activate AMPK in WT but not RG cells do so
because they increase cellular AMP, they would be predicted

Figure 2. Concentration Dependence of AMPK Activation by Various
Agents
Results are shown for WT cells (open circles) or RG cells (filled circles). Incu-

bations with the indicated agent were for 1 hr, after which AMPK was immuno-

precipitated using anti-FLAG antibody and assayed at 200 mM AMP. Results

(mean ± SD, n = 2) are expressed as percentages of the activity in controls

without added agent.
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Figure 5. CaMKK2 Promotes AMPK Activation to Prevent Aberrant Fork Resection upon Replication Stress
(A) T172-phosphorylation of AMPKa in HeLa cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h.

(B) Representative IF images of T172-phosphorylated AMPKa in HeLa cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h. gH2AX signal marks cells with

replication stress. Quantified result is shown in Figure S4C.

(C) Upper panel: representative FRET images of pan-ABKAR in U2OS cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h. Lower panel: quantified FRET signals

of the samples depicted in the upper panel. Red bars represent the median FRET ratio. 500 cells were analyzed for each sample. n = 3, ****p% 0.0001 (unpaired

t test).

(D) T172-phosphorylation of AMPKa and S4/8-phosphorylation of RPA in WT HeLa cells and two independent clones of CaMKK2-KO knockout cells that were

treated with HU (2 mM) or H2O for 4 h.

(E) Effects of the CaMKK2 inhibitor STO609 (25 mM) on AMPKa T172-phosphorylation and RPA S4/8-phosphorylation in HeLa cells in response to HU treatment

(2 mM, 4 h).

(F) S746-phosphorylation of Exo1-GFP in WT and CaMKK2-KO HeLa cells treated with HU (2 mM) or H2O for 4 h.

(G) Quantified BrdU signal in ssDNA in WT or CaMKK2-KO HeLa cells after treatment of HU (2 mM) or H2O for 4 h. Representative BrdU IF images are shown in

Figure S4H. Red bars represent the median BrdU intensity of BrdU-positive cells. 1,000 cells were analyzed for each sample. n = 3, ****p % 0.0001 (unpaired

t test).

(legend continued on next page)
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AMPKa-KO cells after replication stress. As shown by the results
of western blot for RPA2 S4/8-phosphorylation, native BrdU IF
and DNA fiber assays, siRNA-mediated depletion of Exo1
completely reversed the fork resection phenotype of AMPKa-KO
cells after HU treatment, demonstrating that Exo1 is the major, if
not the sole, target of AMPK in preventing aberrant fork resection
following replication stress (Figures 4A–4C and S3A–S3C).
Depletion of Exo1 largely, but not completely, rescued the hyper-
sensitivity of AMPKa-knockout cells to HU, suggesting that
AMPK promotes cell survival after replication stress by phos-
phorylating Exo1 as well as other factors (Figure 4D).

CaMKK2, but Not LKB1, Activates AMPK in Response to
Replication Stress
The function of AMPK usually requires its activation by LKB1 or
CaMKK2, both of which directly phosphorylate threonine 172
(T172) in the activation loop of the kinase domain of AMPKa
(Hawley et al., 1996, 2003, 2005; Hurley et al., 2005; Shaw
et al., 2004; Woods et al., 2003, 2005). We found that expression
of a constitutively active mutant of AMPKa1 (Crute et al., 1998),
but notWTAMPKa1, in cells resulted in S746-phosphorylation of
Exo1 in the absence of replication stress (Figure S4A), suggest-
ing the possibility that AMPK needs to be activated before
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Figure 3. AMPK Prevents Aberrant Fork Processing and Promotes Chromosomal Stability and Cell Survival after Replication Stress
(A) S4/8-phosphorylation of RPA and S345-phosphorylation of Chk1 in WT or AMPKa-KO HeLa cells treated with HU (2 mM) or H2O for 4 h.

(B) Quantified BrdU signal in ssDNA in WT or AMPKa-KO HeLa cells treated with HU (2 mM) or H2O for 4 h. Representative BrdU IF images are shown in Fig-

ure S2B. Red bars represent the median BrdU intensity of BrdU-positive cells. 1,000 cells were analyzed for each sample. n = 3, ****p% 0.0001 (unpaired t test).

(C) Result of DNA fiber analysis in WT or AMPKa-KO HeLa cells treated with HU (4 mM) or H2O. Red bars represent the median. 150 tracts were scored for each

sample. n = 3, ****p % 0.0001 (unpaired t test).

(D) Effects of CC (20 mM) on BrdU signal in ssDNA in HeLa cells after treatment of HU (2 mM) or H2O for 4 h. Representative IF images are shown in Figure S2C.

Red bars represent the median BrdU intensity of BrdU-positive cells. 1,000 cells were analyzed for each sample. n = 3, ****p % 0.0001 (unpaired t test).

(E) Quantified BrdU signal in ssDNA in WT or AMPKa-KO MEFs treated with HU (0.5 mM) or H2O for 4 h. Representative IF images are shown in Figure S2H. Red

bars represent the median BrdU intensity of BrdU-positive cells. 1,000 cells were analyzed for each sample. n = 3, ****p % 0.0001 (unpaired t test).

(F) Upper panel: representative images of metaphase chromosome spreads ofWT or AMPKa-KO HeLa cell clones after HU treatment. Chromosomal aberrations

are marked by arrows. Lower panel: quantified results for the samples depicted in the upper panel. 150 metaphases from three independent experiments were

examined for each sample.

(G) Result of clonogenic analysis of WT or AMPKa-KO HeLa cells after HU treatment. Data represent mean ± SD from triplicates.

(H) Result of clonogenic analysis of WT or AMPKa-KO MEFs after HU treatment. Data represent mean ± SD from triplicates.
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SUMMARY

Abnormal processing of stressed replication forks by
nucleases can cause fork collapse, genomic insta-
bility, and cell death. Despite its importance, it is
poorly understood how the cell properly controls nu-
cleases to prevent detrimental fork processing. Here,
we report a signaling pathway that controls the activ-
ity of exonuclease Exo1 to prevent aberrant fork
resection during replication stress. Our results indi-
cate that replication stress elevates intracellular
Ca2+ concentration ([Ca2+]i), leading to activation of
CaMKK2 and the downstream kinase 50 AMP-acti-
vated protein kinase (AMPK). Following activation,
AMPK directly phosphorylates Exo1 at serine 746
to promote 14-3-3 binding and inhibit Exo1 recruit-
ment to stressed replication forks, thereby avoiding
unscheduled fork resection. Disruption of this
signaling pathway results in excessive ssDNA, chro-
mosomal instability, and hypersensitivity to replica-
tion stress inducers. These findings reveal a link be-
tween [Ca2+]i and the replication stress response as
well as a function of the Ca2+-CaMKK2-AMPK
signaling axis in safeguarding fork structure to main-
tain genome stability.

INTRODUCTION

DNA replication is essential for life; however, it also presents a
leading source of mutation and genomic instability that can
cause systemic diseases such as cancer (Tomasetti et al.,
2017; Tubbs and Nussenzweig, 2017). The progression of tens
of thousands of replication forks in the cell can be challenged
by many impediments such as insufficient nucleotides, DNA le-
sions, secondary structures (e.g., G-quadruplexes and hairpins),

and collisions with the transcription apparatus (Zeman and Cim-
prich, 2014). Oncogene activation also induces replication stress
that threatens genome stability and fuels tumorigenesis (Ma-
cheret and Halazonetis, 2015). The presence of these challenges
necessitates mechanisms that preserve the integrity of the fork
structure under stress in order to complete replication with
high fidelity in each cell cycle. Due to the presence of single-
stranded DNA and DNA ends in the structure, replication forks
are intrinsically vulnerable to nucleolytic attack, especially in
the event of replication stress (Berti and Vindigni, 2016; Branzei
and Foiani, 2010). A key pathway for fork protection is the ATR-
Chk1-dependent replication checkpoint. Beyond its canonical
function in halting the cell cycle to allow time for repair, the
checkpoint pathway also directly protects fork structure and
promotes fork restart in response to replication stress (Saldivar
et al., 2017; Yazinski and Zou, 2016). Studies in yeast and
mammalian cells indicate that a crucial function of the replication
checkpoint is to restrain or eliminate the activity of Exo1, a 50-to-
30 exonuclease that can process fork structure through resection
of DNA ends (Cotta-Ramusino et al., 2005; El-Shemerly et al.,
2008; Segurado and Diffley, 2008). Although a proper function
of Exo1 is important for multiple pathways of DNA repair
including mismatch repair and DNA double-strand break (DSB)
repair, uncontrolled Exo1 activity during replication can cause
excessive fork resection, chromosomal instability, and reduced
cell viability upon replication stress (Cotta-Ramusino et al.,
2005; Engels et al., 2011; Keijzers et al., 2016; Segurado and
Diffley, 2008). In yeast, treatment with hydroxyurea (HU) leads
to Rad53 (functional ortholog of Chk1)-dependent phosphoryla-
tion of Exo1, causing attenuation of its activity in resection (Morin
et al., 2008). In human cells, Exo1 is phosphorylated in an ATR-
dependent manner after prolonged replication stress, leading to
Exo1 ubiquitination and degradation, thereby avoiding aberrant
fork resection (El-Shemerly et al., 2008). In addition to check-
point factors, the adaptor proteins 14-3-3 s have been shown
to prevent aberrant fork resection by Exo1, although the precise
mechanism is yet to be defined (Engels et al., 2011). A number of
other factors, such as BRCA1, BRCA2, BARD1, PALB2, Rad51,
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Figure 5. CaMKK2 Promotes AMPK Activation to Prevent Aberrant Fork Resection upon Replication Stress
(A) T172-phosphorylation of AMPKa in HeLa cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h.

(B) Representative IF images of T172-phosphorylated AMPKa in HeLa cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h. gH2AX signal marks cells with

replication stress. Quantified result is shown in Figure S4C.

(C) Upper panel: representative FRET images of pan-ABKAR in U2OS cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h. Lower panel: quantified FRET signals

of the samples depicted in the upper panel. Red bars represent the median FRET ratio. 500 cells were analyzed for each sample. n = 3, ****p% 0.0001 (unpaired

t test).

(D) T172-phosphorylation of AMPKa and S4/8-phosphorylation of RPA in WT HeLa cells and two independent clones of CaMKK2-KO knockout cells that were

treated with HU (2 mM) or H2O for 4 h.

(E) Effects of the CaMKK2 inhibitor STO609 (25 mM) on AMPKa T172-phosphorylation and RPA S4/8-phosphorylation in HeLa cells in response to HU treatment

(2 mM, 4 h).

(F) S746-phosphorylation of Exo1-GFP in WT and CaMKK2-KO HeLa cells treated with HU (2 mM) or H2O for 4 h.

(G) Quantified BrdU signal in ssDNA in WT or CaMKK2-KO HeLa cells after treatment of HU (2 mM) or H2O for 4 h. Representative BrdU IF images are shown in

Figure S4H. Red bars represent the median BrdU intensity of BrdU-positive cells. 1,000 cells were analyzed for each sample. n = 3, ****p % 0.0001 (unpaired

t test).

(legend continued on next page)
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Figure 5. CaMKK2 Promotes AMPK Activation to Prevent Aberrant Fork Resection upon Replication Stress
(A) T172-phosphorylation of AMPKa in HeLa cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h.

(B) Representative IF images of T172-phosphorylated AMPKa in HeLa cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h. gH2AX signal marks cells with

replication stress. Quantified result is shown in Figure S4C.

(C) Upper panel: representative FRET images of pan-ABKAR in U2OS cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h. Lower panel: quantified FRET signals

of the samples depicted in the upper panel. Red bars represent the median FRET ratio. 500 cells were analyzed for each sample. n = 3, ****p% 0.0001 (unpaired

t test).

(D) T172-phosphorylation of AMPKa and S4/8-phosphorylation of RPA in WT HeLa cells and two independent clones of CaMKK2-KO knockout cells that were

treated with HU (2 mM) or H2O for 4 h.

(E) Effects of the CaMKK2 inhibitor STO609 (25 mM) on AMPKa T172-phosphorylation and RPA S4/8-phosphorylation in HeLa cells in response to HU treatment

(2 mM, 4 h).

(F) S746-phosphorylation of Exo1-GFP in WT and CaMKK2-KO HeLa cells treated with HU (2 mM) or H2O for 4 h.

(G) Quantified BrdU signal in ssDNA in WT or CaMKK2-KO HeLa cells after treatment of HU (2 mM) or H2O for 4 h. Representative BrdU IF images are shown in

Figure S4H. Red bars represent the median BrdU intensity of BrdU-positive cells. 1,000 cells were analyzed for each sample. n = 3, ****p % 0.0001 (unpaired

t test).

(legend continued on next page)
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Figure 5. CaMKK2 Promotes AMPK Activation to Prevent Aberrant Fork Resection upon Replication Stress
(A) T172-phosphorylation of AMPKa in HeLa cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h.

(B) Representative IF images of T172-phosphorylated AMPKa in HeLa cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h. gH2AX signal marks cells with

replication stress. Quantified result is shown in Figure S4C.

(C) Upper panel: representative FRET images of pan-ABKAR in U2OS cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h. Lower panel: quantified FRET signals

of the samples depicted in the upper panel. Red bars represent the median FRET ratio. 500 cells were analyzed for each sample. n = 3, ****p% 0.0001 (unpaired

t test).

(D) T172-phosphorylation of AMPKa and S4/8-phosphorylation of RPA in WT HeLa cells and two independent clones of CaMKK2-KO knockout cells that were

treated with HU (2 mM) or H2O for 4 h.

(E) Effects of the CaMKK2 inhibitor STO609 (25 mM) on AMPKa T172-phosphorylation and RPA S4/8-phosphorylation in HeLa cells in response to HU treatment

(2 mM, 4 h).

(F) S746-phosphorylation of Exo1-GFP in WT and CaMKK2-KO HeLa cells treated with HU (2 mM) or H2O for 4 h.

(G) Quantified BrdU signal in ssDNA in WT or CaMKK2-KO HeLa cells after treatment of HU (2 mM) or H2O for 4 h. Representative BrdU IF images are shown in

Figure S4H. Red bars represent the median BrdU intensity of BrdU-positive cells. 1,000 cells were analyzed for each sample. n = 3, ****p % 0.0001 (unpaired

t test).

(legend continued on next page)
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AMPKa-KO cells after replication stress. As shown by the results
of western blot for RPA2 S4/8-phosphorylation, native BrdU IF
and DNA fiber assays, siRNA-mediated depletion of Exo1
completely reversed the fork resection phenotype of AMPKa-KO
cells after HU treatment, demonstrating that Exo1 is the major, if
not the sole, target of AMPK in preventing aberrant fork resection
following replication stress (Figures 4A–4C and S3A–S3C).
Depletion of Exo1 largely, but not completely, rescued the hyper-
sensitivity of AMPKa-knockout cells to HU, suggesting that
AMPK promotes cell survival after replication stress by phos-
phorylating Exo1 as well as other factors (Figure 4D).

CaMKK2, but Not LKB1, Activates AMPK in Response to
Replication Stress
The function of AMPK usually requires its activation by LKB1 or
CaMKK2, both of which directly phosphorylate threonine 172
(T172) in the activation loop of the kinase domain of AMPKa
(Hawley et al., 1996, 2003, 2005; Hurley et al., 2005; Shaw
et al., 2004; Woods et al., 2003, 2005). We found that expression
of a constitutively active mutant of AMPKa1 (Crute et al., 1998),
but notWTAMPKa1, in cells resulted in S746-phosphorylation of
Exo1 in the absence of replication stress (Figure S4A), suggest-
ing the possibility that AMPK needs to be activated before
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Figure 3. AMPK Prevents Aberrant Fork Processing and Promotes Chromosomal Stability and Cell Survival after Replication Stress
(A) S4/8-phosphorylation of RPA and S345-phosphorylation of Chk1 in WT or AMPKa-KO HeLa cells treated with HU (2 mM) or H2O for 4 h.

(B) Quantified BrdU signal in ssDNA in WT or AMPKa-KO HeLa cells treated with HU (2 mM) or H2O for 4 h. Representative BrdU IF images are shown in Fig-

ure S2B. Red bars represent the median BrdU intensity of BrdU-positive cells. 1,000 cells were analyzed for each sample. n = 3, ****p% 0.0001 (unpaired t test).

(C) Result of DNA fiber analysis in WT or AMPKa-KO HeLa cells treated with HU (4 mM) or H2O. Red bars represent the median. 150 tracts were scored for each

sample. n = 3, ****p % 0.0001 (unpaired t test).

(D) Effects of CC (20 mM) on BrdU signal in ssDNA in HeLa cells after treatment of HU (2 mM) or H2O for 4 h. Representative IF images are shown in Figure S2C.

Red bars represent the median BrdU intensity of BrdU-positive cells. 1,000 cells were analyzed for each sample. n = 3, ****p % 0.0001 (unpaired t test).

(E) Quantified BrdU signal in ssDNA in WT or AMPKa-KO MEFs treated with HU (0.5 mM) or H2O for 4 h. Representative IF images are shown in Figure S2H. Red

bars represent the median BrdU intensity of BrdU-positive cells. 1,000 cells were analyzed for each sample. n = 3, ****p % 0.0001 (unpaired t test).

(F) Upper panel: representative images of metaphase chromosome spreads ofWT or AMPKa-KO HeLa cell clones after HU treatment. Chromosomal aberrations

are marked by arrows. Lower panel: quantified results for the samples depicted in the upper panel. 150 metaphases from three independent experiments were

examined for each sample.

(G) Result of clonogenic analysis of WT or AMPKa-KO HeLa cells after HU treatment. Data represent mean ± SD from triplicates.

(H) Result of clonogenic analysis of WT or AMPKa-KO MEFs after HU treatment. Data represent mean ± SD from triplicates.
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SUMMARY

Abnormal processing of stressed replication forks by
nucleases can cause fork collapse, genomic insta-
bility, and cell death. Despite its importance, it is
poorly understood how the cell properly controls nu-
cleases to prevent detrimental fork processing. Here,
we report a signaling pathway that controls the activ-
ity of exonuclease Exo1 to prevent aberrant fork
resection during replication stress. Our results indi-
cate that replication stress elevates intracellular
Ca2+ concentration ([Ca2+]i), leading to activation of
CaMKK2 and the downstream kinase 50 AMP-acti-
vated protein kinase (AMPK). Following activation,
AMPK directly phosphorylates Exo1 at serine 746
to promote 14-3-3 binding and inhibit Exo1 recruit-
ment to stressed replication forks, thereby avoiding
unscheduled fork resection. Disruption of this
signaling pathway results in excessive ssDNA, chro-
mosomal instability, and hypersensitivity to replica-
tion stress inducers. These findings reveal a link be-
tween [Ca2+]i and the replication stress response as
well as a function of the Ca2+-CaMKK2-AMPK
signaling axis in safeguarding fork structure to main-
tain genome stability.

INTRODUCTION

DNA replication is essential for life; however, it also presents a
leading source of mutation and genomic instability that can
cause systemic diseases such as cancer (Tomasetti et al.,
2017; Tubbs and Nussenzweig, 2017). The progression of tens
of thousands of replication forks in the cell can be challenged
by many impediments such as insufficient nucleotides, DNA le-
sions, secondary structures (e.g., G-quadruplexes and hairpins),

and collisions with the transcription apparatus (Zeman and Cim-
prich, 2014). Oncogene activation also induces replication stress
that threatens genome stability and fuels tumorigenesis (Ma-
cheret and Halazonetis, 2015). The presence of these challenges
necessitates mechanisms that preserve the integrity of the fork
structure under stress in order to complete replication with
high fidelity in each cell cycle. Due to the presence of single-
stranded DNA and DNA ends in the structure, replication forks
are intrinsically vulnerable to nucleolytic attack, especially in
the event of replication stress (Berti and Vindigni, 2016; Branzei
and Foiani, 2010). A key pathway for fork protection is the ATR-
Chk1-dependent replication checkpoint. Beyond its canonical
function in halting the cell cycle to allow time for repair, the
checkpoint pathway also directly protects fork structure and
promotes fork restart in response to replication stress (Saldivar
et al., 2017; Yazinski and Zou, 2016). Studies in yeast and
mammalian cells indicate that a crucial function of the replication
checkpoint is to restrain or eliminate the activity of Exo1, a 50-to-
30 exonuclease that can process fork structure through resection
of DNA ends (Cotta-Ramusino et al., 2005; El-Shemerly et al.,
2008; Segurado and Diffley, 2008). Although a proper function
of Exo1 is important for multiple pathways of DNA repair
including mismatch repair and DNA double-strand break (DSB)
repair, uncontrolled Exo1 activity during replication can cause
excessive fork resection, chromosomal instability, and reduced
cell viability upon replication stress (Cotta-Ramusino et al.,
2005; Engels et al., 2011; Keijzers et al., 2016; Segurado and
Diffley, 2008). In yeast, treatment with hydroxyurea (HU) leads
to Rad53 (functional ortholog of Chk1)-dependent phosphoryla-
tion of Exo1, causing attenuation of its activity in resection (Morin
et al., 2008). In human cells, Exo1 is phosphorylated in an ATR-
dependent manner after prolonged replication stress, leading to
Exo1 ubiquitination and degradation, thereby avoiding aberrant
fork resection (El-Shemerly et al., 2008). In addition to check-
point factors, the adaptor proteins 14-3-3 s have been shown
to prevent aberrant fork resection by Exo1, although the precise
mechanism is yet to be defined (Engels et al., 2011). A number of
other factors, such as BRCA1, BRCA2, BARD1, PALB2, Rad51,
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Figure 5. CaMKK2 Promotes AMPK Activation to Prevent Aberrant Fork Resection upon Replication Stress
(A) T172-phosphorylation of AMPKa in HeLa cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h.

(B) Representative IF images of T172-phosphorylated AMPKa in HeLa cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h. gH2AX signal marks cells with

replication stress. Quantified result is shown in Figure S4C.

(C) Upper panel: representative FRET images of pan-ABKAR in U2OS cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h. Lower panel: quantified FRET signals

of the samples depicted in the upper panel. Red bars represent the median FRET ratio. 500 cells were analyzed for each sample. n = 3, ****p% 0.0001 (unpaired

t test).

(D) T172-phosphorylation of AMPKa and S4/8-phosphorylation of RPA in WT HeLa cells and two independent clones of CaMKK2-KO knockout cells that were

treated with HU (2 mM) or H2O for 4 h.

(E) Effects of the CaMKK2 inhibitor STO609 (25 mM) on AMPKa T172-phosphorylation and RPA S4/8-phosphorylation in HeLa cells in response to HU treatment

(2 mM, 4 h).

(F) S746-phosphorylation of Exo1-GFP in WT and CaMKK2-KO HeLa cells treated with HU (2 mM) or H2O for 4 h.

(G) Quantified BrdU signal in ssDNA in WT or CaMKK2-KO HeLa cells after treatment of HU (2 mM) or H2O for 4 h. Representative BrdU IF images are shown in

Figure S4H. Red bars represent the median BrdU intensity of BrdU-positive cells. 1,000 cells were analyzed for each sample. n = 3, ****p % 0.0001 (unpaired

t test).
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Figure 5. CaMKK2 Promotes AMPK Activation to Prevent Aberrant Fork Resection upon Replication Stress
(A) T172-phosphorylation of AMPKa in HeLa cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h.

(B) Representative IF images of T172-phosphorylated AMPKa in HeLa cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h. gH2AX signal marks cells with

replication stress. Quantified result is shown in Figure S4C.

(C) Upper panel: representative FRET images of pan-ABKAR in U2OS cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h. Lower panel: quantified FRET signals

of the samples depicted in the upper panel. Red bars represent the median FRET ratio. 500 cells were analyzed for each sample. n = 3, ****p% 0.0001 (unpaired

t test).

(D) T172-phosphorylation of AMPKa and S4/8-phosphorylation of RPA in WT HeLa cells and two independent clones of CaMKK2-KO knockout cells that were

treated with HU (2 mM) or H2O for 4 h.
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(F) S746-phosphorylation of Exo1-GFP in WT and CaMKK2-KO HeLa cells treated with HU (2 mM) or H2O for 4 h.

(G) Quantified BrdU signal in ssDNA in WT or CaMKK2-KO HeLa cells after treatment of HU (2 mM) or H2O for 4 h. Representative BrdU IF images are shown in

Figure S4H. Red bars represent the median BrdU intensity of BrdU-positive cells. 1,000 cells were analyzed for each sample. n = 3, ****p % 0.0001 (unpaired

t test).
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AMPKa-KO cells after replication stress. As shown by the results
of western blot for RPA2 S4/8-phosphorylation, native BrdU IF
and DNA fiber assays, siRNA-mediated depletion of Exo1
completely reversed the fork resection phenotype of AMPKa-KO
cells after HU treatment, demonstrating that Exo1 is the major, if
not the sole, target of AMPK in preventing aberrant fork resection
following replication stress (Figures 4A–4C and S3A–S3C).
Depletion of Exo1 largely, but not completely, rescued the hyper-
sensitivity of AMPKa-knockout cells to HU, suggesting that
AMPK promotes cell survival after replication stress by phos-
phorylating Exo1 as well as other factors (Figure 4D).

CaMKK2, but Not LKB1, Activates AMPK in Response to
Replication Stress
The function of AMPK usually requires its activation by LKB1 or
CaMKK2, both of which directly phosphorylate threonine 172
(T172) in the activation loop of the kinase domain of AMPKa
(Hawley et al., 1996, 2003, 2005; Hurley et al., 2005; Shaw
et al., 2004; Woods et al., 2003, 2005). We found that expression
of a constitutively active mutant of AMPKa1 (Crute et al., 1998),
but notWTAMPKa1, in cells resulted in S746-phosphorylation of
Exo1 in the absence of replication stress (Figure S4A), suggest-
ing the possibility that AMPK needs to be activated before
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H

Figure 3. AMPK Prevents Aberrant Fork Processing and Promotes Chromosomal Stability and Cell Survival after Replication Stress
(A) S4/8-phosphorylation of RPA and S345-phosphorylation of Chk1 in WT or AMPKa-KO HeLa cells treated with HU (2 mM) or H2O for 4 h.

(B) Quantified BrdU signal in ssDNA in WT or AMPKa-KO HeLa cells treated with HU (2 mM) or H2O for 4 h. Representative BrdU IF images are shown in Fig-

ure S2B. Red bars represent the median BrdU intensity of BrdU-positive cells. 1,000 cells were analyzed for each sample. n = 3, ****p% 0.0001 (unpaired t test).

(C) Result of DNA fiber analysis in WT or AMPKa-KO HeLa cells treated with HU (4 mM) or H2O. Red bars represent the median. 150 tracts were scored for each

sample. n = 3, ****p % 0.0001 (unpaired t test).

(D) Effects of CC (20 mM) on BrdU signal in ssDNA in HeLa cells after treatment of HU (2 mM) or H2O for 4 h. Representative IF images are shown in Figure S2C.

Red bars represent the median BrdU intensity of BrdU-positive cells. 1,000 cells were analyzed for each sample. n = 3, ****p % 0.0001 (unpaired t test).

(E) Quantified BrdU signal in ssDNA in WT or AMPKa-KO MEFs treated with HU (0.5 mM) or H2O for 4 h. Representative IF images are shown in Figure S2H. Red

bars represent the median BrdU intensity of BrdU-positive cells. 1,000 cells were analyzed for each sample. n = 3, ****p % 0.0001 (unpaired t test).

(F) Upper panel: representative images of metaphase chromosome spreads ofWT or AMPKa-KO HeLa cell clones after HU treatment. Chromosomal aberrations

are marked by arrows. Lower panel: quantified results for the samples depicted in the upper panel. 150 metaphases from three independent experiments were

examined for each sample.

(G) Result of clonogenic analysis of WT or AMPKa-KO HeLa cells after HU treatment. Data represent mean ± SD from triplicates.

(H) Result of clonogenic analysis of WT or AMPKa-KO MEFs after HU treatment. Data represent mean ± SD from triplicates.
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SUMMARY

Abnormal processing of stressed replication forks by
nucleases can cause fork collapse, genomic insta-
bility, and cell death. Despite its importance, it is
poorly understood how the cell properly controls nu-
cleases to prevent detrimental fork processing. Here,
we report a signaling pathway that controls the activ-
ity of exonuclease Exo1 to prevent aberrant fork
resection during replication stress. Our results indi-
cate that replication stress elevates intracellular
Ca2+ concentration ([Ca2+]i), leading to activation of
CaMKK2 and the downstream kinase 50 AMP-acti-
vated protein kinase (AMPK). Following activation,
AMPK directly phosphorylates Exo1 at serine 746
to promote 14-3-3 binding and inhibit Exo1 recruit-
ment to stressed replication forks, thereby avoiding
unscheduled fork resection. Disruption of this
signaling pathway results in excessive ssDNA, chro-
mosomal instability, and hypersensitivity to replica-
tion stress inducers. These findings reveal a link be-
tween [Ca2+]i and the replication stress response as
well as a function of the Ca2+-CaMKK2-AMPK
signaling axis in safeguarding fork structure to main-
tain genome stability.

INTRODUCTION

DNA replication is essential for life; however, it also presents a
leading source of mutation and genomic instability that can
cause systemic diseases such as cancer (Tomasetti et al.,
2017; Tubbs and Nussenzweig, 2017). The progression of tens
of thousands of replication forks in the cell can be challenged
by many impediments such as insufficient nucleotides, DNA le-
sions, secondary structures (e.g., G-quadruplexes and hairpins),

and collisions with the transcription apparatus (Zeman and Cim-
prich, 2014). Oncogene activation also induces replication stress
that threatens genome stability and fuels tumorigenesis (Ma-
cheret and Halazonetis, 2015). The presence of these challenges
necessitates mechanisms that preserve the integrity of the fork
structure under stress in order to complete replication with
high fidelity in each cell cycle. Due to the presence of single-
stranded DNA and DNA ends in the structure, replication forks
are intrinsically vulnerable to nucleolytic attack, especially in
the event of replication stress (Berti and Vindigni, 2016; Branzei
and Foiani, 2010). A key pathway for fork protection is the ATR-
Chk1-dependent replication checkpoint. Beyond its canonical
function in halting the cell cycle to allow time for repair, the
checkpoint pathway also directly protects fork structure and
promotes fork restart in response to replication stress (Saldivar
et al., 2017; Yazinski and Zou, 2016). Studies in yeast and
mammalian cells indicate that a crucial function of the replication
checkpoint is to restrain or eliminate the activity of Exo1, a 50-to-
30 exonuclease that can process fork structure through resection
of DNA ends (Cotta-Ramusino et al., 2005; El-Shemerly et al.,
2008; Segurado and Diffley, 2008). Although a proper function
of Exo1 is important for multiple pathways of DNA repair
including mismatch repair and DNA double-strand break (DSB)
repair, uncontrolled Exo1 activity during replication can cause
excessive fork resection, chromosomal instability, and reduced
cell viability upon replication stress (Cotta-Ramusino et al.,
2005; Engels et al., 2011; Keijzers et al., 2016; Segurado and
Diffley, 2008). In yeast, treatment with hydroxyurea (HU) leads
to Rad53 (functional ortholog of Chk1)-dependent phosphoryla-
tion of Exo1, causing attenuation of its activity in resection (Morin
et al., 2008). In human cells, Exo1 is phosphorylated in an ATR-
dependent manner after prolonged replication stress, leading to
Exo1 ubiquitination and degradation, thereby avoiding aberrant
fork resection (El-Shemerly et al., 2008). In addition to check-
point factors, the adaptor proteins 14-3-3 s have been shown
to prevent aberrant fork resection by Exo1, although the precise
mechanism is yet to be defined (Engels et al., 2011). A number of
other factors, such as BRCA1, BRCA2, BARD1, PALB2, Rad51,
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Figure 6. Replication Stress Induces [Ca2+]i Elevation, which Prevents Aberrant Fork Resection by Eliciting AMPKActivation and Exo1 Phos-
phorylation
(A) Upper panel: representative images of GCaMP6s reporter signal in S phase-synchronized U2OS cells treated with HU (4 mM) or APH (5 mg/mL) for 4 h. Lower

panel: quantified results for the samples depicted in the upper panel. Red bars represent themedian. 100 cells were scored for each sample. n = 3, ****p% 0.0001

(unpaired t test).

(B) Effects of BAPTA-AM pretreatment (50 mM, 30min) on AMPKa T172-phosphorylation in U2OS cells induced by HU (4mM) or APH (5 mg/mL) treatment for 4 h.

gH2AX signal marks the cells with replication stress. Quantified result is shown in Figure S5G.

(C) Effects of BAPTA-AM (50 mM) on S746-phosphorylation of transfected Exo1-GFP in HeLa cells induced by HU (2 mM) or H2O treatment for 4 h.

(D) Effects of BAPTA-AMonBrdU signal in ssDNA in HeLa cells after HU (2mM) or H2O treatment for 4 h. Representative BrdU IF images are shown in Figure S5H.

Red bars represent the median BrdU intensity of BrdU-positive cells. 1,000 cells were analyzed for each sample. n = 3, ****p % 0.0001 (unpaired t test).

(legend continued on next page)
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LKB1 (in complex with STRAD-MO25) is the major upstream kinase (and regulator) of AMPK 
in mammals. Yet, what factors elicit its activation remain elusive 
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ROS
PI3K / AKT
Post-Transl. Modif.
Ubiquitination
Calcium flux



Once activated, AMPK redirects metabolism towards increased catabolism and decreased 
anabolism through the phosphorylation of key proteins in multiple pathways, including mTOR 
complex 1 (mTORC1), glycolysis (PFK1) and fatty acid synthesis (ACC1/2)  

AMPK: activity and regulated pathways

Herzig & Shaw, NRMCB, 2018



AMPK: inhibition of FAS and stimulation of FAO

AMPK inhibits multiple biosynthetic 
pathways under conditions of energy 
shortage.  

The first pathway to be identified was the 
inhibition of lipid and sterol synthesis by 
AMPK through inhibitory phosphorylation of 
the Acetyl-CoA Carboxylases (ACC1 and 
ACC2), which catalyze the first step in de 
novo lipid synthesis, and inhibitory 
phosphorylation of HMGCoA Reductase 
(HMGCR), which catalyzes the rate-limiting 
step in cholesterol synthesis 
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A common bicyclic protein kinase cascade inactivates the 
regulatory enzymes of fatty acid and cholesterol 

biosynthesis 
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A highly purified rat liver protein kinase phosphorylates and inactivates acetyl-CoA carboxylase, and causes 
rapid inactivation of microsomal HMG-CoA reductase in the presence of MgATP. Both effects are stimu- 
lated in an identical manner by AMP, and are greatly reduced by prior treatment of the kinase with purified 
protein phosphatase. The dephosphorylated kinase can be reactivated in the presence of MgATP, apparent- 
ly due to a distinct kinase kinase, and this reactivation is stimulated by nanomolar concentrations of palmi- 
toyl-CoA. These results show that a common, bicyclic protein kinase cascade can potently inactivate the 

regulatory enzymes of both fatty acid and cholesterol biosynthesis. 

Protein kinase; Acetyl-CoA carboxylase; Hydroxymethylglutaryl-CoA reductase; Fatty acid synthesis; 
Cholesterol synthesis; Fatty acyl-CoA ester 

1. INTRODUCTION 

Cholesterol and fatty acids in mammals are 
derived either from the diet, or from de novo syn- 
thesis via branching pathways which diverge from 
a common pool of cytoplasmic acetyl-CoA. There 
are several situations in which the two biosynthetic 
pathways are regulated in parallel. They exhibit a 
synchronous diurnal rhythm in rat liver [1,2], a 
finding which may be explained by diurnal varia- 
tion in the insulin/glucagon ratio, since insulin 
stimulates and glucagon inhibits both pathways in 

Correspondence address: D.G. Hardie, MRC Protein 
Phosphorylation Group, Department of Biochemistry, 
The University, Dundee DDl 4HN, Scotland 

Abbreviations: ACK3, acetyl-CoA carboxylase kinase-3 ; 
DMSO, dimethyl sulphoxide; DTT, dithiothreitol; 
HMG-CoA, hydroxymethylglutaryl-CoA; PMSF, 
phenylmethanesulphonyl fluoride 

isolated rat hepatocytes [3,4]. The peak diurnal 
rates of both pathways are also reduced by 
60-70% when rats are fed a diet high in polyun- 
saturated fatty acids [5]. 

The important sites of regulation within the 
pathways of fatty acid and cholesterol synthesis 
are believed to be those catalyzed by acetyl-CoA 
carboxylase and HMG-CoA reductase, respective- 
ly, and both enzymes are known to be regulated by 
reversible phosphorylation. Acetyl-CoA carbox- 
ylase is phosphorylated at multiple sites by a varie- 
ty of protein kinases, some of which inactivate the 
enzyme [6-lo]. These protein kinases include a 
cyclic AMP-independent protein kinase which we 
have recently partially purified from rat liver [ 1 l] 
and which we have tentatively termed acetyl-CoA 
carboxylase kinase-3 (ACK3). HMG-CoA reduc- 
tase is also inactivated by multiple protein kinases 
[ 121, including a protein kinase which is stimulated 
by phosphorylation [ 13,141, and an AMP- 
stimulated protein kinase [15,16]. It has not been 
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ylase to a stoichiometry exceeding 1 mol/mol 
240 kDa subunit. This is associated with -75% in- 
activation (fig. 1) when acetyl-CoA carboxylase is 
assayed at near-saturating citrate concentration 
(10 mM), and >95% inactivation at a more 
physiological citrate concentration (0.5 mM) [ 1 I]. 
These effects were completely reversed by 
dephosphorylation with protein phosphatase-2A 
(fig. 1). 

3.2. Regulation of acetyl-CoA carboxylase 
kinase-3 by phosphorylation and by AMP 

We obtained clear evidence that ACK3 is itself 
regulated by phosphorylation, i.e. that this is a 
‘bicyclic’ protein phosphorylation system. 
Purification of ACK3 was carried out in the 
presence of the protein phosphatase inhibitor, 
sodium fluoride, and if this was omitted the activi- 
ty was very labile. Fig.2A shows that enzyme 
prepared in the presence of fluoride was rapidly in- 
activated in the presence of the purified catalytic 
subunit of protein phosphatase-2A. Fig.2B shows 
that a time-dependent reactivation of the kinase 
occurred when a partially purified preparation, 
which had been inactivated by dialysis in the 
absence of fluoride, was incubated with MgATP. 

I I I 1 

5 IO 15 

Time (min) 

Fig.2. (A) Inactivation of ACK3 by protein 
phosphatase3A; (B) MgATP-dependent reactivation of 
dephosphorylated ACK3 in the presence and absence of 

20 40 60 80 

Time (min) 

Fig.1. Effect of successive treatment with (1) ACK3 
(0.03 units/ml) plus MgATP and (2) protein 
phosphatase-2A (20 U/ml) on the phosphorylation (0) 
and activity (m) of purified acetyl-CoA carboxylase 
(0.7 mg/ml). The protein phosphatase was added at the 
point shown by the arrow together with EDTA (10 mM 
final) to block the kinase reaction. The activity is plotted 
as a percentage of the activity in control incubations 
lacking ACK3, while the phosphorylation is corrected 
for slight phosphorylation (< 0.1 mol/subunit) which 

This MgATP-dependent reactivation did not occur 
with more highly purified preparations, suggesting 
that the partially purified kinase was reactivated by 
a contaminating ‘kinase kinase’ rather than by 
autophosphorylation. Intriguingly, we found in 
three independent preparations that the reactiva- 
tion of ACK3 by endogenous kinase kinase was 
stimulated 2-4-fold by palmitoyl-CoA in the range 
of 50-200 nM (e.g. fig.2B). Palmitoyl-CoA had 
no effect when the preincubation was carried out 
in the absence of MgATP (not shown), confirming 
that it affected the kinase kinase reaction, and not 
the ACK3 reaction. 

occurred in the absence of ACK3. 

In previous work in which crude preparations of 
acetyl-CoA carboxylase from rat liver were in- 
cubated with MgATP, Yeh et al. [21] reported that 
inactivation of acetyl-CoA carboxylase was 
stimulated by AMP. The phosphorylation of 
acetyl-CoA carboxylase by ACK3 was stimulated 
4-fold by AMP with a half-maximal effect at 
-2 PM (fig.3A). 
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200 nM palmitoyl-CoA. 
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Fig.3. Activation of the acetyl-CoA carboxylase kinase (A) and HMG-CoA reductase kinase (B) activities of the enzyme 
preparation by AMP. Results are expressed relative to results of incubations without AMP. 

3.3. Inactivation of HMG-CoA reductase by 
purified acetyl-CoA carboxylase kinase-3 

Two of the properties of ACK3, i.e. stimulation 
by micromolar concentrations of AMP, and ac- 
tivation/inactivation by kinase kinaseiprotein 
phosphatase, have been reported previously for 
protein kinase activities which regulate HMG-CoA 
reductase, the regulatory enzyme of cholesterol 
synthesis [ 12-161. To investigate the possibility 
that ACK3 might be related to one or both of these 
HMG-CoA reductase kinases, we studied the ef- 
fect of ACK3 on HMG-CoA reductase activity in 
membranes prepared from UT-l cells, a hamster 
cell line which overexpresses HMG-CoA reductase 
[18]. Fig.4A shows that highly purified ACK3 
rapidly inactivates HMG-CoA reductase in a UT- 1 
cell membrane fraction. Rapid inactivation was 

Time (min) 

dependent on the addition of both ACK3 and 
MgATP, although there was a slow inactivation in 
the presence of MgATP alone, due apparently to 
UT-l cell HMG-CoA reductase kinase present in 
the membranes. Similar results were obtained us- 
ing rat liver microsomes in place of UT-l cell mem- 
branes (not shown). Fig.4B shows that the 
inactivation of the UT-l cell enzyme was markedly 
reduced by prior treatment of ACK3 with protein 
phosphatase, while fig.3B shows that it was 
stimulated 3-4-fold by AMP with a half-maximal 
effect at -3 PM. 

4. DISCUSSION 

Our results show that a highly purified prepara- 
tion of a rat liver protein kinase, which 

0 

Time (min) 

Fig.4. Time course of inactivation of HMG-CoA reductase by ACK3. (A) Using untreated ACK3 (1.7 units/ml). 
Controls lacked either ATP or ACK3. (B) Using ACK3 (0.9 units/ml) which had been pretreated with or without protein 
phosphatase-2A for 20 min, and expressing results as percentages of the HMG-CoA reductase activities in control 

incubations lacking ACK3. 
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AMPK: activity and regulated pathways



AMPK: regulation of mitochondrial homeostasis 
and autophagy



stress. For example, muscles from ACC2 Ser221Ala 
knock-in mice have decreased basal fatty acid oxid-
ation compared with wild-type muscle and are resist-
ant to the fatty acid oxidation-promoting effect of 
AICAR153. Interestingly, upon exercise, these differences 
were lost, suggesting that exercise induces changes 
in fatty acid oxidation that are independent of the  
AMPK–ACC–malonyl-CoA axis154.

The intricate relationship between AMPK and 
mitochondria is probably underestimated. As a master 
regu lator of energy homeostasis, AMPK is very likely 
to target more aspects and functions of mitochondria. 
For example, AMPK has recently been shown to affect 
the movement of mitochondria at the leading edge 
of the cell during cell migration155, a process probably 
involving a yet-to-be-identified substrate of AMPK 
involved in the process of mitochondrial transport. 

AKAP1, a mitochondria-localized protein known to 
act as a PKA-anchoring factor, has recently been shown 
to be phosphorylated by AMPK, providing a potential 
mechanism for localized PKA activity regulation by 
AMPK at mitochondria27.

AMPK regulates autophagy and mitophagy
Autophagy is a process by which cellular compo-
nents such as proteins, macromolecules, organelles 
and patho gens are recycled by a specialized cellular 
machinery that mediates the engulfment of the cargo 
in membranous structures called autophagosomes, their 
fusion with lysosomes, and subsequent degradation of 
the cargo in autophagolysosomes (BOX 2 and reviewed 
in REF. 156). The autophagy machinery involves several 
multi-protein complexes that control every step, and 
AMPK regulates various aspects of this machinery.

Box 2 | Autophagy

Autophagy is a process by which cells digest their own components using a specialized machinery of adaptors and 
effectors. It begins with the generation of the autophagosome and recognition of the cargo, followed by the maturation 
of the autophagosome and fusion with lysosomes (see the figure). The term itself means ‘self-eating’ and was first coined 
by Belgian scientist and Nobel Prize laureate Christian de Duve. Autophagy serves two main functions: it enables the 
degradation of cellular structures that are too large for other surveillance pathways, such as the ubiquitin–proteasome 
system, and it allows cells to survive starvation by recycling building blocks such as amino acids to sustain essential cell 
functions. Autophagy can be either a bulk recycling of cytosolic components or a targeted removal of macromolecules 
and even organelles. In particular, removal of mitochondria by autophagy, a process called mitophagy, has been shown to 
require the canonical autophagy machinery as well as specific markers at the surface of damaged mitochondria that signal 
their removal. Genes essential for autophagy (ATGs) have been discovered by screening for genes that are required for 
autophagosome formation in the yeast Saccharomyces cerevisiae during nitrogen starvation239,240. Yoshinori Ohsumi was 
awarded the Nobel Prize in physiology or medicine in 2016 for the discovery of the ATG genes. Since the 1990s, the 
molecular events controlling autophagy execution have been characterized, and the role of ATG genes in controlling 
various steps of the autophagy pathway has been demonstrated241. The first ATG gene to be cloned, ATG1, encodes a 
protein kinase required for the initiation of autophagy. Its mammalian homologue, ULK1, plays a similar role. ULK1 forms 
a complex with ATG13, ATG101 and FIP200. Upon autophagy initiation, ULK1 phosphorylates and activates the class III 
PI3K complex I, composed of VPS34, VPS15, ATG14L and Beclin1. This complex generates phosphatidylinositol-3- 
phosphate (PtdIns3P) at the nascent autophagosomal membrane to help shape the phagophore membrane that also 
contains ATG9, the only transmembrane ATG protein. PtdIns3P recruits ATG16L1 and ATG5–ATG12 to the autophagosome 
through interaction with the PtdIns3P-binding protein WIPI2. The ATG16L1–ATG5–ATG12 complex then catalyses the 
covalent attachment of a phosphatidylethanolamine moiety to the carboxy-terminal glycine of LC3, which was previously 
activated by the action of ATG4, ATG7 and ATG3 (LC3I), generating LC3II156. LC3II is used as a marker of autophagy to 
visualize autophagosomes and to quantify autophagy in cells242 but it also allows binding of autophagy receptors such as 
SQSTM1, NDP52, NBR1 and OPTN243. Subsequently, autophagosomes mature and fuse with lysosomes, a process mediated 
by the class III PI3K complex II composed of VPS34, VPS15, Beclin1 and UVRAG156, to induce degradation of the cargo by 
lysosomal enzymes.
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AMPK: induction of autophagy

Autophagy is a process by which cells digest their own components using a specialized machinery of adaptors and effectors. It begins 
with the generation of the autophagosome and recognition of the cargo, followed by the maturation of the autophagosome and fusion 
with lysosomes. The term itself means ‘self-eating’ and was first coined by Belgian scientist and Nobel Prize laureate Christian de Duve. 
Autophagy serves two main functions: it enables the degradation of cellular structures that are too large for other surveillance pathways, such 
as the ubiquitin–proteasome system, and it allows cells to survive starvation by recycling building blocks such as amino acids to sustain 
essential cell functions. Autophagy can be either a bulk recycling of cytosolic components or a targeted removal of macromolecules and 
even organelles. In particular, removal of mitochondria by autophagy, a process called mitophagy, has been shown to require the canonical 
autophagy machinery as well as specific markers at the surface of damaged mitochondria that signal their removal. Genes essential for autophagy 
(ATGs) have been discovered by screening for genes that are required for autophagosome formation in the yeast Saccharomyces cerevisiae during 
nitrogen starvation239,240. Yoshinori Ohsumi was awarded the Nobel Prize in physiology or medicine in 2016 for the discovery of the ATG genes. 
Since the 1990s, the molecular events controlling autophagy execution have been characterized, and the role of ATG genes in controlling various 
steps of the autophagy pathway has been demonstrated. The first ATG gene to be cloned, ATG1, encodes a protein kinase required for the 
initiation of autophagy. Its mammalian homologue, ULK1, plays a similar role.



Autophagy mainly serves two distinct functions: the 
turnover of old or damaged molecules and the replenish-
ment of nutrient stores during times of starvation. These 
two functions are similar in their execution but differ in 
their mechanism of initiation. While the turnover of mol-
ecules is thought to be a continuous process in cells, the 
induction of autophagy during starvation involves 
the nutrient-sensing pathway mediated by mTORC1. 
Upon nutrient starvation, mTORC1 is inactivated, 
which relieves the inhibitory phosphorylation on ULK1, 
a kinase essential for autophagy induction157,158. mTORC1 
also phosphorylates and inhibits other components of 
the autophagy pathway, such as ATG14L (also known 
as Barkor)159 and the ULK1-interacting protein ATG13 
(REF. 160). These phosphorylation events partici pate in the 
inhibition of autophagy under nutrient-rich conditions. 

Upon activation, ULK1 phosphorylates several proteins 
involved in the execution of autophagy, including its 
binding partners FIP200, ATG101 (REF. 161) and ATG13 
(REF. 162), the downstream effectors ATG9 (REF. 163), 
ATG14L159, VPS34 (also known as PI3K type 3), Beclin1 
and AMBRA1 (REFS 161,164), and the trafficking protein 
Sec16A165 (BOX 2, FIG. 4 and reviewed in REF. 166).

Regulation of autophagy by AMPK. AMPK has been 
shown to regulate autophagy both in yeast167 and in 
mammalian cells168,169. Molecular characterization of this 
regulation has revealed that AMPK controls autophagy 
at different steps. First, AMPK directly phosphorylates 
the mTOR upstream regulator TSC2 on Thr1227 and 
Ser1345 (REF. 4) and the mTORC1 subunit RAPTOR on 
Ser722 and Ser792 (REF. 5). Both of these phosphorylation 
events participate in reducing mTOR activity under con-
ditions of energy stress. As mentioned above, reduced 
mTOR activity relieves the inhibitory phosphorylation 
on ULK1 to activate autophagy.

A direct link between AMPK and the core autophagy 
pathway was established when it was shown that AMPK 
directly phosphorylates ULK1 on at least four residues: 
Ser467, Ser555, Thr574 and Ser637 (REFS 14,170) (FIG. 4). 
Using ULK1-knockout cell lines and reconstitution 
with non-phosphorylatable mutants, phosphorylation 
of ULK1 by AMPK was shown to be important for 
autophagy and cell survival during starvation and meta-
bolic stress. Strikingly, cells expressing ULK1 mutants 
that cannot be phosphorylated by AMPK also appear 
to accumulate defective mitochondria, suggesting that 
the AMPK–ULK1 axis is important not only for general 
autophagy but also specifically for the selective removal 
of damaged mitochondria14. Subsequent studies con-
firmed an essential role for ULK1 in mitophagy under 
various conditions75,162,171–177. Moreover, efficient removal 
of damaged mitochondria following AMPK activation 
has been shown to be important in various contexts, 
such as in brown adipose tissue116 and during fasting 
and ageing in muscles138, as well as in macrophages178 and 
hepato cytes179. In addition to phosphorylating ULK1, 
AMPK has been reported to phosphorylate residues 
on other core components of the autophagy path-
way, such as Ser761 on ATG9 (REF. 180), Thr133 and 
Ser135 on VPS34 (REF. 181), Ser91 and Ser94 on Beclin1 
(REFS 181,182), Thr50 on the VPS34-associated protein 
RACK1 (REF. 183) and Thr32 on PAQR3, an ATG14L–
VPS34 scaffolding protein184. Some of these phosphoryl-
ation events represent suboptimal AMPK sites and 
have not been independently validated, so many of 
the molecu lar details of AMPK and ULK1  control 
of  autophagy remain to be elucidated (FIG. 4).

Another pathway controlling mitophagy is the 
PINK1–Parkin-mediated removal of depolarized mito-
chondria185. This pathway involves the stabilization of 
PINK1 at mitochondria upon loss of the mitochon-
drial membrane potential186. PINK1 in turn recruits 
and phosphorylates Parkin, an E3 ubiquitin ligase that 
marks mitochondria for degradation by the autophagy 
machinery177. In addition, PINK1 also phosphorylates 
ubiquitin on mitochondria, a process that amplifies the 

Figure 4 | Details of the regulation of autophagy by mTOR, AMPK and ULK1. 
ULK1-mediated phosphorylation events are shown in green, mTOR-mediated 
phos phorylation events in purple and AMP-activated protein kinase (AMPK)-mediated 
phosphorylation events in red. Dashed arrows indicate reported phosphorylation events 
by AMPK that are insufficiently documented or that involve sites that do not conform to 
the AMPK motif. Upon activation, AMPK phosphorylates TSC2 and RAPTOR, which leads 
to the downregulation of mTOR complex 1 (mTORC1) (purple complex, composed of 
mTOR, RAPTOR, mLST8, DEPTOR and PRAS40 (also known as AKT1S1); not all shown) 
activity. AMPK phosphorylates ULK1 on at least four serines to promote its activity. ULK1 
is part of a complex with ATG101, ATG13 and FIP200. All of these proteins have been 
shown to be targets of ULK1, while ATG13 has also been reported as a target of both 
AMPK and mTORC1. PI3K complex I mediates the conversion of phosphatidylinositol (PI) 
to phosphatidylinositol-3-phosphate (PtdIns3P) at the surface of the forming 
autophagosome (beige membrane shown engulfing cellular components, including a 
mitochondrion), a step required for proper recruitment of cargo and adaptor proteins. 
The PI3K complex I components (light blue) and accessory factors (dark blue) are shown 
with their reported phosphorylation. ATG9 is an integral membrane protein localized at 
the autophagosome membrane. The arrows indicate whether the phosphorylation event 
is activating or inhibitory for the function of the protein.
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Physiological consequences of AMPK activation

AMPK preserves energy expenditure and optimizes ATP generation: important to sustain 
exercise in skeletal muscle cells



Inducible deletion of skeletal muscle AMPKa
reveals that AMPK is required for nucleotide
balance but dispensable for muscle glucose
uptake and fat oxidation during exercise

Janne R. Hingst 1,8, Rasmus Kjøbsted 1,8, Jesper B. Birk 1, Nicolas O. Jørgensen 1, Magnus R. Larsen 1,
Kohei Kido 1, Jeppe Kjærgaard Larsen 1, Sasha A.S. Kjeldsen 1, Joachim Fentz 1, Christian Frøsig 1,
Stephanie Holm 1, Andreas M. Fritzen 1, Tine L. Dohlmann 2, Steen Larsen 2,3, Marc Foretz 4, Benoit Viollet 4,
Peter Schjerling 5, Peter Overby 6, Jens F. Halling 6, Henriette Pilegaard 6, Ylva Hellsten 7,
Jørgen F.P. Wojtaszewski 1,*

ABSTRACT

Objective: Evidence for AMP-activated protein kinase (AMPK)-mediated regulation of skeletal muscle metabolism during exercise is mainly
based on transgenic mouse models with chronic (lifelong) disruption of AMPK function. Findings based on such models are potentially biased by
secondary effects related to a chronic lack of AMPK function. To study the direct effect(s) of AMPK on muscle metabolism during exercise, we
generated a new mouse model with inducible muscle-specific deletion of AMPKa catalytic subunits in adult mice.
Methods: Tamoxifen-inducible and muscle-specific AMPKa1/a2 double KO mice (AMPKa imdKO) were generated by using the Cre/loxP system,
with the Cre under the control of the human skeletal muscle actin (HSA) promoter.
Results: During treadmill running at the same relative exercise intensity, AMPKa imdKO mice showed greater depletion of muscle ATP, which
was associated with accumulation of the deamination product IMP. Muscle-specific deletion of AMPKa in adult mice promptly reduced maximal
running speed and muscle glycogen content and was associated with reduced expression of UGP2, a key component of the glycogen synthesis
pathway. Muscle mitochondrial respiration, whole-body substrate utilization, and muscle glucose uptake and fatty acid (FA) oxidation during
muscle contractile activity remained unaffected by muscle-specific deletion of AMPKa subunits in adult mice.
Conclusions: Inducible deletion of AMPKa subunits in adult mice reveals that AMPK is required for maintaining muscle ATP levels and nucleotide
balance during exercise but is dispensable for regulating muscle glucose uptake, FA oxidation, and substrate utilization during exercise.

! 2020 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Keywords AMPK; Exercise; Glucose uptake; Muscle metabolism; Fat oxidation; Glycogen

1. INTRODUCTION

Physical activity is associated with a marked increase in muscle
metabolism and energy turnover [1]. Therefore, maintaining intracel-
lular levels of adenosine triphosphate (ATP) during exercise represents
a metabolic challenge for the muscle cell. The increased ATP turnover
during exercise leads to accumulation of intramyocellular adenosine
monophosphate (AMP) in an exercise intensityand duration-dependent

manner because of the adenylate kinase reaction (2ADP 4
ATP þ AMP) [2]. The increased intramyocellular AMP/ATP ratio leads
to activation of the 50-AMP-activated protein kinase (AMPK) [3], which
promotes catabolic processes and inhibits anabolic processes to
normalize the cellular energy status [4]. On this basis, skeletal muscle
AMPK is proposed to function as a cellular energy sensor activated
during exercise and thus to act as a central mediator of cellular
signaling to maintain energy homeostasis.
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Figure 3: Acute deletion of muscle AMPK impairs maximal running speed and reduces muscle glycogen content and UGP2 mRNA. A: Maximal running speed during an
incremental running test on a treadmill was assessed in control and AMPKa imdKO mice 1 and 3 weeks after last tamoxifen injection and compared to before tamoxifen treatment
(pre; n ¼ 10e20 within each group). B: Muscle glycogen content in quadriceps muscle (normalized to control mice) was measured 1, 3, and 8 weeks after tamoxifen-induced
deletion of AMPKa and compared to vehicle control groups (n ¼ 5e6 within each group). C: 3 weeks after last tamoxifen injection, muscle glycogen in quadriceps muscle from
control and AMPKa imdKO mice was measured in the rested state and after 30 min of treadmill exercise at the same relative intensity (n ¼ 8e13). D: Glycogen synthase activity
was measured as fractional activity in the presence of 0.2 mM G6P and given relative to saturated conditions (8 mM G6P) (n ¼ 8e13). E: Protein levels of GLUT4, HKII, GP, GS, and
UGP2 in quadriceps muscle were measured by immunoblotting in control and AMPKa imdKO mice 3 weeks after last tamoxifen injection (n ¼ 5e6). UGP2 mRNA content in
quadriceps muscle was determined 1, 3, and 8 weeks after the last tamoxifen injection and compared to the vehicle group (sunflower oil; n ¼ 5e6). One-way ANOVA was used for
comparing 1, 3, and 8 weeks to vehicle control within AMPKa imdKO mice. An additional t-test was applied to compare AMPKa imdKO with control mice within each time point.
The effect of exercise was investigated by a two-way ANOVA (C and D). Data are given as means " SEM. *p # 0.05, **p # 0.01, and, ***p # 0.001 for effect of genotype within
a time point. ###p # 0.001 for difference from vehicle in AMPKa imdKO mice. xxp # 0.01 for main effect of exercise. Line indicates main effect.
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Figure 5: AMPK is necessary to maintain the cellular nucleotide pool during exercise. AeG: Control and AMPKa imdKO mice performed 30 min of treadmill exercise at the
same relative intensity and were compared to corresponding resting mice. Concentration of adenosine triphosphate (ATP), adenosine diphosphate (ADP), adenosine monophosphate
(AMP), inosine monophosphate (IMP), hypoxanthine (HX), adenosine (ADO), and inosine (INO) were measured in quadriceps muscle (n ¼ 6e8). HeI: AMPD activity and AMPD1
protein content were measured in quadriceps muscle (n ¼ 6e8). Data are given as means " SEM. Two-way ANOVA was used for statistical analyses of genotype and exercise.
**p # 0.01 and ***p # 0.001 for significant effect of genotype. xxp # 0.01 and xxxp # 0.001 for difference from resting. Line indicates main effect.
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Hypoglycemia and Myopathy during Aging
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SUMMARY

The AMP-activated protein kinase (AMPK) activates
autophagy, but its role in aging and fasting-induced
muscle function has not been defined. Here we
report that fasting mice lacking skeletal muscle
AMPK (AMPK-MKO) results in hypoglycemia and
hyperketosis. This is not due to defective fatty
acid oxidation, but instead is related to a block in
muscle proteolysis that leads to reduced circulating
levels of alanine, an essential amino acid required
for gluconeogenesis. Markers of muscle autophagy
including phosphorylation of Ulk1 Ser555 and Ser757
and aggregation of RFP-LC3 puncta are impaired.
Consistent with impaired autophagy, aged AMPK-
MKO mice possess a significant myopathy charac-
terized by reduced muscle function, mitochondrial
disease, and accumulation of the autophagy/
mitophagy proteins p62 and Parkin. These findings
establish an essential requirement for skeletal mus-
cle AMPK-mediated autophagy in preserving blood
glucose levels during prolonged fasting as well as
maintaining muscle integrity and mitochondrial
function during aging.

INTRODUCTION

The healthcare costs of both age-related muscle wasting ($18
billion) and the loss of muscle strength ($10 billion) are well
established, with severe consequences for rates of permanent
disability andmortality in the elderly (Janssen et al., 2004). These
statistics are set to rise with an expanding aging population, yet
there is still no known treatment for age-related muscle dysfunc-
tion and myopathy besides exercise. Additionally, it is often
observed that muscle quality control processes are impaired
with aging, but the precise effectors mediating this decline are
not yet clear.

Autophagy is an evolutionarily conserved recycling pathway
whereby cellular materials are engulfed into an autophagosome
and degraded through fusion with a lysosome (Vainshtein et al.,
2014). Macroautophagy (herein referred to as autophagy) is
robustly activated in response to nutrient deprivation (Mizushima
et al., 2004). Skeletal muscle is required to supply gluconeogenic
amino acids (such as alanine) for the maintenance of blood
glucose levels during prolonged fasting, a process known as
the glucose-alanine cycle (Felig et al., 1970). Autophagy is also
essential for the maintenance of skeletal muscle integrity as
mice with defects in this pathway exhibit muscle degeneration
and dysfunctional mitochondria, phenotypes that are accentu-
ated with aging (Masiero et al., 2009; Nemazanyy et al., 2013).
Thus, skeletal muscle autophagy is an essential process
required for maintaining muscle function andwhole-body energy
metabolism (Sandri, 2010).
The adenosine monophosphate-activated protein kinase

(AMPK) is an abg heterotrimeric protein kinase that responds to
energetic stress tomaintain energybalance throughphosphoryla-
tion of a diverse network of key metabolic pathways (Steinberg
andJørgensen, 2007). In skeletalmuscle, exercise, hormones, nu-
trients, and insulin sensitizing therapeutics havebeen shown to in-
crease AMPK activity. In contrast, the genetic removal of AMPK
from skeletal muscle dramatically reduces exercise capacity and
mitochondrial function (Lantier et al., 2014; O’Neill et al., 2011).
AMPK has recently been recognized as an activator of auto-

phagy that occurs through amulti-prongedmechanism involving
inhibition of the mammalian target of rapamycin (mTOR) com-
plex and direct activation/phosphorylation of Forkhead box O3
(FoxO3) and the Unc-51-like kinase 1 (Ulk1). Specifically,
AMPK inhibits mTOR through phosphorylation of TSC2 (Inoki
et al., 2003) and raptor (Gwinn et al., 2008) to promote the forma-
tion of an Ulk1-Atg13-FIP200 complex. AMPK phosphorylates
Beclin 1 to activate the pro-autophagy Vps34 complex and
inhibits the non-autophagy Vps34 complex (Kim et al., 2013a).
AMPK also promotes autophagy by activating FoxO3 (Sanchez
et al., 2012), which upregulates the transcription of numerous
muscle-specific atrogenes (Mammucari et al., 2007). Further,
AMPK directly activates both autophagy and mitophagy through
phosphorylation of Ulk1 at several primary sites, including
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Ser555 (Egan et al., 2011), Ser317, and Ser777, while mTOR
inhibits this process via Ulk1 phosphorylation at Ser757 (Kim
et al., 2011).

In the current study, we investigated the importance of muscle
AMPK in controlling autophagy. We find that during prolonged
fasting, AMPK muscle-specific null (AMPK-MKO) mice fail to
induce sufficient autophagy and muscle breakdown to protect
against hypoglycemia and hyperketosis, indicating that muscle
AMPK is an essential component of the glucose-alanine cycle
(Felig et al., 1970). We also show that aged AMPK-MKO mice
have impaired muscle autophagy and develop a dramatic age-
associated myopathy and mitochondrial disease.

RESULTS

AMPK-MKOMice Have Impaired Muscle Wasting during
Fasting and Develop Hypoglycemia and Hyperketosis
During prolonged fasting, blood glucose levels aremaintained by
switching to fatty acid oxidation and breaking down skeletal
muscle for gluconeogenic substrates (Felig et al., 1970). Skeletal
muscle AMPK is activated by fasting, resulting in phosphoryla-
tion and inhibition of acetyl-CoA carboxylase 2 (ACC2), causing
a reduction in malonyl-CoA and an increase in fatty acid
oxidation (Steinberg and Jørgensen, 2007). Therefore, we fasted
mice lacking skeletal muscle AMPK (O’Neill et al., 2011) and

mice with an ACC S212A knockin mutation (ACC2 KI) (O’Neill
et al., 2014), which have an impaired ability to regulate fatty
acid oxidation in muscle in response to pharmacological
AMPK activators such as AICAR. We found that both AMPK-
MKO (Figures 1A and S1A–S1C) and ACC2 KI mice (Figures
S1D–S1G) were able to adapt to this energetic stress by
increasing rates of fatty acid oxidation, while maintaining normal
voluntary activity levels (Figures S1H and S1I). These data indi-
cate that fasting-induced increases in fatty acid oxidation can
occur independent of AMPK/ACC2 signaling.
Despite normal rates of whole-body fatty acid oxidation, blood

glucose levels were significantly lower in fasted AMPK-MKO
(Figure 1B) but not ACC2 KI (Figure S1J) mice compared to
wild-type (WT) littermates. Hypoglycemia in AMPK-MKO mice
was not due to alterations in basal levels of muscle or liver
glycogen (Figure 1C). Serum lactate, glycerol, and non-esterified
fatty acids (NEFAs) were also not different between genotypes
(Table S1).
During prolonged fasting, alanine is a liver-specific gluconeo-

genic precursor that is used to maintain blood glucose (Felig
et al., 1970). We therefore conducted an alanine tolerance
test (ATT) following a 24 hr fast and found that while AMPK-
MKO mice had lower fasting blood glucose levels, injection
with alanine restored blood glucose in both WT and AMPK-MKO
mice (Figure 1D). These data indicate that liver gluconeogenesis

A B C

D E F G

Figure 1. During Fasting, AMPK-MKO Mice Have Hypoglycemia, Hyperketosis, and Impaired Breakdown of Muscle
(A and B) Fatty acid oxidation (A) and blood glucose (B) during fasting (n = 6–12).

(C) Liver and gastrocnemius muscle glycogen (n = 5–6).

(D) ATT after 24 hr fast (n = 6–10).

(E and F) Serum alanine (E, n = 4–5) and serum b-hydroxybutyrate (F, n = 4–6). Data are means ± SEM.

(G) Myofiber CSA change of the TA muscle presented as median ± SEM (n = 4–6). * WT versus AMPK-MKO p < 0.05, **p < 0.01, # fed versus fasted p < 0.05,
## p < 0.01, ### p < 0.001. See also Figure S1 and Table S1.

884 Cell Metabolism 21, 883–890, June 2, 2015 ª2015 Elsevier Inc.

AMPK-MKOmicemirrors othermousemodels with reductions in
autophagic flux including muscle-specific HDAC1/2 KO mice
(Moresi et al., 2012) and in WT mice given colchicine for

extended periods (beyond 5 days) (Ju et al., 2010). Since LC3
mRNA expression was indistinguishable between genotypes
during fed, fasting, and colchicine treatments (Figure S2L), these
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(A) Representative western blots from TA muscle.
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rounded fibers, small angular fibers, and necrotic fibers than
agedWT littermates (Figure 4C). Consistent with the dramatic re-
ductions in muscle quality, aged AMPK-MKO mice had lower
maximal and specific force production, indicating impaired mus-
cle function compared to aged WT littermates (Figures 4D and
4E). In contrast young-adult WT and AMPK-MKO mice had
comparable maximal force production (WT = 923.8 ± 20.5 mN,
AMPK-MKO = 931.4 ± 28.4 mN, n = 8). Cardiac cachexia can
contribute to muscle weakness/atrophy and is characterized by
cardiac hypertrophy, increased circulating inflammatorymarkers
such as TNF-a, IL-6, and IL-1b, and loss of adipose tissue and
lean mass (Anker and Sharma, 2002). We found that cardiac
mass (WT = 139.8 ± 4.4 mg, n = 4, AMPK-MKO = 139.9 ±
5.0 mg, n = 6), systemic inflammation (Figure S2P), and
adiposity/lean mass (Figure 4F) were all comparable between
aged WT and AMPK-MKO mice. These data indicate that
AMPK-MKO mice have an age-related myopathy that impairs
muscle function that is unlikely the result of cardiac cachexia.

Alterations in mitophagy are thought to result in the decline
of mitochondrial content and quality with aging (Terman et al.,
2010). Electron microscopy imaging revealed that the average
size of mitochondria from both the intermyofibrillar (IMF) and sub-
sarcolemmal (SS) regionswere twice as large inagedAMPK-MKO
mice compared to WT (Figures 4G and 4H). Aged AMPK-MKO
mice also had a substantially lower number of mitochondria
present in the IMF and SS regions (27% and 51%, respectively)
(Figures 4I–4K) and reduced mitochondrial DNA (mtDNA) copy
number (Figure 4L), consistent with what is seen in human aging
(Crane et al., 2010). These changes in mitochondrial size were
much more dramatic than we have observed previously in young
adult AMPK-MKO (O’Neill et al., 2011). Mutations in mtDNA are
linked to mitochondrial disease (Park and Larsson, 2011) and we
found that aged AMPK-MKOmice had significantly more mtDNA
deletions than young AMPK-MKOmice (Figure 4M). Aged ad libi-
tum-fed AMPK-MKO mice also had a 2-fold increase in p62 and
Parkin accumulation, suggesting that basal autophagic clearance
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Figure 4. Aged AMPK-MKO Mice Develop Exacerbated Myopathy and Mitochondrial Disease
(A) Percent of fibers with centrally located nuclei (n = 4–10) and (B) collagen accumulation (n = 3–10) in TA muscle.

(C–K) Aged AMPK-MKO and WT mice. (C) Photomicrograph (scale bar, 100 mm) showing large rounded fibers (closed arrow), small angular fibers (open arrow),

and necrotic fibers (asterisk) in TA. (D) Maximum isometric and (E) specific force production of TA muscle (n = 4–6). (F) Percent adiposity with representative CT

images (n = 4–7). Mitochondrial size in the (G) IMF and (H) SS regions of the myofiber (n = 3 per group). Number of mitochondria in the (I) IMF and (J) SS myofiber

regions (n = 3 per group). (K) Representative electronmicrograph showing enlarged mitochondria (closed arrow) (scale bar, 4 mm).

(L and M) Number of mtDNA copies (L, n = 6–9) and mtDNA deletions (M, n = 5–10) in quadriceps muscle.

(N and O) p62 (N) and Parkin (O, n = 7–11) expression in extensor digitorum longus muscle in fed state.

Data are means ± SEM. * WT versus AMPK-MKO p < 0.05, **p < 0.01, ***p < 0.001, # fed versus fasted p < 0.05, ## p < 0.01, ### p < 0.001.
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AMPK: regulation of appetite

Herzig & Shaw, NRMCB, 2018

NPY/AgRP: neuropeptide Y and agouti-related protein-expressing neurons
POMC: pro-opiomelanocortin-expressing neurons
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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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Macrolide with potent anti fungal activity isolated in 1964 from bacteria found in the Rapa Nui 
island. This compound was later found to have immunosuppressive, antitumour and 

neuroprotective properties, generating significant clinical excitement
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WD40 domain
A protein domain that 
comprises a 40-amino-acid- 
long protein motif that contains 
a Trp–Asp (W–D) dipeptide at 
its carboxyl terminus. Several 
WD40 repeats are often 
arranged in a β-propeller 
configuration, forming a 
protein–protein interaction 
surface.

DEP domain
(Dishevelled, EGL-10 and 
pleckstrin domain). A domain 
of unknown function that is 
present in signalling proteins.

PDZ domain 
(Postsynaptic density of 
95 kDa, Discs large and zona 
occludens 1 domain). A pro-
tein-interaction domain that 
often occurs in scaffolding 
proteins and is named after the 
founding members of this 
protein family.

include a negative regulator, 40 kDa Pro-rich Akt sub-
strate (PRAS40; also known as AKT1S1) 11,13, whereas 
mTORC2 contains protein observed with RICTOR 1 
(PROTOR1) and PROTOR2, which are likely to help 
complex assembly, and mammalian stress-activated 
map kinase-interacting protein 1 (mSIN1; also known 
as MAPKAP1), which may target mTORC2 to mem-
branes12,14,15. mTORC1 and mTORC2 share mamma-
lian lethal with SEC13 protein 8 (mLST8; also known as 
GβL) and the recently identified DEP domain-containing 
mTOR-interacting protein (DEPTOR), which function as 
positive and negative regulators, respectively16,17 (FIG. 1). 
Biochemical and structural evidence suggests that both 
mTORC1 and mTORC2 may exist as dimers9,18.

In yeast and mammals, rapamycin inhibits the abilit y 
of mTORC1, but not mTORC2, to phosphorylate its sub-
strates6,16,19. Rapamycin binds the small protein 12 kDa 
FK506-binding protein (FKBP12; also known as PPIase 
FKBP1A) and, in turn, rapamycin–FKBP12 binds and 
inhibits RAPTOR-bound, but not RICTOR-bound, 
mTOR6,16,19. Rapamycin might inhibit mTORC1 by dis-
sociating RAPTOR from mTOR, thus preventing the 
access of mTOR to some substrates5,18. Complicating this 
picture, prolonged treatment with rapamycin can inhibit 

mTORC2 in a subset of tissues and cell lines20. This effect 
may involve a progressive sequestration of the cellular 
pool of mTOR in a complex with rapamycin–FKBP12, 
thus making it unavailable for assembly into mTORC2.

Substrates and actions of mTORC1. The subunit com-
position of each mTORC dictates its substrate specificity. 
The mTORC1 substrates S6 kinase 1 (S6K1) and eIF4E-
binding protein 1 (4E-BP1) associate with mRNAs and 
regulate mRNA translation initiation and progression, 
thus controlling the rate of protein synthesis (reviewed 
in REF. 21) (FIG. 2a). Unphosphorylated 4E-BP1 suppresses 
mRNA translation; however, when phosphorylated by 
mTORC1, 4E-BP1 dissociates from eukaryotic translation 
initiation factor 4E (eIF4E), allowing eIF4E to recruit the 
translation initiation factor eIF4G to the 5` end of most 
mRNAs22,23. When phosphorylated by mTORC1, S6K1 
promotes mRNA translation by phosphorylating or 
binding multiple proteins, including eukaryotic elonga-
tion factor 2 kinase (eEF2K)24, S6K1 Aly/REF-like target 
(SKAR; also known as POLDIP3)25, 80 kDa nuclear cap-
binding protein (CBP80; also known as NCBP1) 26 and 
eIF4B27, which collectively affect translation initiation and 
elongation.

Figure 1 | Domain organization of mTOR and mTORC proteins. Mammalian target of rapamycin (mTOR) complex 1 
(mTORC1) and mTORC2 have shared and unique components. The complexes both contain mTOR, mammalian lethal with 
SEC13 protein 8 (mLST8; also known as GβL) and DEP domain-containing mTOR-interacting protein (DEPTOR). Regulatory-
associated protein of mTOR (RAPTOR) and 40 kDa Pro-rich Akt substrate (PRAS40; also known as AKT1S1) are unique to 
mTORC1; rapamycin-insensitive companion of mTOR (RICTOR), mammalian stress-activated map kinase-interacting 
protein 1 (mSIN1; also known as MAPKAP1) and protein observed with RICTOR (PROTOR) are specific to mTORC2.  
The domain organization of mTOR resembles that of other PI3K-related protein kinases (PIKK) family members. At the 
amino terminus, there is a cluster of HEAT (huntingtin, elongation factor 3, a subunit of protein phosphatase 2A and TOR1) 
repeats, which mediate protein–protein interactions. These are followed by a FRAP, ATM and TRRAP (FAT) domain; the 
FKBP12-rapamycin binding (FRB) domain, which mediates the inhibitory action of rapamycin on RAPTOR-bound mTOR;  
the Ser/Thr kinase catalytic domain; and the carboxy-terminal FATC domain. PRAS40 has a conserved Leu charged domain 
(LCD), at which phosphorylation by Akt occurs. The scaffolding function of RAPTOR is reflected by its composition of 
protein-binding domains; it consists of several HEAT repeats, followed by seven WD40 domains, which are probably 
arranged in a β-propeller. DEPTOR consists of tandem DEP domains (Dishevelled, EGL-10 and pleckstrin domains) that are 
followed by a single PDZ domain (postsynaptic density of 95 kDa, Discs large and zonula occludens 1 domain). mLST8 is 
highly conserved; its  seven WD40 domains form a β-propeller that mediates protein–protein interactions. RICTOR and 
PROTOR have no clearly identifiable domains or motifs. mSIN1 contains a Ras binding domain (RBD), and a pleckstrin 
homology (PH) domain that is likely to interact with phospholipids. RNC, RAPTOR N-terminal conserved. 
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include a negative regulator, 40 kDa Pro-rich Akt sub-
strate (PRAS40; also known as AKT1S1) 11,13, whereas 
mTORC2 contains protein observed with RICTOR 1 
(PROTOR1) and PROTOR2, which are likely to help 
complex assembly, and mammalian stress-activated 
map kinase-interacting protein 1 (mSIN1; also known 
as MAPKAP1), which may target mTORC2 to mem-
branes12,14,15. mTORC1 and mTORC2 share mamma-
lian lethal with SEC13 protein 8 (mLST8; also known as 
GβL) and the recently identified DEP domain-containing 
mTOR-interacting protein (DEPTOR), which function as 
positive and negative regulators, respectively16,17 (FIG. 1). 
Biochemical and structural evidence suggests that both 
mTORC1 and mTORC2 may exist as dimers9,18.

In yeast and mammals, rapamycin inhibits the abilit y 
of mTORC1, but not mTORC2, to phosphorylate its sub-
strates6,16,19. Rapamycin binds the small protein 12 kDa 
FK506-binding protein (FKBP12; also known as PPIase 
FKBP1A) and, in turn, rapamycin–FKBP12 binds and 
inhibits RAPTOR-bound, but not RICTOR-bound, 
mTOR6,16,19. Rapamycin might inhibit mTORC1 by dis-
sociating RAPTOR from mTOR, thus preventing the 
access of mTOR to some substrates5,18. Complicating this 
picture, prolonged treatment with rapamycin can inhibit 

mTORC2 in a subset of tissues and cell lines20. This effect 
may involve a progressive sequestration of the cellular 
pool of mTOR in a complex with rapamycin–FKBP12, 
thus making it unavailable for assembly into mTORC2.

Substrates and actions of mTORC1. The subunit com-
position of each mTORC dictates its substrate specificity. 
The mTORC1 substrates S6 kinase 1 (S6K1) and eIF4E-
binding protein 1 (4E-BP1) associate with mRNAs and 
regulate mRNA translation initiation and progression, 
thus controlling the rate of protein synthesis (reviewed 
in REF. 21) (FIG. 2a). Unphosphorylated 4E-BP1 suppresses 
mRNA translation; however, when phosphorylated by 
mTORC1, 4E-BP1 dissociates from eukaryotic translation 
initiation factor 4E (eIF4E), allowing eIF4E to recruit the 
translation initiation factor eIF4G to the 5` end of most 
mRNAs22,23. When phosphorylated by mTORC1, S6K1 
promotes mRNA translation by phosphorylating or 
binding multiple proteins, including eukaryotic elonga-
tion factor 2 kinase (eEF2K)24, S6K1 Aly/REF-like target 
(SKAR; also known as POLDIP3)25, 80 kDa nuclear cap-
binding protein (CBP80; also known as NCBP1) 26 and 
eIF4B27, which collectively affect translation initiation and 
elongation.

Figure 1 | Domain organization of mTOR and mTORC proteins. Mammalian target of rapamycin (mTOR) complex 1 
(mTORC1) and mTORC2 have shared and unique components. The complexes both contain mTOR, mammalian lethal with 
SEC13 protein 8 (mLST8; also known as GβL) and DEP domain-containing mTOR-interacting protein (DEPTOR). Regulatory-
associated protein of mTOR (RAPTOR) and 40 kDa Pro-rich Akt substrate (PRAS40; also known as AKT1S1) are unique to 
mTORC1; rapamycin-insensitive companion of mTOR (RICTOR), mammalian stress-activated map kinase-interacting 
protein 1 (mSIN1; also known as MAPKAP1) and protein observed with RICTOR (PROTOR) are specific to mTORC2.  
The domain organization of mTOR resembles that of other PI3K-related protein kinases (PIKK) family members. At the 
amino terminus, there is a cluster of HEAT (huntingtin, elongation factor 3, a subunit of protein phosphatase 2A and TOR1) 
repeats, which mediate protein–protein interactions. These are followed by a FRAP, ATM and TRRAP (FAT) domain; the 
FKBP12-rapamycin binding (FRB) domain, which mediates the inhibitory action of rapamycin on RAPTOR-bound mTOR;  
the Ser/Thr kinase catalytic domain; and the carboxy-terminal FATC domain. PRAS40 has a conserved Leu charged domain 
(LCD), at which phosphorylation by Akt occurs. The scaffolding function of RAPTOR is reflected by its composition of 
protein-binding domains; it consists of several HEAT repeats, followed by seven WD40 domains, which are probably 
arranged in a β-propeller. DEPTOR consists of tandem DEP domains (Dishevelled, EGL-10 and pleckstrin domains) that are 
followed by a single PDZ domain (postsynaptic density of 95 kDa, Discs large and zonula occludens 1 domain). mLST8 is 
highly conserved; its  seven WD40 domains form a β-propeller that mediates protein–protein interactions. RICTOR and 
PROTOR have no clearly identifiable domains or motifs. mSIN1 contains a Ras binding domain (RBD), and a pleckstrin 
homology (PH) domain that is likely to interact with phospholipids. RNC, RAPTOR N-terminal conserved. 
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mTORC complexes: structure

mTOR is a is a 289kDa serine/threonine protein kinase in the PI3K-related protein kinases (PIKK) 
family. In mammals, it constitutes the catalytic subunit of two distinct 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
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include a negative regulator, 40 kDa Pro-rich Akt sub-
strate (PRAS40; also known as AKT1S1) 11,13, whereas 
mTORC2 contains protein observed with RICTOR 1 
(PROTOR1) and PROTOR2, which are likely to help 
complex assembly, and mammalian stress-activated 
map kinase-interacting protein 1 (mSIN1; also known 
as MAPKAP1), which may target mTORC2 to mem-
branes12,14,15. mTORC1 and mTORC2 share mamma-
lian lethal with SEC13 protein 8 (mLST8; also known as 
GβL) and the recently identified DEP domain-containing 
mTOR-interacting protein (DEPTOR), which function as 
positive and negative regulators, respectively16,17 (FIG. 1). 
Biochemical and structural evidence suggests that both 
mTORC1 and mTORC2 may exist as dimers9,18.

In yeast and mammals, rapamycin inhibits the abilit y 
of mTORC1, but not mTORC2, to phosphorylate its sub-
strates6,16,19. Rapamycin binds the small protein 12 kDa 
FK506-binding protein (FKBP12; also known as PPIase 
FKBP1A) and, in turn, rapamycin–FKBP12 binds and 
inhibits RAPTOR-bound, but not RICTOR-bound, 
mTOR6,16,19. Rapamycin might inhibit mTORC1 by dis-
sociating RAPTOR from mTOR, thus preventing the 
access of mTOR to some substrates5,18. Complicating this 
picture, prolonged treatment with rapamycin can inhibit 

mTORC2 in a subset of tissues and cell lines20. This effect 
may involve a progressive sequestration of the cellular 
pool of mTOR in a complex with rapamycin–FKBP12, 
thus making it unavailable for assembly into mTORC2.

Substrates and actions of mTORC1. The subunit com-
position of each mTORC dictates its substrate specificity. 
The mTORC1 substrates S6 kinase 1 (S6K1) and eIF4E-
binding protein 1 (4E-BP1) associate with mRNAs and 
regulate mRNA translation initiation and progression, 
thus controlling the rate of protein synthesis (reviewed 
in REF. 21) (FIG. 2a). Unphosphorylated 4E-BP1 suppresses 
mRNA translation; however, when phosphorylated by 
mTORC1, 4E-BP1 dissociates from eukaryotic translation 
initiation factor 4E (eIF4E), allowing eIF4E to recruit the 
translation initiation factor eIF4G to the 5` end of most 
mRNAs22,23. When phosphorylated by mTORC1, S6K1 
promotes mRNA translation by phosphorylating or 
binding multiple proteins, including eukaryotic elonga-
tion factor 2 kinase (eEF2K)24, S6K1 Aly/REF-like target 
(SKAR; also known as POLDIP3)25, 80 kDa nuclear cap-
binding protein (CBP80; also known as NCBP1) 26 and 
eIF4B27, which collectively affect translation initiation and 
elongation.

Figure 1 | Domain organization of mTOR and mTORC proteins. Mammalian target of rapamycin (mTOR) complex 1 
(mTORC1) and mTORC2 have shared and unique components. The complexes both contain mTOR, mammalian lethal with 
SEC13 protein 8 (mLST8; also known as GβL) and DEP domain-containing mTOR-interacting protein (DEPTOR). Regulatory-
associated protein of mTOR (RAPTOR) and 40 kDa Pro-rich Akt substrate (PRAS40; also known as AKT1S1) are unique to 
mTORC1; rapamycin-insensitive companion of mTOR (RICTOR), mammalian stress-activated map kinase-interacting 
protein 1 (mSIN1; also known as MAPKAP1) and protein observed with RICTOR (PROTOR) are specific to mTORC2.  
The domain organization of mTOR resembles that of other PI3K-related protein kinases (PIKK) family members. At the 
amino terminus, there is a cluster of HEAT (huntingtin, elongation factor 3, a subunit of protein phosphatase 2A and TOR1) 
repeats, which mediate protein–protein interactions. These are followed by a FRAP, ATM and TRRAP (FAT) domain; the 
FKBP12-rapamycin binding (FRB) domain, which mediates the inhibitory action of rapamycin on RAPTOR-bound mTOR;  
the Ser/Thr kinase catalytic domain; and the carboxy-terminal FATC domain. PRAS40 has a conserved Leu charged domain 
(LCD), at which phosphorylation by Akt occurs. The scaffolding function of RAPTOR is reflected by its composition of 
protein-binding domains; it consists of several HEAT repeats, followed by seven WD40 domains, which are probably 
arranged in a β-propeller. DEPTOR consists of tandem DEP domains (Dishevelled, EGL-10 and pleckstrin domains) that are 
followed by a single PDZ domain (postsynaptic density of 95 kDa, Discs large and zonula occludens 1 domain). mLST8 is 
highly conserved; its  seven WD40 domains form a β-propeller that mediates protein–protein interactions. RICTOR and 
PROTOR have no clearly identifiable domains or motifs. mSIN1 contains a Ras binding domain (RBD), and a pleckstrin 
homology (PH) domain that is likely to interact with phospholipids. RNC, RAPTOR N-terminal conserved. 
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include a negative regulator, 40 kDa Pro-rich Akt sub-
strate (PRAS40; also known as AKT1S1) 11,13, whereas 
mTORC2 contains protein observed with RICTOR 1 
(PROTOR1) and PROTOR2, which are likely to help 
complex assembly, and mammalian stress-activated 
map kinase-interacting protein 1 (mSIN1; also known 
as MAPKAP1), which may target mTORC2 to mem-
branes12,14,15. mTORC1 and mTORC2 share mamma-
lian lethal with SEC13 protein 8 (mLST8; also known as 
GβL) and the recently identified DEP domain-containing 
mTOR-interacting protein (DEPTOR), which function as 
positive and negative regulators, respectively16,17 (FIG. 1). 
Biochemical and structural evidence suggests that both 
mTORC1 and mTORC2 may exist as dimers9,18.

In yeast and mammals, rapamycin inhibits the abilit y 
of mTORC1, but not mTORC2, to phosphorylate its sub-
strates6,16,19. Rapamycin binds the small protein 12 kDa 
FK506-binding protein (FKBP12; also known as PPIase 
FKBP1A) and, in turn, rapamycin–FKBP12 binds and 
inhibits RAPTOR-bound, but not RICTOR-bound, 
mTOR6,16,19. Rapamycin might inhibit mTORC1 by dis-
sociating RAPTOR from mTOR, thus preventing the 
access of mTOR to some substrates5,18. Complicating this 
picture, prolonged treatment with rapamycin can inhibit 

mTORC2 in a subset of tissues and cell lines20. This effect 
may involve a progressive sequestration of the cellular 
pool of mTOR in a complex with rapamycin–FKBP12, 
thus making it unavailable for assembly into mTORC2.

Substrates and actions of mTORC1. The subunit com-
position of each mTORC dictates its substrate specificity. 
The mTORC1 substrates S6 kinase 1 (S6K1) and eIF4E-
binding protein 1 (4E-BP1) associate with mRNAs and 
regulate mRNA translation initiation and progression, 
thus controlling the rate of protein synthesis (reviewed 
in REF. 21) (FIG. 2a). Unphosphorylated 4E-BP1 suppresses 
mRNA translation; however, when phosphorylated by 
mTORC1, 4E-BP1 dissociates from eukaryotic translation 
initiation factor 4E (eIF4E), allowing eIF4E to recruit the 
translation initiation factor eIF4G to the 5` end of most 
mRNAs22,23. When phosphorylated by mTORC1, S6K1 
promotes mRNA translation by phosphorylating or 
binding multiple proteins, including eukaryotic elonga-
tion factor 2 kinase (eEF2K)24, S6K1 Aly/REF-like target 
(SKAR; also known as POLDIP3)25, 80 kDa nuclear cap-
binding protein (CBP80; also known as NCBP1) 26 and 
eIF4B27, which collectively affect translation initiation and 
elongation.

Figure 1 | Domain organization of mTOR and mTORC proteins. Mammalian target of rapamycin (mTOR) complex 1 
(mTORC1) and mTORC2 have shared and unique components. The complexes both contain mTOR, mammalian lethal with 
SEC13 protein 8 (mLST8; also known as GβL) and DEP domain-containing mTOR-interacting protein (DEPTOR). Regulatory-
associated protein of mTOR (RAPTOR) and 40 kDa Pro-rich Akt substrate (PRAS40; also known as AKT1S1) are unique to 
mTORC1; rapamycin-insensitive companion of mTOR (RICTOR), mammalian stress-activated map kinase-interacting 
protein 1 (mSIN1; also known as MAPKAP1) and protein observed with RICTOR (PROTOR) are specific to mTORC2.  
The domain organization of mTOR resembles that of other PI3K-related protein kinases (PIKK) family members. At the 
amino terminus, there is a cluster of HEAT (huntingtin, elongation factor 3, a subunit of protein phosphatase 2A and TOR1) 
repeats, which mediate protein–protein interactions. These are followed by a FRAP, ATM and TRRAP (FAT) domain; the 
FKBP12-rapamycin binding (FRB) domain, which mediates the inhibitory action of rapamycin on RAPTOR-bound mTOR;  
the Ser/Thr kinase catalytic domain; and the carboxy-terminal FATC domain. PRAS40 has a conserved Leu charged domain 
(LCD), at which phosphorylation by Akt occurs. The scaffolding function of RAPTOR is reflected by its composition of 
protein-binding domains; it consists of several HEAT repeats, followed by seven WD40 domains, which are probably 
arranged in a β-propeller. DEPTOR consists of tandem DEP domains (Dishevelled, EGL-10 and pleckstrin domains) that are 
followed by a single PDZ domain (postsynaptic density of 95 kDa, Discs large and zonula occludens 1 domain). mLST8 is 
highly conserved; its  seven WD40 domains form a β-propeller that mediates protein–protein interactions. RICTOR and 
PROTOR have no clearly identifiable domains or motifs. mSIN1 contains a Ras binding domain (RBD), and a pleckstrin 
homology (PH) domain that is likely to interact with phospholipids. RNC, RAPTOR N-terminal conserved. 
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mTORC complexes: structure

The overall organization of both mTORC1 and mTORC2 is that of a dimer: 
each complex includes two copies of mTOR and of their respective accessory 

subunits (differ in part).

Three core components: mTOR, mammalian lethal with SEC13 protein 8 
(mLST8, also known as GβL - stabilizing role) and a unique defining subunit, 

the scaffold protein regulatory-associated protein of mTOR (RAPTOR/
RICTOR - localization and substrate specificity)
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include a negative regulator, 40 kDa Pro-rich Akt sub-
strate (PRAS40; also known as AKT1S1) 11,13, whereas 
mTORC2 contains protein observed with RICTOR 1 
(PROTOR1) and PROTOR2, which are likely to help 
complex assembly, and mammalian stress-activated 
map kinase-interacting protein 1 (mSIN1; also known 
as MAPKAP1), which may target mTORC2 to mem-
branes12,14,15. mTORC1 and mTORC2 share mamma-
lian lethal with SEC13 protein 8 (mLST8; also known as 
GβL) and the recently identified DEP domain-containing 
mTOR-interacting protein (DEPTOR), which function as 
positive and negative regulators, respectively16,17 (FIG. 1). 
Biochemical and structural evidence suggests that both 
mTORC1 and mTORC2 may exist as dimers9,18.

In yeast and mammals, rapamycin inhibits the abilit y 
of mTORC1, but not mTORC2, to phosphorylate its sub-
strates6,16,19. Rapamycin binds the small protein 12 kDa 
FK506-binding protein (FKBP12; also known as PPIase 
FKBP1A) and, in turn, rapamycin–FKBP12 binds and 
inhibits RAPTOR-bound, but not RICTOR-bound, 
mTOR6,16,19. Rapamycin might inhibit mTORC1 by dis-
sociating RAPTOR from mTOR, thus preventing the 
access of mTOR to some substrates5,18. Complicating this 
picture, prolonged treatment with rapamycin can inhibit 

mTORC2 in a subset of tissues and cell lines20. This effect 
may involve a progressive sequestration of the cellular 
pool of mTOR in a complex with rapamycin–FKBP12, 
thus making it unavailable for assembly into mTORC2.

Substrates and actions of mTORC1. The subunit com-
position of each mTORC dictates its substrate specificity. 
The mTORC1 substrates S6 kinase 1 (S6K1) and eIF4E-
binding protein 1 (4E-BP1) associate with mRNAs and 
regulate mRNA translation initiation and progression, 
thus controlling the rate of protein synthesis (reviewed 
in REF. 21) (FIG. 2a). Unphosphorylated 4E-BP1 suppresses 
mRNA translation; however, when phosphorylated by 
mTORC1, 4E-BP1 dissociates from eukaryotic translation 
initiation factor 4E (eIF4E), allowing eIF4E to recruit the 
translation initiation factor eIF4G to the 5` end of most 
mRNAs22,23. When phosphorylated by mTORC1, S6K1 
promotes mRNA translation by phosphorylating or 
binding multiple proteins, including eukaryotic elonga-
tion factor 2 kinase (eEF2K)24, S6K1 Aly/REF-like target 
(SKAR; also known as POLDIP3)25, 80 kDa nuclear cap-
binding protein (CBP80; also known as NCBP1) 26 and 
eIF4B27, which collectively affect translation initiation and 
elongation.

Figure 1 | Domain organization of mTOR and mTORC proteins. Mammalian target of rapamycin (mTOR) complex 1 
(mTORC1) and mTORC2 have shared and unique components. The complexes both contain mTOR, mammalian lethal with 
SEC13 protein 8 (mLST8; also known as GβL) and DEP domain-containing mTOR-interacting protein (DEPTOR). Regulatory-
associated protein of mTOR (RAPTOR) and 40 kDa Pro-rich Akt substrate (PRAS40; also known as AKT1S1) are unique to 
mTORC1; rapamycin-insensitive companion of mTOR (RICTOR), mammalian stress-activated map kinase-interacting 
protein 1 (mSIN1; also known as MAPKAP1) and protein observed with RICTOR (PROTOR) are specific to mTORC2.  
The domain organization of mTOR resembles that of other PI3K-related protein kinases (PIKK) family members. At the 
amino terminus, there is a cluster of HEAT (huntingtin, elongation factor 3, a subunit of protein phosphatase 2A and TOR1) 
repeats, which mediate protein–protein interactions. These are followed by a FRAP, ATM and TRRAP (FAT) domain; the 
FKBP12-rapamycin binding (FRB) domain, which mediates the inhibitory action of rapamycin on RAPTOR-bound mTOR;  
the Ser/Thr kinase catalytic domain; and the carboxy-terminal FATC domain. PRAS40 has a conserved Leu charged domain 
(LCD), at which phosphorylation by Akt occurs. The scaffolding function of RAPTOR is reflected by its composition of 
protein-binding domains; it consists of several HEAT repeats, followed by seven WD40 domains, which are probably 
arranged in a β-propeller. DEPTOR consists of tandem DEP domains (Dishevelled, EGL-10 and pleckstrin domains) that are 
followed by a single PDZ domain (postsynaptic density of 95 kDa, Discs large and zonula occludens 1 domain). mLST8 is 
highly conserved; its  seven WD40 domains form a β-propeller that mediates protein–protein interactions. RICTOR and 
PROTOR have no clearly identifiable domains or motifs. mSIN1 contains a Ras binding domain (RBD), and a pleckstrin 
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WD40 domain
A protein domain that 
comprises a 40-amino-acid- 
long protein motif that contains 
a Trp–Asp (W–D) dipeptide at 
its carboxyl terminus. Several 
WD40 repeats are often 
arranged in a β-propeller 
configuration, forming a 
protein–protein interaction 
surface.

DEP domain
(Dishevelled, EGL-10 and 
pleckstrin domain). A domain 
of unknown function that is 
present in signalling proteins.

PDZ domain 
(Postsynaptic density of 
95 kDa, Discs large and zona 
occludens 1 domain). A pro-
tein-interaction domain that 
often occurs in scaffolding 
proteins and is named after the 
founding members of this 
protein family.

include a negative regulator, 40 kDa Pro-rich Akt sub-
strate (PRAS40; also known as AKT1S1) 11,13, whereas 
mTORC2 contains protein observed with RICTOR 1 
(PROTOR1) and PROTOR2, which are likely to help 
complex assembly, and mammalian stress-activated 
map kinase-interacting protein 1 (mSIN1; also known 
as MAPKAP1), which may target mTORC2 to mem-
branes12,14,15. mTORC1 and mTORC2 share mamma-
lian lethal with SEC13 protein 8 (mLST8; also known as 
GβL) and the recently identified DEP domain-containing 
mTOR-interacting protein (DEPTOR), which function as 
positive and negative regulators, respectively16,17 (FIG. 1). 
Biochemical and structural evidence suggests that both 
mTORC1 and mTORC2 may exist as dimers9,18.

In yeast and mammals, rapamycin inhibits the abilit y 
of mTORC1, but not mTORC2, to phosphorylate its sub-
strates6,16,19. Rapamycin binds the small protein 12 kDa 
FK506-binding protein (FKBP12; also known as PPIase 
FKBP1A) and, in turn, rapamycin–FKBP12 binds and 
inhibits RAPTOR-bound, but not RICTOR-bound, 
mTOR6,16,19. Rapamycin might inhibit mTORC1 by dis-
sociating RAPTOR from mTOR, thus preventing the 
access of mTOR to some substrates5,18. Complicating this 
picture, prolonged treatment with rapamycin can inhibit 

mTORC2 in a subset of tissues and cell lines20. This effect 
may involve a progressive sequestration of the cellular 
pool of mTOR in a complex with rapamycin–FKBP12, 
thus making it unavailable for assembly into mTORC2.

Substrates and actions of mTORC1. The subunit com-
position of each mTORC dictates its substrate specificity. 
The mTORC1 substrates S6 kinase 1 (S6K1) and eIF4E-
binding protein 1 (4E-BP1) associate with mRNAs and 
regulate mRNA translation initiation and progression, 
thus controlling the rate of protein synthesis (reviewed 
in REF. 21) (FIG. 2a). Unphosphorylated 4E-BP1 suppresses 
mRNA translation; however, when phosphorylated by 
mTORC1, 4E-BP1 dissociates from eukaryotic translation 
initiation factor 4E (eIF4E), allowing eIF4E to recruit the 
translation initiation factor eIF4G to the 5` end of most 
mRNAs22,23. When phosphorylated by mTORC1, S6K1 
promotes mRNA translation by phosphorylating or 
binding multiple proteins, including eukaryotic elonga-
tion factor 2 kinase (eEF2K)24, S6K1 Aly/REF-like target 
(SKAR; also known as POLDIP3)25, 80 kDa nuclear cap-
binding protein (CBP80; also known as NCBP1) 26 and 
eIF4B27, which collectively affect translation initiation and 
elongation.

Figure 1 | Domain organization of mTOR and mTORC proteins. Mammalian target of rapamycin (mTOR) complex 1 
(mTORC1) and mTORC2 have shared and unique components. The complexes both contain mTOR, mammalian lethal with 
SEC13 protein 8 (mLST8; also known as GβL) and DEP domain-containing mTOR-interacting protein (DEPTOR). Regulatory-
associated protein of mTOR (RAPTOR) and 40 kDa Pro-rich Akt substrate (PRAS40; also known as AKT1S1) are unique to 
mTORC1; rapamycin-insensitive companion of mTOR (RICTOR), mammalian stress-activated map kinase-interacting 
protein 1 (mSIN1; also known as MAPKAP1) and protein observed with RICTOR (PROTOR) are specific to mTORC2.  
The domain organization of mTOR resembles that of other PI3K-related protein kinases (PIKK) family members. At the 
amino terminus, there is a cluster of HEAT (huntingtin, elongation factor 3, a subunit of protein phosphatase 2A and TOR1) 
repeats, which mediate protein–protein interactions. These are followed by a FRAP, ATM and TRRAP (FAT) domain; the 
FKBP12-rapamycin binding (FRB) domain, which mediates the inhibitory action of rapamycin on RAPTOR-bound mTOR;  
the Ser/Thr kinase catalytic domain; and the carboxy-terminal FATC domain. PRAS40 has a conserved Leu charged domain 
(LCD), at which phosphorylation by Akt occurs. The scaffolding function of RAPTOR is reflected by its composition of 
protein-binding domains; it consists of several HEAT repeats, followed by seven WD40 domains, which are probably 
arranged in a β-propeller. DEPTOR consists of tandem DEP domains (Dishevelled, EGL-10 and pleckstrin domains) that are 
followed by a single PDZ domain (postsynaptic density of 95 kDa, Discs large and zonula occludens 1 domain). mLST8 is 
highly conserved; its  seven WD40 domains form a β-propeller that mediates protein–protein interactions. RICTOR and 
PROTOR have no clearly identifiable domains or motifs. mSIN1 contains a Ras binding domain (RBD), and a pleckstrin 
homology (PH) domain that is likely to interact with phospholipids. RNC, RAPTOR N-terminal conserved. 
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mTORC complexes: structure

In isolation, this complex is relatively inactive; a recent structure suggests 
that key residues in the kinase domain of mTOR may only shift into a 

catalytic position after the complex binds its essential activator, the small 
GTPase Rheb (Yang et al, Nature, 2017)

mTORC2 retains the ability to phosphorylate its substrates upon acute 
rapamycin treatment 

mSIN1 has a phospholipid-binding pleckstrin homology domain, which 
may help mTORC2 assemble on the plasma membrane 



mTORC: structure

Goul, Peruzzo & Zoncu, NRMCB, 2023

The mTOR N-terminus comprises an array of 
helical HEAT repeats that form two α-solenoids 
packed against each other, known as the ‘horn’ 
and the ‘bridge’ domains (binding of regulators). 

The HEAT domain enables its recruitment at the 
lysosomal surface. 

As in other PIKK family kinases, the FAT domains 
serve as organizing centres of the complex, as 
they clamp onto and anchor the kinase domains, 
horn, and bridge.  

The active site of mTOR contains a substrate-
binding groove that consists of the activation loop, 
portions of the mLST8 binding site, and the FATC 
domain. The FRB domain and mLST8 narrow the 
active site cleft to prevent non-target proteins from 
binding 



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.

Survival and
proliferationGrowth

Stress

Oxygen Nutrients

Growth
factors

Autophagy Glucose
metabolism

Protein
synthesis

Lipid and
nucleotide

biosynthesis

Cytoskeletal
rearrangements

Energya

b  mTORC1

c  mTORC2

HEAT repeats FAT FRB Kinase FATC
RAPTOR

mTOR

mLST8  FKBP12–
rapamycin 

mTOR

mLST8

RICTOR

mSIN1

Kinase active site

Kinase active site

mTOR

RAPTOR

PRAS40

DEPTOR

 FKBP12–
rapamycin mLST8

HEAT repeats FAT FRB Kinase FATC

mTOR

DEPTOR

mLST8RICTOR

PROTOR1/2 mSIN1

mTORC1 mTORC2

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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mTORC complexes have different activating 
cues and effectors

mTORC1 is sensible to both nutrients and growth factors
mTORC2 is sensible solely to growth factors
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How is mTORC1 activated?

Regulators of mTORC1 converge on the lysosome-associated RHEB (Ras homologue 
enriched in brain) guanosine triphosphatases (GTPases) that modulate its kinase activity. 
RHEB is active in the GTP-bound state, stimulating mTORC1 through physical interactions that 
allosterically reorient the kinase active site, thereby favoring substrate phosphorylation.  

The recruitment of mTORC1 to lysosomes, which enables its interaction with RHEB, is 
mediated by the heterodimeric Rag GTPases, and occurs in the presence of glucose, amino 
acids and other nutrients.  

The requirement for both RHEB and Rag GTPases ensures that growth signaling occurs 
according to a ‘co-incidence detection’ principle, that is, only when the required 
intracellular building blocks and extracellular growth-promoting instructions are simultaneously 
present.  



How is mTORC1 activated?

RHEB in its GTP-bound state interacts with mTORC1 and activates it. This involves enhanced 
recruitment of substrate proteins resulting in their phosphorylation. RHEB-GTP is converted to 
RHEB-GDP by the action of Tuberous Sclerosis Complex TSC1/TSC2 GAP (GTPase Activating 
Protein)



How is mTORC1 activated?
In response to nutrients, mTORC1 translocates from the cytoplasm to the lysosomal 

surface, where it is activated by growth factors via PI3K– AKT signaling.  

AKT inhibits the TSC1–TSC2 complex, which is a GTPase- activating protein 
(GAP) for the small GTPase RHEB. GTP-bound RHEB directly binds and 

activates mTORC1 at the lysosome 



mTORC1 activation

Nutrients are sensed by RAGULATOR proteins to recruit mTORC1 at the lysosome
Growth factors trigger AKT signaling to promote RHEB-GTP state and activate mTOR kinase

The requirement for both RHEB and Rag GTPases ensures that growth signaling occurs 
according to a ‘co-incidence detection’ principle, that is, only when the required intracellular building 
blocks and extracellular growth-promoting instructions are simultaneously present. 



What is sensed by RAG-mTORC1?

…. lots of things!
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What is sensed by RAG-mTORC1?

…. lots of things!



Nutrients, in particular amino acids, promote lysosomal localization of mTORC1 via the RAS-related 
GTP-binding proteins (RAGs), thereby enabling mTORC1 to encounter RHEB.  

RAGs are small GTPases that form obligate heterodimers. RAGA or RAGB associates with RAGC 
or RAGD.  

In the active state, GTP-bound RAGA or RAGB and GDP-bound RAGC or RAGD bind RAPTOR 
and thereby recruit mTORC1 to the lysosomal surface.  

The nucleotide binding status of the RAGs is tightly regulated by amino acids obtained from 
intracellular synthesis, protein turnover or extracellular sources via specific transporters.

lysosomal surface. The nucleotide binding status of the 
RAGs is tightly regulated by amino acids9 obtained from 
intracellular synthesis, protein turnover or extracellular 
sources via specific transporters (FIG. 1; for details, see 
following sections). Among the amino acids, leucine, 
arginine and glutamine are the most effective activators 
of mTORC1. Leucine and arginine bind to sestrin 2 and 
CASTOR1, respectively, ultimately to activate the RAGs 
and mTORC1 (for details, see FIG. 1, REF.10 and refer-
ences therein). The lysosomal amino acid transporter 
SLC38A9 promotes mTORC1 activation by exporting 
essential amino acids to the cytoplasm11, where, for 

example, leucine can bind sestrin 2. Leucine export is 
stimulated by arginine binding to SLC38A9 (REF.11).

Glutamine activates RAGs by promoting glutami-
nolysis. During glutaminolysis, glutaminase (GLS) 
and glutamate dehydrogenase (GDH) convert glu-
tamine to α- ketoglutarate (αKG), which ultimately 
activates mTORC1 via prolyl hydroxylases (PHDs) by 
promoting GTP loading of RAGB12 (FIG. 1). Leucine 
also stimulates αKG production by directly binding 
and allosterically activating GDH. Furthermore, glu-
tamine activates mTORC1 independently of RAGs via 
the small GTPase ADP- ribosylation factor 1 (ARF1)13. 
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Fig. 1 | Activation of mTOR signalling. Growth factors (for example, insulin) bind to receptor tyrosine kinases (RTKs) to 
activate PI3K. PI3K converts phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-trisphosphate 
(PIP3), which is counteracted by PTEN. For activation of mTOR complex 2 (mTORC2), PIP3 binds mammalian stress- 
activated MAPK- interacting protein 1 (mSIN1). For activation of mTORC1, PIP3 recruits phosphoinositide- dependent 
kinase 1 (PDK1) to activate AKT. AKT inhibits the TSC complex, which acts as GTPase- activating protein (GAP) on the 
GTPase RHEB. GTP- bound RHEB binds and activates mTORC1. Energy stress activates liver kinase B1 (LKB1) and 
AMP-activated kinase (AMPK) to suppress mTORC1 via inhibition of regulatory- associated protein of mTOR (RAPTOR) and 
activation of the TSC complex107. Full activation of mTORC1 requires signalling induced by amino acids. SLC7A1, SLC7A5, 
SLC1A5 and other transporters import amino acids into the cell. Once in the cytoplasm, amino acids can induce activation 
of RAS- related GTP- binding proteins (RAGs), which mediate lysosomal translocation of mTORC1. RAGUL ATOR binds the 
RAGs at the lysosome and acts as a guanine nucleotide exchange factor towards RAGA and/or RAGB165. GAP activity 
towards RAGS 1 (GATOR1) inactivates RAGA and/or RAGB166. KICSTOR recruits and binds GATOR1 (REF.167). GATOR2 is 
required for mTORC1 activation and was suggested to bind and inhibit GATOR1. Leucine can promote mTORC1 
activation via binding to sestrin 2 and/or sensing by LeuRS. Arginine binds to CASTOR1. Both sestrin 2 and CASTOR1 
release inhibition of GATOR2 (REF.10). Glutamine activates mTORC1 in a RAG- dependent manner via glutaminolysis and in 
a RAG- independent manner via the small GTPase ARF1. The lysosomal transporter SLC38A9 exports essential amino acids 
into the cytosol in an arginine- stimulated fashion11. Amino acids signal through folliculin (FLCN) and FLCN- interacting 
protein 1 (FNIP1) or FNIP2, which act as GAPs for RAGC and/or RAGD168. S- adenosyl-methionine (SAM) prevents SAMTOR 
binding to GATOR1 and KICSTOR146. Light red- coloured molecules indicate negative and purple coloured molecules 
indicate positive regulators of mTOR signalling. Turquoise arrows indicate metabolite flux, while black arrows indicate a 
signalling cascade. Dashed lines indicate indirect actions or that it is unknown whether additional steps are required. αKG, 
α-ketoglutarate; GDH, glutamate dehydrogenase; GLS, glutaminase; mLST8, mammalian lethal with sec-13 protein 8; 
PHD, prolyl hydroxylase.
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(Bar-Peled et al., 2013). The Sestrins were recently identified as
GATOR2-interacting proteins that negatively regulate mTORC1
(Chantranupong et al., 2014; Parmigiani et al., 2014).
Growth factors and energy levels regulate the Rheb input to

mTORC1 (Inoki et al., 2003a; Long et al., 2005) through a heter-
otrimeric complex comprised of the tuberous sclerosis complex
(TSC) proteins TSC1, TSC2, and TBC1D7, which together act as
a GAP for Rheb (Brugarolas et al., 2004; Dibble et al., 2012;
Garami et al., 2003; Inoki et al., 2003a; Long et al., 2005; Sancak
et al., 2008; Saucedo et al., 2003; Stocker et al., 2003; Tee et al.,
2002). Not all unicellular organisms encode all components of
the TSC axis. For instance, S. cerevisiae only have a gene for
Rheb, and it is not required for growth or viability, unlike TOR
itself, suggesting that it likely plays a diminished, if any, role in
the TOR pathway in budding yeast (Urano et al., 2000). In con-
trast, S. pombe, which diverged from S. cerevisiae more than
400 million years ago, encode TSC1, TSC2, and Rheb (Rhb1),
whose functions mirror their mammalian equivalents. Rhb1 is
essential for growth, and it is negatively regulated by TSC1 and
TSC2, whose loss results in defects in amino acid uptake and
the nitrogen starvation response (Ma et al., 2013; Mach et al.,
2000; Matsumoto et al., 2002; Nakashima et al., 2010; Urano
et al., 2007; Uritani et al., 2006; van Slegtenhorst et al., 2004).
While in mammals, growth is intimately linked to amino acid

availability, yeast are more concerned with the quality and
abundance of nitrogen and can uptake and metabolize a host
of nitrogen sources, including amino acids, which are deami-
nated to yield ammonia that will rapidly become ammonium in
the cell. In yeast, the aforementioned SPS and GCN2 pathways
directly or indirectly, respectively, sense amino acid levels,
but the actual intracellular signal for TORC1 remains less clear
(Broach, 2012). Early studies showed that TORC1 is a major
regulator of the nitrogen catabolite repression program (Hard-
wick et al., 1999; Shamji et al., 2000), although later work empha-
sizes that TORC1 is likely not the sole player regulating this
pathway (Broach, 2012). Further studies are needed to ascertain

whether TOR is involved in the sensing of an as yet unidentified
nitrogen source in yeast.
More recent evidence indicates that TORC1 is involved in

amino acid signaling in yeast (Binda et al., 2009; De Virgilio
and Loewith, 2006). TORC1 resides on the vacuole, the equiva-
lent of the metazoan lysosome, although it does not shuttle on
and off its surface in response to nutrient levels as it does in
mammals (Binda et al., 2009). Homologs of the Rag GTPases,
Gtr1 and Gtr2, exist in yeast and associate with a vacuolar
docking complex consisting of Ego1 and Ego3, which has
some structural similarity to Ragulator (Bun-Ya et al., 1992;
Dubouloz et al., 2005; Gao and Kaiser, 2006; Kogan et al.,
2010). Yeast also have GATOR1 and GATOR2 equivalents,
called SEACIT and SEACAT (Panchaud et al., 2013a, b). SEACIT
has been proposed to inhibit TORC1 in response to deprivation
of sulfur-containing amino acids, such as methionine and
cysteine, and controls glutamine synthesis and consumption
(Laxman et al., 2013, 2014; Sutter et al., 2013). Although
TORC1 has been posited to respond to amino acids, constitu-
tively active Gtr1 does not make the TORC1 pathway completely
resistant to leucine deprivation, unlike constitutively active
RagA/B, which in mammals makes mTORC1 signaling resistant
to total amino acid deprivation (Binda et al., 2009; Sancak et al.,
2008; Efeyan et al., 2013). Furthermore, the Gtr GTPases are
dispensable for growth on glutamine or ammonium (Stracka
et al., 2014), and constitutively active Gtr1 fails to rescue the
TORC1 signaling defect under ammonium deprivation (Binda
et al., 2009). If amino acids signal to TORC1, the mechanisms
of its activation are likely to be distinct from those through
which amino acids activate mTORC1. For instance, orthologs
of Sestrins do not exist in yeast, suggesting divergence in the
regulation of the upstream components of the nutrient-sensing
pathway.
While many components of the pathway upstream of

mTORC1 have been identified, the identity of the amino acid
sensor(s) remains elusive. Amino acid sensing could initiate

Figure 3. Nutrient Sensing by the TOR
Pathway
(A) In the absence of amino acids and growth
factors, mTORC1 is inactive. This is controlled by
two separate signaling pathways. First, in the
absence of amino acids, GATOR1 is an active GAP
toward RagA, causing it to become GDP bound.
In this state, mTORC1 does not localize to the
lysosomal surface. Second, in the absence of
insulin or growth factors, TSC is an active GAP
toward Rheb and stimulates it to be GDP bound.
(B) In the presence of amino acids and growth
factors, mTORC1 is active. Amino acids within the
lysosome signal through SLC38A9 to activate the
amino acid sensing branch. Ragulator is active,
causing RagA to be GTP bound. This binding state
is reinforced by the fact that GATOR1 is inactive
in the presence of amino acids, as GATOR2
inhibits it. The Rag heterodimer in this nucleotide
conformation state recruits mTORC1 to the
lysosomal surface. In addition, the presence
of growth factors activates a pathway that inhibits
TSC, leaving Rheb GTP bound. In this state, Rheb
activates mTORC1 when it translocates to the
lysosomal surface.

Cell 161, March 26, 2015 ª2015 Elsevier Inc. 75

The lysosome is an ideal compartment to sense 
anabolic demands and activate mTORC1

(A) In the absence of amino acids and growth factors, mTORC1 is inactive. This is controlled by two separate signaling pathways. First, GATOR1 is an active 
GAP toward RagA, causing it to become GDP bound. In this state, mTORC1 does not localize to the lysosomal surface. 

(B) In the presence of amino acids and growth factors, mTORC1 is active. Amino acids within the lysosome signal through SLC38A9 to activate the amino 
acid sensing branch. Ragulator is active, causing RagA to be GTP bound. This binding state is reinforced by the fact that GATOR1 is inactive in the presence 
of amino acids, as GATOR2 inhibits it. The Rag heterodimer in this nucleotide conformation state recruits mTORC1 to the lysosomal surface.



(Bar-Peled et al., 2013). The Sestrins were recently identified as
GATOR2-interacting proteins that negatively regulate mTORC1
(Chantranupong et al., 2014; Parmigiani et al., 2014).
Growth factors and energy levels regulate the Rheb input to

mTORC1 (Inoki et al., 2003a; Long et al., 2005) through a heter-
otrimeric complex comprised of the tuberous sclerosis complex
(TSC) proteins TSC1, TSC2, and TBC1D7, which together act as
a GAP for Rheb (Brugarolas et al., 2004; Dibble et al., 2012;
Garami et al., 2003; Inoki et al., 2003a; Long et al., 2005; Sancak
et al., 2008; Saucedo et al., 2003; Stocker et al., 2003; Tee et al.,
2002). Not all unicellular organisms encode all components of
the TSC axis. For instance, S. cerevisiae only have a gene for
Rheb, and it is not required for growth or viability, unlike TOR
itself, suggesting that it likely plays a diminished, if any, role in
the TOR pathway in budding yeast (Urano et al., 2000). In con-
trast, S. pombe, which diverged from S. cerevisiae more than
400 million years ago, encode TSC1, TSC2, and Rheb (Rhb1),
whose functions mirror their mammalian equivalents. Rhb1 is
essential for growth, and it is negatively regulated by TSC1 and
TSC2, whose loss results in defects in amino acid uptake and
the nitrogen starvation response (Ma et al., 2013; Mach et al.,
2000; Matsumoto et al., 2002; Nakashima et al., 2010; Urano
et al., 2007; Uritani et al., 2006; van Slegtenhorst et al., 2004).
While in mammals, growth is intimately linked to amino acid

availability, yeast are more concerned with the quality and
abundance of nitrogen and can uptake and metabolize a host
of nitrogen sources, including amino acids, which are deami-
nated to yield ammonia that will rapidly become ammonium in
the cell. In yeast, the aforementioned SPS and GCN2 pathways
directly or indirectly, respectively, sense amino acid levels,
but the actual intracellular signal for TORC1 remains less clear
(Broach, 2012). Early studies showed that TORC1 is a major
regulator of the nitrogen catabolite repression program (Hard-
wick et al., 1999; Shamji et al., 2000), although later work empha-
sizes that TORC1 is likely not the sole player regulating this
pathway (Broach, 2012). Further studies are needed to ascertain

whether TOR is involved in the sensing of an as yet unidentified
nitrogen source in yeast.
More recent evidence indicates that TORC1 is involved in

amino acid signaling in yeast (Binda et al., 2009; De Virgilio
and Loewith, 2006). TORC1 resides on the vacuole, the equiva-
lent of the metazoan lysosome, although it does not shuttle on
and off its surface in response to nutrient levels as it does in
mammals (Binda et al., 2009). Homologs of the Rag GTPases,
Gtr1 and Gtr2, exist in yeast and associate with a vacuolar
docking complex consisting of Ego1 and Ego3, which has
some structural similarity to Ragulator (Bun-Ya et al., 1992;
Dubouloz et al., 2005; Gao and Kaiser, 2006; Kogan et al.,
2010). Yeast also have GATOR1 and GATOR2 equivalents,
called SEACIT and SEACAT (Panchaud et al., 2013a, b). SEACIT
has been proposed to inhibit TORC1 in response to deprivation
of sulfur-containing amino acids, such as methionine and
cysteine, and controls glutamine synthesis and consumption
(Laxman et al., 2013, 2014; Sutter et al., 2013). Although
TORC1 has been posited to respond to amino acids, constitu-
tively active Gtr1 does not make the TORC1 pathway completely
resistant to leucine deprivation, unlike constitutively active
RagA/B, which in mammals makes mTORC1 signaling resistant
to total amino acid deprivation (Binda et al., 2009; Sancak et al.,
2008; Efeyan et al., 2013). Furthermore, the Gtr GTPases are
dispensable for growth on glutamine or ammonium (Stracka
et al., 2014), and constitutively active Gtr1 fails to rescue the
TORC1 signaling defect under ammonium deprivation (Binda
et al., 2009). If amino acids signal to TORC1, the mechanisms
of its activation are likely to be distinct from those through
which amino acids activate mTORC1. For instance, orthologs
of Sestrins do not exist in yeast, suggesting divergence in the
regulation of the upstream components of the nutrient-sensing
pathway.
While many components of the pathway upstream of

mTORC1 have been identified, the identity of the amino acid
sensor(s) remains elusive. Amino acid sensing could initiate

Figure 3. Nutrient Sensing by the TOR
Pathway
(A) In the absence of amino acids and growth
factors, mTORC1 is inactive. This is controlled by
two separate signaling pathways. First, in the
absence of amino acids, GATOR1 is an active GAP
toward RagA, causing it to become GDP bound.
In this state, mTORC1 does not localize to the
lysosomal surface. Second, in the absence of
insulin or growth factors, TSC is an active GAP
toward Rheb and stimulates it to be GDP bound.
(B) In the presence of amino acids and growth
factors, mTORC1 is active. Amino acids within the
lysosome signal through SLC38A9 to activate the
amino acid sensing branch. Ragulator is active,
causing RagA to be GTP bound. This binding state
is reinforced by the fact that GATOR1 is inactive
in the presence of amino acids, as GATOR2
inhibits it. The Rag heterodimer in this nucleotide
conformation state recruits mTORC1 to the
lysosomal surface. In addition, the presence
of growth factors activates a pathway that inhibits
TSC, leaving Rheb GTP bound. In this state, Rheb
activates mTORC1 when it translocates to the
lysosomal surface.
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of amino acids, as GATOR2 inhibits it. The Rag heterodimer in this nucleotide conformation state recruits mTORC1 to the lysosomal surface.
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2000; Matsumoto et al., 2002; Nakashima et al., 2010; Urano
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toward RagA, causing it to become GDP bound.
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(B) In the presence of amino acids and growth
factors, mTORC1 is active. Amino acids within the
lysosome signal through SLC38A9 to activate the
amino acid sensing branch. Ragulator is active,
causing RagA to be GTP bound. This binding state
is reinforced by the fact that GATOR1 is inactive
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(A) In the absence of amino acids and growth factors, mTORC1 is inactive. This is controlled by two separate signaling pathways. First, GATOR1 is an active 
GAP toward RagA, causing it to become GDP bound. In this state, mTORC1 does not localize to the lysosomal surface. 

(B) In the presence of amino acids and growth factors, mTORC1 is active. Amino acids within the lysosome signal through SLC38A9 to activate the amino 
acid sensing branch. Ragulator is active, causing RagA to be GTP bound. This binding state is reinforced by the fact that GATOR1 is inactive in the presence 
of amino acids, as GATOR2 inhibits it. The Rag heterodimer in this nucleotide conformation state recruits mTORC1 to the lysosomal surface.
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Sensing of amino acids by mTORC1 is mediated 
by RAGs-Ragulator complex

The Rag GTPases are anchored to the lysosome by the pentameric Ragulator complex, which is 
composed of late endosomal/lysosomal adaptor and MAPK and MTOR activator 1 (LAMTOR1; also 

known as p18), LAMTOR2 (p14), LAMTOR3, LAMTOR4 and LAMTOR5

SLC38A9 is specifically required for mTORC1 activation by Arg present within the lysosome 
lumen. Arg is not a substrate of SLC38A9 but, rather, allosterically promotes the interaction of 

SLC38A9 with Ragulator– Rag GTPases, thereby contributing to switching or stabilizing RagA/B 
to the active (mTORC1-binding) state. Moreover, through SLC38A9, Arg stimulates the efflux of 

Leu and other non-polar essential amino acids from the lysosome lumen. 
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Energy and stress regulate mTORC1. Chemical inhibi-
tors of glycolysis and mitochondrial function suppress 
mTORC1 activity, indicating that mTORC1 senses cell-
u lar energy5,76. This is crucial, because mTORC1-driven 
growth processes consume a large fraction of cellular 
energy, and thus could be deleterious to starving cells.

Glycolysis and mitochondrial respiration convert 
nutrients into energy, which is stored in the form of ATP. 
Upon nutrient deprivation, cellular ATP levels quickly 
drop. The mTORC1 pathway indirectly senses low ATP 
by a mechanism that is centred on the AMP-activated 
protein kinase (AMPK) (reviewed in REF. 77) (FIG. 2e). 
Both AMP and ATP are allosteric regulators of AMPK: 
when the AMP:ATP ratio increases, AMPK phospho-
rylates TSC2 (REFS 73,78), possibly stimulating the 
GAP activity of TSC1–TSC2 towards RHEB to inhibit 
mTORC1 signalling. Moreover, AMPK phosphorylates 
RAPTOR, causing it to bind 14-3-3 proteins, which 

leads to the inhibition of mTORC1 through allosteric 
mechanisms79.

Numerous stressors affect ATP levels and thus may 
regulate mTOR through the AMP–AMPK axis. For 
example, during hypoxia, mitochondrial respiration 
is impaired, leading to low ATP levels and activation 
of AMPK. Hypoxia also affects mTORC1 in AMPK-
independent ways by inducing the expression of regu-
lated in development and DNA damage response 1 
(REDD1; also known as DDIT4), the protein products of 
which then suppress mTORC1 by promoting the assem-
bly of TSC1–TSC2 (REFS 80–82) (FIG. 2f). Conversely, other 
stressors that do not primarily impinge on cellular energy 
signal through AMPK. DNA damage results in the inhi-
bition of mTORC1 activity through the p53-dependent 
upregulation of AMPK83,84 (FIG. 2g). Sestrin 1 and sestrin 2 
are two transcriptional targets of p53 that are implicated 
in the DNA damage response, and it was recently shown 

Box 2 | mTORC1 as a signal integrator

How are mammalian target of rapamycin complex 1 (mTORC1) inputs integrated to generate a coherent signalling 
response? Signal integration by mTORC1 is likely to be based on the convergent regulation of its physical interactions 
and localization. Growth factors induce the GTP loading of Ras homologue enriched in brain (RHEB), enabling it to 
physically interact with mTORC1, whereas amino acids cause the Rag GTPase-mediated shuttling of mTORC1 to the 
endomembrane system, where RHEB resides. This explains why both inputs are required for mTORC1 activation. In the 
absence of growth factors and amino acids, the Rag and RHEB GTPases are inactive and mTORC1 is physically removed 
from RHEB (see the figure, part a). Growth factors activate RHEB; however, amino acids are required to bring mTORC1 
into contact with RHEB and, if they are not present, mTORC1 remains inactive (part b). Amino acids activate the Rag 
GTPases (Rags), which recruit mTORC1 and allow it to bind to RHEB. However, in the absence of growth factors, RHEB is 
inactive and so is mTORC1 (part c). When both amino acids and growth factors are present, mTORC1 is recruited to active 
RHEB and activated (part d).

Importantly, nutrients and energy should not be regarded as an on–off switch: their concentrations vary smoothly in  
time as a function of the feeding cycle. Thus, mTORC1 probably senses fine variations in these parameters, continuously 
adjusting the rate of biosynthetic processes accordingly. Once mTORC1 is active, increasing concentrations of amino acids 
and growth factors can activate it further (part e). Experimental overexpression of RHEB or forced localization of mTORC1 
to the lysosomal surface (by fusing a lysosomal localization signal to RAPTOR) bypass the requirement for Rag-mediated 
recruitment of mTORC1 and allow its activation in the absence of amino acids (part f), supporting the signal integration 
model. Other regulatory inputs, such as energy-sensing AMP-activated protein kinase (AMPK) and feedback mechanisms 
can modulate or entirely suppress this signal integration mechanism, ensuring that nutrients, growth factors and energy do 
not generate conflicting signals. Thus, the regulation of mTORC1 is a multi-step decision process that takes into account 
multiple indicators of the energy status of the cell before making a commitment to grow and proliferate.
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CHOLESTEROL SENSING

Lysosomal cholesterol activates
mTORC1 via an SLC38A9–Niemann-
Pick C1 signaling complex
Brian M. Castellano,1,2* Ashley M. Thelen,1,2* Ofer Moldavski,1,2 McKenna Feltes,4

Reini E. N. van der Welle,1,2 Laurel Mydock-McGrane,5 Xuntian Jiang,4

Robert J van Eijkeren,1,2 Oliver B. Davis,1,2 Sharon M. Louie,1,3 Rushika M. Perera,6

Douglas F. Covey,5 Daniel K. Nomura,1,3 Daniel S. Ory,4 Roberto Zoncu1,2†

The mechanistic target of rapamycin complex 1 (mTORC1) protein kinase is a master
growth regulator that becomes activated at the lysosome in response to nutrient cues.
Here, we identify cholesterol, an essential building block for cellular growth, as a nutrient
input that drives mTORC1 recruitment and activation at the lysosomal surface. The
lysosomal transmembrane protein, SLC38A9, is required for mTORC1 activation by
cholesterol through conserved cholesterol-responsive motifs. Moreover, SLC38A9 enables
mTORC1 activation by cholesterol independently from its arginine-sensing function.
Conversely, the Niemann-Pick C1 (NPC1) protein, which regulates cholesterol export from
the lysosome, binds to SLC38A9 and inhibits mTORC1 signaling through its sterol
transport function. Thus, lysosomal cholesterol drives mTORC1 activation and growth
signaling through the SLC38A9-NPC1 complex.

C
holesterol is an essential building block for
membrane biogenesis, and rapidly prolif-
erating cells rely on enhanced cholesterol
synthesis anduptake to sustain their growth
(1). Eukaryotic cells have evolved specialized

proteinmachinery that senses cholesterol and ad-
justs the rate of cholesterol synthesis and uptake
tomatch the cell’s specific metabolic needs (2, 3).
Whether direct cholesterol-sensing extends beyond
the control of its own synthesis and, specifically,
whether it signals to pathways that regulate the
control of cellular growth and proliferation is cur-
rently uncertain (4, 5).
The lysosome is a major sorting station for die-

tary cholesterol. Low-density lipoproteins (LDLs)
carryingdietary cholesterol and fatty acids enter the
cell through receptor-mediatedendocytosis and are
disassembled in the lysosomal lumen (3). A sterol
transport system composed of the Niemann-Pick
C1 (NPC1) and NPC2 proteins localize specifically
at the late endosome or lysosome, where it binds

free cholesterol and mediates its export to diverse
cellular compartments, including the plasma mem-
brane and the endoplasmic reticulum (ER), through
mechanisms that remain poorly understood (6).
The sterol trafficking function of NPC1 is essen-
tial for the correct execution of numerous cellu-
lar activities, and its inactivation results in a lipid
storage disorder, Niemann-Pick type C, which
is characterized by spleen and liver dysfunction
and neurodegeneration (7, 8).
The lysosome has also emerged as the cellular

site where the master growth regulator, mech-
anistic target of rapamycin complex 1 (mTORC1)
kinase, is activated. Nutrient signals carried by
free amino acids and glucose regulate mTORC1
activation through the Rag guanosine triphos-
phatases (GTPases). The RagGTPases are obligate
heterodimers of Rag A or B in complex with Rag
CorD.GTP loading ofRagAorB and concomitant
GTP hydrolysis by Rag C or D are thought to en-
able the Rag heterodimer to physically bind to
mTORC1 and anchor it to the lysosomal surface
(9–11). At the lysosome, another GTPase known as
Rheb triggers the kinase activity of mTORC1 and
enables substrate phosphorylation (11–13).
mTORC1 drives the synthesis of fatty acids and

sterols by increasing the expression and proteo-
lytic processing of themaster lipogenic transcrip-
tion factors, sterol regulatory element–binding
protein 1c (SREBP1c) and SREBP2 (14, 15), pro-
moting cell proliferation (16). Proliferating cells
also actively take up exogenous lipids in the form
of LDL (1, 3). Given the central role ofmTORC1 in
promoting lipid biosynthesis, it is reasonable that
dietary lipids should feed back on mTORC1 ac-

tivation. Accordingly, a high-fat diet (HFD) stim-
ulates mTORC1 activity inmice (16, 17). However,
whether and how mTORC1 senses dietary lip-
ids in a cell-autonomous manner remains un-
clear (4). Given the dual role of the lysosome as
a nutrient gateway and a signaling platform for
mTORC1 activation, we tested whether the lyso-
somal membrane contains dedicated machinery
that senses and communicates cholesterol avail-
ability to mTORC1.
In cultured human embryonic kidney (HEK)

293T cells, depletion of cellular cholesterol with
methyl-b cyclodextrin (MCD) suppressedmTORC1
signaling, as measured by loss of phosphorylation
of mTORC1 substrates S6-kinase 1 (S6K1, Thr389)
and 4E-binding protein 1 (4E-BP1, Ser65), whereas
exposure of cells to exogenous LDL reactivated
mTORC1 in a dose-dependentmanner (Fig. 1A).
LDL-mediated mTORC1 activation occurred in
a time-dependent manner and peaked at 1 hour
(Fig. 1B, top). This lag correlated with the time
required for fluorescently labeled LDL particles
to accumulate in the lysosome after endocytosis
(Fig. 1B, bottom). PrecomplexedMCD and choles-
terol at a 1:1 molar ratio is a commonly used
method to deliver cholesterol tomembranes (18).
Treatment of sterol-depleted cells with MCD:
cholesterol for 1 hour activated mTORC1 sig-
naling with a potency comparable with that of
LDL in HEK-293T cells, Chinese hamster ovary
(CHO) cells, and mouse embryonic fibroblasts
(MEFs) (Fig. 1C and fig. S1A). As an additional
readout of mTORC1 activity, we visualized the
subcellular localization of green fluorescent
protein (GFP)–tagged transcription factor EB
(TFEB), which translocates to the nucleus upon
mTORC1 inactivation (12). In HEK-293T and
CHO cells stably expressing TFEB-GFP that were
sterol-depleted, TFEBwas found primarily in the
nucleus, whereas in cells refed with LDL orMCD:
cholesterol, TFEB redistributed in the cytoplasm
consistent with mTORC1 reactivation (Fig. 1, D
and E, and fig. S1B).
The stimulatory effect of cholesterol toward

mTORC1 appeared to be highly specific because
it could not be recapitulated by treating sterol-
depleted cells with high concentrations of var-
ious oxysterols, sterol-related compounds, or
with oleic acid, a fatty acid found in LDL (19)
(fig. S1, A, C, and D). Moreover, inhibiting en-
dogenous cholesterol synthesis with mevastatin
also suppressed mTORC1 signaling, which fully
recovered after washout of the drug for 1 hour
(fig. S1E).
Changes in cholesterol levels can alter the ac-

tivity of signaling pathways originating at the
plasma membrane such as phosphoinositide-3
kinase (PI3K) and the protein kinase Akt, which
acts upstream of mTORC1 (4, 12). However, in
MEFs in which PI3K-Akt input to mTORC1 is
constitutively active owing to lack of the Tuberous
Sclerosis Complex 2 (TSC2) gene (15, 20), sterol
depletion still inhibited mTORC1 in a dose-
dependent manner (fig. S2A). Thus, cholesterol
concentrations affect mTORC1 activity through
a mechanism that is, at least in part, distinct from
growth factor signaling.
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SIGNAL TRANSDUCTION

Lysosomal GPCR-like protein LYCHOS signals
cholesterol sufficiency to mTORC1
Hijai R. Shin1,2, Y. Rose Citron1,2†, Lei Wang3†‡, Laura Tribouillard4, Claire S. Goul1,2, Robin Stipp1,2,
Yusuke Sugasawa5, Aakriti Jain1,2, Nolwenn Samson4, Chun-Yan Lim1,2, Oliver B. Davis1,2,
David Castaneda-Carpio1,2, Mingxing Qian6, Daniel K. Nomura1,7, Rushika M. Perera8, Eunyong Park1,
Douglas F. Covey9,10, Mathieu Laplante4, Alex S. Evers3,9,10, Roberto Zoncu1,2*

Lysosomes coordinate cellular metabolism and growth upon sensing of essential nutrients, including
cholesterol. Through bioinformatic analysis of lysosomal proteomes, we identified lysosomal cholesterol
signaling (LYCHOS, previously annotated as G protein–coupled receptor 155), a multidomain
transmembrane protein that enables cholesterol-dependent activation of the master growth regulator,
the protein kinase mechanistic target of rapamycin complex 1 (mTORC1). Cholesterol bound to the
amino-terminal permease-like region of LYCHOS, and mutating this site impaired mTORC1 activation. At
high cholesterol concentrations, LYCHOS bound to the GATOR1 complex, a guanosine triphosphatase
(GTPase)–activating protein for the Rag GTPases, through a conserved cytoplasm-facing loop. By
sequestering GATOR1, LYCHOS promotes cholesterol- and Rag-dependent recruitment of mTORC1 to
lysosomes. Thus, LYCHOS functions in a lysosomal pathway for cholesterol sensing and couples
cholesterol concentrations to mTORC1-dependent anabolic signaling.

C
holesterol, an essential building block
for membrane biogenesis, is also a sig-
nalingmolecule that regulates embryonic
development and numerous physiologi-
cal processes by acting either as a ligand

or as a precursor for oxysterols and steroid
hormones. Aberrant amounts and activity of
cholesterol are associated with pathological
conditions such as obesity, atherosclerosis,
infertility, and cancer, making its accurate
sensing essential (1, 2). For example, dedi-
catedmachinery on the endoplasmic reticulum
(ER) senses local cholesterol concentrations
and, in response, fine-tunes the rate of choles-
terol synthesis and uptake (3, 4).
In actively proliferating cells, including

cancer cells, the phosphatidylinositol 3-kinase
(PI3K)–AKT–mechanistic target of rapamycin
complex 1 (mTORC1) pathway stimulates both
de novo cholesterol synthesis and uptake to

meet the increased demand for both cholesterol
itself and its growth-promoting biosynthetic
intermediates (5–7). However, where in the
cell and how cholesterol abundance is sig-
naled to growth-regulating pathways are not
well understood.
The lysosome is a key nutrient-sensing cen-

ter for the cell (6). At the lysosome, the master
growth regulator protein kinase, mTORC1, in-
tegrates many environmental signals, includ-
ing nutrients, growth factors, energy, oxygen
and stress and, in response, triggers down-
stream anabolic programs that increase cell
mass (8). When intracellular concentrations
of nutrients, including cholesterol, are increased,
mTORC1 localizes to the lysosomal membrane,
where it contacts the small guanosine tri-
phosphatase (GTPase) Rheb, which activates
mTORC1 kinase function (8–10). Conversely,
when nutrient abundance is low, mTORC1
relocalizes to the cytosol, where it remains
inactive until nutrient concentrations are
restored.
Multiple proteins control the nutrient-

dependent localization of mTORC1 to the
lysosome. The Rag GTPases are heterodimers
composed of either RagA or RagB in complex
with either RagC or RagD (11, 12). A key event
when nutrients are plentiful is the loading
of RagA or B with GTP, which enables it to
physically bind to mTORC1 and anchor it to
the lysosomal membrane (8, 13, 14). In turn,
the nucleotide state of RagA or B is controlled
by other lysosome-associated proteins. The
GATOR1 complex is a dedicated GTPase-
activating protein (GAP) for RagA. When
nutrient concentrations are low, GATOR1
triggers GTP hydrolysis on RagA, thereby pro-
moting the inactive state of the Rag GTPase
complex that leads to cytoplasmic relocaliza-

tion and inactivation of mTORC1 (15, 16). This
negative regulatory activity of GATOR1 is
countered by the amino acids leucine, arginine,
and methionine, through dedicated sensors
that inhibit the GAP activity of GATOR1 either
directly or via a second complex known as
GATOR2 (8). Whether cholesterol regulates
the GAP activity of GATOR1 toward RagA is
unknown but, consistent with this possibil-
ity, genetic inactivation of GATOR1 renders
mTORC1 constitutively active even if choles-
terol concentrations are low (17).
In cells and in vitro, cholesterol on the

lysosomal limiting membrane directly par-
ticipates in the recruitment and activation
of mTORC1. This cholesterol pool is highly
regulated: The sterol carrier, oxysterol bind-
ing protein (OSBP), localizes at ER–lysosome
membrane contact sites, where it transfers
cholesterol from the ER to the lysosome to
enablemTORC1 activation (1, 6, 17). Conversely,
the cholesterol transporter Niemann-Pick C1
(NPC1) promotes export of cholesterol from the
lysosomal surface, thereby inhibiting mTORC1
signaling (10, 17).
How cholesterol interacts with themTORC1-

scaffolding machinery is not well understood.
Various cholesterol pools coexist at the lyso-
somal membrane, one derived from low-
density lipoprotein (LDL), another deposited
across membrane contact sites (17). Moreover,
the concentration of cholesterol likely varies
across different regions of the lysosomalmem-
brane and as a function ofmetabolic states (18).
Thus, like sensing of amino acids, cholesterol
sensing may rely on multiple cholesterol-
sensing factors with distinct localization, affinity
for the sterol ligand, and upstream regulatory
mechanisms. One important player is the
lysosomal transmembrane protein, SLC38A9
(19, 20), which participates in cholesterol-
dependent activation of mTORC1 through
conserved sterol-interacting motifs within
its transmembrane domains (10). However,
SLC38A9 primarily relays arginine abundance
to mTORC1, whereas a dedicated sensor for
cholesterol remains to be identified.
More generally, it is likely that the lysosome

has as yet undiscovered nutrient sensors that
could regulate cellular metabolism through
mTORC1-dependent or independent pathways.
Identifying putative nutrient sensors can be
challenging, because they generally have weak
interactions with their cognate metabolites
and have diverse domain composition and
topologies (21). Building on recent advances
in immunoisolation and proteomic profiling
of lysosomes combined with a robust bioin-
formatic pipeline that identifies and priori-
tizes putative signaling proteins, we identified
GPR155, which we rename lysosomal choles-
terol sensing (LYCHOS) protein, as a candi-
date lysosomal cholesterol sensor that controls
signaling functions of this organelle.
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The nucleotide-binding state of the Rags is controlled by protein complexes including the Ragulator, a GEF for RagA and RagB; and 
GATOR1, a GAP for RagA and RagB.  

Cholesterol binds to SLC38A9 and regulates the Ragulator-Rag GTPase complex.  

Cholesterol is also sensed by the GPCR LYCHOS; when cholesterol is high, LYCHOS activates mTORC1 activity by sequestering 
GATOR1



Because the lysosome is the site of mTORC1
activation, we tested whether global sterol de-
pletion via MCD led to changes in the lysosomal
cholesterol pool. Indeed, mass spectrometry anal-

ysis of intact lysosomes immunopurified from
HEK-293T cells stably expressing an affinity tag
composed of the lysosomal transmembrane pro-
tein LAMP1 (lysosome-associated membrane pro-

tein 1) and fused to monomeric red fluorescent
protein (mRFP) and FLAGX2 (LRF) (Fig. 1F, top)
(21) showed that MCD treatment led to a 60%
decrease in lysosomal cholesterol compared with
unstarved cells. Steady-state levels of cholesterol
in the lysosome were restored upon refeeding
with MCD:cholesterol for 1 hour (Fig. 1F, bot-
tom). Thus, the lysosomal cholesterol pool is in
rapid equilibrium with the plasma membrane
pool and reflects global changes in cellular sterol
levels (18).
On the basis of these results, we examined

whether cholesterol affects mTORC1 localization
to the lysosomal surface, a step regulated by the
nucleotide state of the Rag GTPases and by their
scaffold, the Ragulator complex (10, 12). Manip-
ulating cholesterol levels did not disrupt the
integrity of the Ragulator-Rag GTPase complex
because RagC and the Ragulator subunit p18
localized to LAMP2-containing lysosomes irre-
spective of cholesterol status (Fig. 1, G and I,
and fig. S2B). In contrast, cholesterol depletion
caused the dissociation of mTOR from LAMP2-
positive lysosomes, whereas restimulation with
either MCD:cholesterol or LDL restored coloc-
alization of mTOR and LAMP2 (Fig. 1, H and I,
and fig. S2C). Although this pattern was remi-
niscent of that induced by amino acid starvation
and refeeding (10, 11, 21), manipulation of chol-
esterol levels did not significantly alter intra-
cellular amino acid levels (fig. S3A). Collectively,
these results indicate that lysosomal cholesterol
functions upstream of the mTORC1 scaffolding
complex independently of amino acids.
To determine whether cholesterol regulates

the Rag GTPases, we used a coimmunoprecipi-
tation assay that reads out the activation state
of Rag GTPases as a function of their affinity
for Ragulator. The Ragulator-Rag GTPase in-
teraction is weakened by amino acids. This ef-
fect is thought to reflect GTP loading of RagA or
RagB by Ragulator, enabling RagA/B to bind to
mTORC1 (21, 22). In HEK-293T cells that were
cholesterol-depleted and then restimulated with
MCD:cholesterol, FLAG-tagged Ragulator sub-
unit p14 bound to endogenous RagA and RagC
more weakly than in cholesterol-depleted cells
(Fig. 2A). Thus, cholesterol has the same activat-
ing effect as amino acids on the mTORC1 scaf-
folding complex.
We reconstituted cholesterol signaling in vitro

by modifying a cell-free assay that monitors ami-
no acid–dependent activation of the Rag GTPases
(Fig. 2B and fig. S4A) (21). Light organelle frac-
tions from HEK-293T cells stably expressing FLAG-
p14 were treated with recombinant cholesterol
oxidase, a bacterial enzyme that converts cho-
lesterol into cholest-4-en-3-one, effectively de-
pleting cholesterol from the lysosomal limiting
membrane (Fig. 2B) (23). Cholest-4-en-3-one
failed to activate mTORC1 signaling when de-
livered to HEK-293T cells (fig. S1D). Conversion
of cholesterol to cholest-4-en-3-one in vitro en-
hanced the binding of FLAG-p14 to RagA and
RagC, which is consistent with Rag GTPase in-
activation (Fig. 2C). The increased association
of p14 with RagA and RagC was blocked by free
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Fig. 1. Lysosomal cholesterol stimulates mTORC1 recruitment and signaling. (A) Dose-
dependent activation of mTORC1 by LDL. HEK-293T cells were depleted of sterol with methyl-b
cyclodextrin (MCD, 0.5% w/v) for 2 hours and stimulated for 2 hours with various concentrations (0
to 100 mg/ml) of LDL. Cell lysates were analyzed for phosphorylation status of S6K1 (T389) and 4E-
BP1 (S65) and for total protein abundance. (B) (Top) Time-dependent activation of mTORC1 by LDL.
HEK-293T cells were depleted of sterol for 2 hours and restimulated with LDL (50 mg/ml) for the
indicated times. Cell lysates were analyzed for phosphorylation status of S6K (T389). (Bottom)
Time-course of LDL delivery to the lysosome. Cells stably expressing LAMP1-mRFP-FLAGX2 (LRF)
were treated with boron-dipyrromethene (BODIPY)–LDL for the indicated times. Scale bar, 0.5 mm
(C) Activation of mTORC1 signaling by cholesterol. HEK-293T cells were depleted of sterol for 2 hours
and, where indicated, restimulated for 2 hours with 50 mM MCD:cholesterol or with 50 mg/ml LDLwhere
indicated. Phosphorylation of S6K1 and 4E-BP1 are shown. (D) Regulation of TFEB nuclear localization
by cholesterol. HEK-293Tcells stably expressing TFEB-GFP were depleted of sterol and, where indicated,
restimulated with LDL (50 mg/ml). Scale bar, 10 mm. (E) Quantification of TFEB-GFP localization from
(D). Shown are mean + SD; n = 800 cells; analysis of variance (ANOVA), P < 0.0001, followed by Tukey’s
t test, ****P < 0.0001. (F) (Top) Lysosomes from LRF-expressing HEK-293Tcells were immunocaptured
onto FLAG affinity beads. (Bottom) Mass spectrometry measurement of unesterified cholesterol in
immunocaptured lysosomes from LRF-expressing HEK-293T cells subjected to the indicated treat-
ments. Shown are mean + SD; n = 4 samples per condition; ANOVA, P < 0.05, followed by Tukey’s t test,
*P < 0.05 (G) Cholesterol status does not affect Ragulator localization to LAMP2-positive lysosomes.
HEK-293Tcells were subjected to the indicated treatments, followed by immunofluorescence for endogenous
p18 and LAMP2. Scale bar, 10 mm. (H) Cholesterol regulates mTORC1 recruitment to LAMP2-positive
lysosomes. HEK-293Tcells were subjected to the indicated treatments, followed by immunofluorescence
for endogenous mTOR and LAMP2. Scale bar, 10 mm. (I) Quantification of RagC-LAMP2, p18-LAMP2, and
mTOR-LAMP2 colocalization under cholesterol-depleted and cholesterol-stimulated conditions. Shown are
mean + SD; n = 15 cells per condition; ANOVA, P < 0.0001, followed by Tukey’s t test, ***P < 0.001.

RESEARCH | REPORT

+C
ho

REPORT
◥

CHOLESTEROL SENSING

Lysosomal cholesterol activates
mTORC1 via an SLC38A9–Niemann-
Pick C1 signaling complex
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The mechanistic target of rapamycin complex 1 (mTORC1) protein kinase is a master
growth regulator that becomes activated at the lysosome in response to nutrient cues.
Here, we identify cholesterol, an essential building block for cellular growth, as a nutrient
input that drives mTORC1 recruitment and activation at the lysosomal surface. The
lysosomal transmembrane protein, SLC38A9, is required for mTORC1 activation by
cholesterol through conserved cholesterol-responsive motifs. Moreover, SLC38A9 enables
mTORC1 activation by cholesterol independently from its arginine-sensing function.
Conversely, the Niemann-Pick C1 (NPC1) protein, which regulates cholesterol export from
the lysosome, binds to SLC38A9 and inhibits mTORC1 signaling through its sterol
transport function. Thus, lysosomal cholesterol drives mTORC1 activation and growth
signaling through the SLC38A9-NPC1 complex.

C
holesterol is an essential building block for
membrane biogenesis, and rapidly prolif-
erating cells rely on enhanced cholesterol
synthesis anduptake to sustain their growth
(1). Eukaryotic cells have evolved specialized

proteinmachinery that senses cholesterol and ad-
justs the rate of cholesterol synthesis and uptake
tomatch the cell’s specific metabolic needs (2, 3).
Whether direct cholesterol-sensing extends beyond
the control of its own synthesis and, specifically,
whether it signals to pathways that regulate the
control of cellular growth and proliferation is cur-
rently uncertain (4, 5).
The lysosome is a major sorting station for die-

tary cholesterol. Low-density lipoproteins (LDLs)
carryingdietary cholesterol and fatty acids enter the
cell through receptor-mediatedendocytosis and are
disassembled in the lysosomal lumen (3). A sterol
transport system composed of the Niemann-Pick
C1 (NPC1) and NPC2 proteins localize specifically
at the late endosome or lysosome, where it binds

free cholesterol and mediates its export to diverse
cellular compartments, including the plasma mem-
brane and the endoplasmic reticulum (ER), through
mechanisms that remain poorly understood (6).
The sterol trafficking function of NPC1 is essen-
tial for the correct execution of numerous cellu-
lar activities, and its inactivation results in a lipid
storage disorder, Niemann-Pick type C, which
is characterized by spleen and liver dysfunction
and neurodegeneration (7, 8).
The lysosome has also emerged as the cellular

site where the master growth regulator, mech-
anistic target of rapamycin complex 1 (mTORC1)
kinase, is activated. Nutrient signals carried by
free amino acids and glucose regulate mTORC1
activation through the Rag guanosine triphos-
phatases (GTPases). The RagGTPases are obligate
heterodimers of Rag A or B in complex with Rag
CorD.GTP loading ofRagAorB and concomitant
GTP hydrolysis by Rag C or D are thought to en-
able the Rag heterodimer to physically bind to
mTORC1 and anchor it to the lysosomal surface
(9–11). At the lysosome, another GTPase known as
Rheb triggers the kinase activity of mTORC1 and
enables substrate phosphorylation (11–13).
mTORC1 drives the synthesis of fatty acids and

sterols by increasing the expression and proteo-
lytic processing of themaster lipogenic transcrip-
tion factors, sterol regulatory element–binding
protein 1c (SREBP1c) and SREBP2 (14, 15), pro-
moting cell proliferation (16). Proliferating cells
also actively take up exogenous lipids in the form
of LDL (1, 3). Given the central role ofmTORC1 in
promoting lipid biosynthesis, it is reasonable that
dietary lipids should feed back on mTORC1 ac-

tivation. Accordingly, a high-fat diet (HFD) stim-
ulates mTORC1 activity inmice (16, 17). However,
whether and how mTORC1 senses dietary lip-
ids in a cell-autonomous manner remains un-
clear (4). Given the dual role of the lysosome as
a nutrient gateway and a signaling platform for
mTORC1 activation, we tested whether the lyso-
somal membrane contains dedicated machinery
that senses and communicates cholesterol avail-
ability to mTORC1.
In cultured human embryonic kidney (HEK)

293T cells, depletion of cellular cholesterol with
methyl-b cyclodextrin (MCD) suppressedmTORC1
signaling, as measured by loss of phosphorylation
of mTORC1 substrates S6-kinase 1 (S6K1, Thr389)
and 4E-binding protein 1 (4E-BP1, Ser65), whereas
exposure of cells to exogenous LDL reactivated
mTORC1 in a dose-dependentmanner (Fig. 1A).
LDL-mediated mTORC1 activation occurred in
a time-dependent manner and peaked at 1 hour
(Fig. 1B, top). This lag correlated with the time
required for fluorescently labeled LDL particles
to accumulate in the lysosome after endocytosis
(Fig. 1B, bottom). PrecomplexedMCD and choles-
terol at a 1:1 molar ratio is a commonly used
method to deliver cholesterol tomembranes (18).
Treatment of sterol-depleted cells with MCD:
cholesterol for 1 hour activated mTORC1 sig-
naling with a potency comparable with that of
LDL in HEK-293T cells, Chinese hamster ovary
(CHO) cells, and mouse embryonic fibroblasts
(MEFs) (Fig. 1C and fig. S1A). As an additional
readout of mTORC1 activity, we visualized the
subcellular localization of green fluorescent
protein (GFP)–tagged transcription factor EB
(TFEB), which translocates to the nucleus upon
mTORC1 inactivation (12). In HEK-293T and
CHO cells stably expressing TFEB-GFP that were
sterol-depleted, TFEBwas found primarily in the
nucleus, whereas in cells refed with LDL orMCD:
cholesterol, TFEB redistributed in the cytoplasm
consistent with mTORC1 reactivation (Fig. 1, D
and E, and fig. S1B).
The stimulatory effect of cholesterol toward

mTORC1 appeared to be highly specific because
it could not be recapitulated by treating sterol-
depleted cells with high concentrations of var-
ious oxysterols, sterol-related compounds, or
with oleic acid, a fatty acid found in LDL (19)
(fig. S1, A, C, and D). Moreover, inhibiting en-
dogenous cholesterol synthesis with mevastatin
also suppressed mTORC1 signaling, which fully
recovered after washout of the drug for 1 hour
(fig. S1E).
Changes in cholesterol levels can alter the ac-

tivity of signaling pathways originating at the
plasma membrane such as phosphoinositide-3
kinase (PI3K) and the protein kinase Akt, which
acts upstream of mTORC1 (4, 12). However, in
MEFs in which PI3K-Akt input to mTORC1 is
constitutively active owing to lack of the Tuberous
Sclerosis Complex 2 (TSC2) gene (15, 20), sterol
depletion still inhibited mTORC1 in a dose-
dependent manner (fig. S2A). Thus, cholesterol
concentrations affect mTORC1 activity through
a mechanism that is, at least in part, distinct from
growth factor signaling.
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Because the lysosome is the site of mTORC1
activation, we tested whether global sterol de-
pletion via MCD led to changes in the lysosomal
cholesterol pool. Indeed, mass spectrometry anal-

ysis of intact lysosomes immunopurified from
HEK-293T cells stably expressing an affinity tag
composed of the lysosomal transmembrane pro-
tein LAMP1 (lysosome-associated membrane pro-

tein 1) and fused to monomeric red fluorescent
protein (mRFP) and FLAGX2 (LRF) (Fig. 1F, top)
(21) showed that MCD treatment led to a 60%
decrease in lysosomal cholesterol compared with
unstarved cells. Steady-state levels of cholesterol
in the lysosome were restored upon refeeding
with MCD:cholesterol for 1 hour (Fig. 1F, bot-
tom). Thus, the lysosomal cholesterol pool is in
rapid equilibrium with the plasma membrane
pool and reflects global changes in cellular sterol
levels (18).
On the basis of these results, we examined

whether cholesterol affects mTORC1 localization
to the lysosomal surface, a step regulated by the
nucleotide state of the Rag GTPases and by their
scaffold, the Ragulator complex (10, 12). Manip-
ulating cholesterol levels did not disrupt the
integrity of the Ragulator-Rag GTPase complex
because RagC and the Ragulator subunit p18
localized to LAMP2-containing lysosomes irre-
spective of cholesterol status (Fig. 1, G and I,
and fig. S2B). In contrast, cholesterol depletion
caused the dissociation of mTOR from LAMP2-
positive lysosomes, whereas restimulation with
either MCD:cholesterol or LDL restored coloc-
alization of mTOR and LAMP2 (Fig. 1, H and I,
and fig. S2C). Although this pattern was remi-
niscent of that induced by amino acid starvation
and refeeding (10, 11, 21), manipulation of chol-
esterol levels did not significantly alter intra-
cellular amino acid levels (fig. S3A). Collectively,
these results indicate that lysosomal cholesterol
functions upstream of the mTORC1 scaffolding
complex independently of amino acids.
To determine whether cholesterol regulates

the Rag GTPases, we used a coimmunoprecipi-
tation assay that reads out the activation state
of Rag GTPases as a function of their affinity
for Ragulator. The Ragulator-Rag GTPase in-
teraction is weakened by amino acids. This ef-
fect is thought to reflect GTP loading of RagA or
RagB by Ragulator, enabling RagA/B to bind to
mTORC1 (21, 22). In HEK-293T cells that were
cholesterol-depleted and then restimulated with
MCD:cholesterol, FLAG-tagged Ragulator sub-
unit p14 bound to endogenous RagA and RagC
more weakly than in cholesterol-depleted cells
(Fig. 2A). Thus, cholesterol has the same activat-
ing effect as amino acids on the mTORC1 scaf-
folding complex.
We reconstituted cholesterol signaling in vitro

by modifying a cell-free assay that monitors ami-
no acid–dependent activation of the Rag GTPases
(Fig. 2B and fig. S4A) (21). Light organelle frac-
tions from HEK-293T cells stably expressing FLAG-
p14 were treated with recombinant cholesterol
oxidase, a bacterial enzyme that converts cho-
lesterol into cholest-4-en-3-one, effectively de-
pleting cholesterol from the lysosomal limiting
membrane (Fig. 2B) (23). Cholest-4-en-3-one
failed to activate mTORC1 signaling when de-
livered to HEK-293T cells (fig. S1D). Conversion
of cholesterol to cholest-4-en-3-one in vitro en-
hanced the binding of FLAG-p14 to RagA and
RagC, which is consistent with Rag GTPase in-
activation (Fig. 2C). The increased association
of p14 with RagA and RagC was blocked by free
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Fig. 1. Lysosomal cholesterol stimulates mTORC1 recruitment and signaling. (A) Dose-
dependent activation of mTORC1 by LDL. HEK-293T cells were depleted of sterol with methyl-b
cyclodextrin (MCD, 0.5% w/v) for 2 hours and stimulated for 2 hours with various concentrations (0
to 100 mg/ml) of LDL. Cell lysates were analyzed for phosphorylation status of S6K1 (T389) and 4E-
BP1 (S65) and for total protein abundance. (B) (Top) Time-dependent activation of mTORC1 by LDL.
HEK-293T cells were depleted of sterol for 2 hours and restimulated with LDL (50 mg/ml) for the
indicated times. Cell lysates were analyzed for phosphorylation status of S6K (T389). (Bottom)
Time-course of LDL delivery to the lysosome. Cells stably expressing LAMP1-mRFP-FLAGX2 (LRF)
were treated with boron-dipyrromethene (BODIPY)–LDL for the indicated times. Scale bar, 0.5 mm
(C) Activation of mTORC1 signaling by cholesterol. HEK-293T cells were depleted of sterol for 2 hours
and, where indicated, restimulated for 2 hours with 50 mM MCD:cholesterol or with 50 mg/ml LDLwhere
indicated. Phosphorylation of S6K1 and 4E-BP1 are shown. (D) Regulation of TFEB nuclear localization
by cholesterol. HEK-293Tcells stably expressing TFEB-GFP were depleted of sterol and, where indicated,
restimulated with LDL (50 mg/ml). Scale bar, 10 mm. (E) Quantification of TFEB-GFP localization from
(D). Shown are mean + SD; n = 800 cells; analysis of variance (ANOVA), P < 0.0001, followed by Tukey’s
t test, ****P < 0.0001. (F) (Top) Lysosomes from LRF-expressing HEK-293Tcells were immunocaptured
onto FLAG affinity beads. (Bottom) Mass spectrometry measurement of unesterified cholesterol in
immunocaptured lysosomes from LRF-expressing HEK-293T cells subjected to the indicated treat-
ments. Shown are mean + SD; n = 4 samples per condition; ANOVA, P < 0.05, followed by Tukey’s t test,
*P < 0.05 (G) Cholesterol status does not affect Ragulator localization to LAMP2-positive lysosomes.
HEK-293Tcells were subjected to the indicated treatments, followed by immunofluorescence for endogenous
p18 and LAMP2. Scale bar, 10 mm. (H) Cholesterol regulates mTORC1 recruitment to LAMP2-positive
lysosomes. HEK-293Tcells were subjected to the indicated treatments, followed by immunofluorescence
for endogenous mTOR and LAMP2. Scale bar, 10 mm. (I) Quantification of RagC-LAMP2, p18-LAMP2, and
mTOR-LAMP2 colocalization under cholesterol-depleted and cholesterol-stimulated conditions. Shown are
mean + SD; n = 15 cells per condition; ANOVA, P < 0.0001, followed by Tukey’s t test, ***P < 0.001.
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The mechanistic target of rapamycin complex 1 (mTORC1) protein kinase is a master
growth regulator that becomes activated at the lysosome in response to nutrient cues.
Here, we identify cholesterol, an essential building block for cellular growth, as a nutrient
input that drives mTORC1 recruitment and activation at the lysosomal surface. The
lysosomal transmembrane protein, SLC38A9, is required for mTORC1 activation by
cholesterol through conserved cholesterol-responsive motifs. Moreover, SLC38A9 enables
mTORC1 activation by cholesterol independently from its arginine-sensing function.
Conversely, the Niemann-Pick C1 (NPC1) protein, which regulates cholesterol export from
the lysosome, binds to SLC38A9 and inhibits mTORC1 signaling through its sterol
transport function. Thus, lysosomal cholesterol drives mTORC1 activation and growth
signaling through the SLC38A9-NPC1 complex.

C
holesterol is an essential building block for
membrane biogenesis, and rapidly prolif-
erating cells rely on enhanced cholesterol
synthesis anduptake to sustain their growth
(1). Eukaryotic cells have evolved specialized

proteinmachinery that senses cholesterol and ad-
justs the rate of cholesterol synthesis and uptake
tomatch the cell’s specific metabolic needs (2, 3).
Whether direct cholesterol-sensing extends beyond
the control of its own synthesis and, specifically,
whether it signals to pathways that regulate the
control of cellular growth and proliferation is cur-
rently uncertain (4, 5).
The lysosome is a major sorting station for die-

tary cholesterol. Low-density lipoproteins (LDLs)
carryingdietary cholesterol and fatty acids enter the
cell through receptor-mediatedendocytosis and are
disassembled in the lysosomal lumen (3). A sterol
transport system composed of the Niemann-Pick
C1 (NPC1) and NPC2 proteins localize specifically
at the late endosome or lysosome, where it binds

free cholesterol and mediates its export to diverse
cellular compartments, including the plasma mem-
brane and the endoplasmic reticulum (ER), through
mechanisms that remain poorly understood (6).
The sterol trafficking function of NPC1 is essen-
tial for the correct execution of numerous cellu-
lar activities, and its inactivation results in a lipid
storage disorder, Niemann-Pick type C, which
is characterized by spleen and liver dysfunction
and neurodegeneration (7, 8).
The lysosome has also emerged as the cellular

site where the master growth regulator, mech-
anistic target of rapamycin complex 1 (mTORC1)
kinase, is activated. Nutrient signals carried by
free amino acids and glucose regulate mTORC1
activation through the Rag guanosine triphos-
phatases (GTPases). The RagGTPases are obligate
heterodimers of Rag A or B in complex with Rag
CorD.GTP loading ofRagAorB and concomitant
GTP hydrolysis by Rag C or D are thought to en-
able the Rag heterodimer to physically bind to
mTORC1 and anchor it to the lysosomal surface
(9–11). At the lysosome, another GTPase known as
Rheb triggers the kinase activity of mTORC1 and
enables substrate phosphorylation (11–13).
mTORC1 drives the synthesis of fatty acids and

sterols by increasing the expression and proteo-
lytic processing of themaster lipogenic transcrip-
tion factors, sterol regulatory element–binding
protein 1c (SREBP1c) and SREBP2 (14, 15), pro-
moting cell proliferation (16). Proliferating cells
also actively take up exogenous lipids in the form
of LDL (1, 3). Given the central role ofmTORC1 in
promoting lipid biosynthesis, it is reasonable that
dietary lipids should feed back on mTORC1 ac-

tivation. Accordingly, a high-fat diet (HFD) stim-
ulates mTORC1 activity inmice (16, 17). However,
whether and how mTORC1 senses dietary lip-
ids in a cell-autonomous manner remains un-
clear (4). Given the dual role of the lysosome as
a nutrient gateway and a signaling platform for
mTORC1 activation, we tested whether the lyso-
somal membrane contains dedicated machinery
that senses and communicates cholesterol avail-
ability to mTORC1.
In cultured human embryonic kidney (HEK)

293T cells, depletion of cellular cholesterol with
methyl-b cyclodextrin (MCD) suppressedmTORC1
signaling, as measured by loss of phosphorylation
of mTORC1 substrates S6-kinase 1 (S6K1, Thr389)
and 4E-binding protein 1 (4E-BP1, Ser65), whereas
exposure of cells to exogenous LDL reactivated
mTORC1 in a dose-dependentmanner (Fig. 1A).
LDL-mediated mTORC1 activation occurred in
a time-dependent manner and peaked at 1 hour
(Fig. 1B, top). This lag correlated with the time
required for fluorescently labeled LDL particles
to accumulate in the lysosome after endocytosis
(Fig. 1B, bottom). PrecomplexedMCD and choles-
terol at a 1:1 molar ratio is a commonly used
method to deliver cholesterol tomembranes (18).
Treatment of sterol-depleted cells with MCD:
cholesterol for 1 hour activated mTORC1 sig-
naling with a potency comparable with that of
LDL in HEK-293T cells, Chinese hamster ovary
(CHO) cells, and mouse embryonic fibroblasts
(MEFs) (Fig. 1C and fig. S1A). As an additional
readout of mTORC1 activity, we visualized the
subcellular localization of green fluorescent
protein (GFP)–tagged transcription factor EB
(TFEB), which translocates to the nucleus upon
mTORC1 inactivation (12). In HEK-293T and
CHO cells stably expressing TFEB-GFP that were
sterol-depleted, TFEBwas found primarily in the
nucleus, whereas in cells refed with LDL orMCD:
cholesterol, TFEB redistributed in the cytoplasm
consistent with mTORC1 reactivation (Fig. 1, D
and E, and fig. S1B).
The stimulatory effect of cholesterol toward

mTORC1 appeared to be highly specific because
it could not be recapitulated by treating sterol-
depleted cells with high concentrations of var-
ious oxysterols, sterol-related compounds, or
with oleic acid, a fatty acid found in LDL (19)
(fig. S1, A, C, and D). Moreover, inhibiting en-
dogenous cholesterol synthesis with mevastatin
also suppressed mTORC1 signaling, which fully
recovered after washout of the drug for 1 hour
(fig. S1E).
Changes in cholesterol levels can alter the ac-

tivity of signaling pathways originating at the
plasma membrane such as phosphoinositide-3
kinase (PI3K) and the protein kinase Akt, which
acts upstream of mTORC1 (4, 12). However, in
MEFs in which PI3K-Akt input to mTORC1 is
constitutively active owing to lack of the Tuberous
Sclerosis Complex 2 (TSC2) gene (15, 20), sterol
depletion still inhibited mTORC1 in a dose-
dependent manner (fig. S2A). Thus, cholesterol
concentrations affect mTORC1 activity through
a mechanism that is, at least in part, distinct from
growth factor signaling.
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Fig. S5. SLC38A9 interacts with cholesterol and is required for mTORC1 activation in response to cholesterol 
(A) Alignment of transmembrane helix 8 (TM8) of SLC38A9 with other members of the SLC38 transporter family. The red boxes 
highlight essential Phe 449 and Tyr 460 within the CARC and CRAC domains, respectively. (B) Schematic of the cholesterol-
photoactivation assay. Human fibroblast cells stably expressing FLAG-SLC38A9 are treated with the photoactivatable cholesterol 
analogue LKM-38, followed by UV-crosslinking, FLAG immunoprecipitation and clicking to rhodamine-X azide (ROX). (C) Cross-
linking of the photoactivatable-cholesterol analogue LKM-38 to FLAG-SLC38A9 as described in (B), in the presence of increasing 
amounts of competing native cholesterol. The FLAG blot shows the immunoprecipitated FLAG-SLC38A9 in each condition  (D) 
Quantification of 3 independent sterol cross-linking experiments as described in (C). Shown are mean + SD. N=3 samples/condition. 
ANOVA: p < 0.0001 followed by Tukey’s t-test: **p < 0.01, ****p < 0.0001. (E) HEK-293T cells were sterol-depleted for 2h and, 
where indicated, restimulated for 1h with identical concentrations of the indicated sterol-related ligands. Cell lysates were analyzed for 
phosphorylation status of S6K1.  (F) HEK-293T cells treated with a non-targeting siRNA or with a siRNA pool against SLC38A9 
were sterol-depleted for 2h and, where indicated, restimulated with LDL for 1h. Cell lysates were immunoblotted for the indicated 
proteins and phospho-proteins. (G) SLC38A9-deleted HEK-293T cells re-expressing wild-type or Y460I-mutated FLAG-SLC38A9 
were subjected to the indicated treatments, followed by immunofluorescence for endogenous mTOR and LAMP2. Scale bar, 10μm.  
(H) Quantification of mTOR-LAMP2 co-localization from the experiment in (E). Shown are mean + SD. N=15 cells/condition. 
ANOVA: p < 0.0001 followed by Tukey’s t-test: ****p < 0.0001. 
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Because the lysosome is the site of mTORC1
activation, we tested whether global sterol de-
pletion via MCD led to changes in the lysosomal
cholesterol pool. Indeed, mass spectrometry anal-

ysis of intact lysosomes immunopurified from
HEK-293T cells stably expressing an affinity tag
composed of the lysosomal transmembrane pro-
tein LAMP1 (lysosome-associated membrane pro-

tein 1) and fused to monomeric red fluorescent
protein (mRFP) and FLAGX2 (LRF) (Fig. 1F, top)
(21) showed that MCD treatment led to a 60%
decrease in lysosomal cholesterol compared with
unstarved cells. Steady-state levels of cholesterol
in the lysosome were restored upon refeeding
with MCD:cholesterol for 1 hour (Fig. 1F, bot-
tom). Thus, the lysosomal cholesterol pool is in
rapid equilibrium with the plasma membrane
pool and reflects global changes in cellular sterol
levels (18).
On the basis of these results, we examined

whether cholesterol affects mTORC1 localization
to the lysosomal surface, a step regulated by the
nucleotide state of the Rag GTPases and by their
scaffold, the Ragulator complex (10, 12). Manip-
ulating cholesterol levels did not disrupt the
integrity of the Ragulator-Rag GTPase complex
because RagC and the Ragulator subunit p18
localized to LAMP2-containing lysosomes irre-
spective of cholesterol status (Fig. 1, G and I,
and fig. S2B). In contrast, cholesterol depletion
caused the dissociation of mTOR from LAMP2-
positive lysosomes, whereas restimulation with
either MCD:cholesterol or LDL restored coloc-
alization of mTOR and LAMP2 (Fig. 1, H and I,
and fig. S2C). Although this pattern was remi-
niscent of that induced by amino acid starvation
and refeeding (10, 11, 21), manipulation of chol-
esterol levels did not significantly alter intra-
cellular amino acid levels (fig. S3A). Collectively,
these results indicate that lysosomal cholesterol
functions upstream of the mTORC1 scaffolding
complex independently of amino acids.
To determine whether cholesterol regulates

the Rag GTPases, we used a coimmunoprecipi-
tation assay that reads out the activation state
of Rag GTPases as a function of their affinity
for Ragulator. The Ragulator-Rag GTPase in-
teraction is weakened by amino acids. This ef-
fect is thought to reflect GTP loading of RagA or
RagB by Ragulator, enabling RagA/B to bind to
mTORC1 (21, 22). In HEK-293T cells that were
cholesterol-depleted and then restimulated with
MCD:cholesterol, FLAG-tagged Ragulator sub-
unit p14 bound to endogenous RagA and RagC
more weakly than in cholesterol-depleted cells
(Fig. 2A). Thus, cholesterol has the same activat-
ing effect as amino acids on the mTORC1 scaf-
folding complex.
We reconstituted cholesterol signaling in vitro

by modifying a cell-free assay that monitors ami-
no acid–dependent activation of the Rag GTPases
(Fig. 2B and fig. S4A) (21). Light organelle frac-
tions from HEK-293T cells stably expressing FLAG-
p14 were treated with recombinant cholesterol
oxidase, a bacterial enzyme that converts cho-
lesterol into cholest-4-en-3-one, effectively de-
pleting cholesterol from the lysosomal limiting
membrane (Fig. 2B) (23). Cholest-4-en-3-one
failed to activate mTORC1 signaling when de-
livered to HEK-293T cells (fig. S1D). Conversion
of cholesterol to cholest-4-en-3-one in vitro en-
hanced the binding of FLAG-p14 to RagA and
RagC, which is consistent with Rag GTPase in-
activation (Fig. 2C). The increased association
of p14 with RagA and RagC was blocked by free
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Fig. 1. Lysosomal cholesterol stimulates mTORC1 recruitment and signaling. (A) Dose-
dependent activation of mTORC1 by LDL. HEK-293T cells were depleted of sterol with methyl-b
cyclodextrin (MCD, 0.5% w/v) for 2 hours and stimulated for 2 hours with various concentrations (0
to 100 mg/ml) of LDL. Cell lysates were analyzed for phosphorylation status of S6K1 (T389) and 4E-
BP1 (S65) and for total protein abundance. (B) (Top) Time-dependent activation of mTORC1 by LDL.
HEK-293T cells were depleted of sterol for 2 hours and restimulated with LDL (50 mg/ml) for the
indicated times. Cell lysates were analyzed for phosphorylation status of S6K (T389). (Bottom)
Time-course of LDL delivery to the lysosome. Cells stably expressing LAMP1-mRFP-FLAGX2 (LRF)
were treated with boron-dipyrromethene (BODIPY)–LDL for the indicated times. Scale bar, 0.5 mm
(C) Activation of mTORC1 signaling by cholesterol. HEK-293T cells were depleted of sterol for 2 hours
and, where indicated, restimulated for 2 hours with 50 mM MCD:cholesterol or with 50 mg/ml LDLwhere
indicated. Phosphorylation of S6K1 and 4E-BP1 are shown. (D) Regulation of TFEB nuclear localization
by cholesterol. HEK-293Tcells stably expressing TFEB-GFP were depleted of sterol and, where indicated,
restimulated with LDL (50 mg/ml). Scale bar, 10 mm. (E) Quantification of TFEB-GFP localization from
(D). Shown are mean + SD; n = 800 cells; analysis of variance (ANOVA), P < 0.0001, followed by Tukey’s
t test, ****P < 0.0001. (F) (Top) Lysosomes from LRF-expressing HEK-293Tcells were immunocaptured
onto FLAG affinity beads. (Bottom) Mass spectrometry measurement of unesterified cholesterol in
immunocaptured lysosomes from LRF-expressing HEK-293T cells subjected to the indicated treat-
ments. Shown are mean + SD; n = 4 samples per condition; ANOVA, P < 0.05, followed by Tukey’s t test,
*P < 0.05 (G) Cholesterol status does not affect Ragulator localization to LAMP2-positive lysosomes.
HEK-293Tcells were subjected to the indicated treatments, followed by immunofluorescence for endogenous
p18 and LAMP2. Scale bar, 10 mm. (H) Cholesterol regulates mTORC1 recruitment to LAMP2-positive
lysosomes. HEK-293Tcells were subjected to the indicated treatments, followed by immunofluorescence
for endogenous mTOR and LAMP2. Scale bar, 10 mm. (I) Quantification of RagC-LAMP2, p18-LAMP2, and
mTOR-LAMP2 colocalization under cholesterol-depleted and cholesterol-stimulated conditions. Shown are
mean + SD; n = 15 cells per condition; ANOVA, P < 0.0001, followed by Tukey’s t test, ***P < 0.001.
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CHOLESTEROL SENSING

Lysosomal cholesterol activates
mTORC1 via an SLC38A9–Niemann-
Pick C1 signaling complex
Brian M. Castellano,1,2* Ashley M. Thelen,1,2* Ofer Moldavski,1,2 McKenna Feltes,4

Reini E. N. van der Welle,1,2 Laurel Mydock-McGrane,5 Xuntian Jiang,4

Robert J van Eijkeren,1,2 Oliver B. Davis,1,2 Sharon M. Louie,1,3 Rushika M. Perera,6

Douglas F. Covey,5 Daniel K. Nomura,1,3 Daniel S. Ory,4 Roberto Zoncu1,2†

The mechanistic target of rapamycin complex 1 (mTORC1) protein kinase is a master
growth regulator that becomes activated at the lysosome in response to nutrient cues.
Here, we identify cholesterol, an essential building block for cellular growth, as a nutrient
input that drives mTORC1 recruitment and activation at the lysosomal surface. The
lysosomal transmembrane protein, SLC38A9, is required for mTORC1 activation by
cholesterol through conserved cholesterol-responsive motifs. Moreover, SLC38A9 enables
mTORC1 activation by cholesterol independently from its arginine-sensing function.
Conversely, the Niemann-Pick C1 (NPC1) protein, which regulates cholesterol export from
the lysosome, binds to SLC38A9 and inhibits mTORC1 signaling through its sterol
transport function. Thus, lysosomal cholesterol drives mTORC1 activation and growth
signaling through the SLC38A9-NPC1 complex.

C
holesterol is an essential building block for
membrane biogenesis, and rapidly prolif-
erating cells rely on enhanced cholesterol
synthesis anduptake to sustain their growth
(1). Eukaryotic cells have evolved specialized

proteinmachinery that senses cholesterol and ad-
justs the rate of cholesterol synthesis and uptake
tomatch the cell’s specific metabolic needs (2, 3).
Whether direct cholesterol-sensing extends beyond
the control of its own synthesis and, specifically,
whether it signals to pathways that regulate the
control of cellular growth and proliferation is cur-
rently uncertain (4, 5).
The lysosome is a major sorting station for die-

tary cholesterol. Low-density lipoproteins (LDLs)
carryingdietary cholesterol and fatty acids enter the
cell through receptor-mediatedendocytosis and are
disassembled in the lysosomal lumen (3). A sterol
transport system composed of the Niemann-Pick
C1 (NPC1) and NPC2 proteins localize specifically
at the late endosome or lysosome, where it binds

free cholesterol and mediates its export to diverse
cellular compartments, including the plasma mem-
brane and the endoplasmic reticulum (ER), through
mechanisms that remain poorly understood (6).
The sterol trafficking function of NPC1 is essen-
tial for the correct execution of numerous cellu-
lar activities, and its inactivation results in a lipid
storage disorder, Niemann-Pick type C, which
is characterized by spleen and liver dysfunction
and neurodegeneration (7, 8).
The lysosome has also emerged as the cellular

site where the master growth regulator, mech-
anistic target of rapamycin complex 1 (mTORC1)
kinase, is activated. Nutrient signals carried by
free amino acids and glucose regulate mTORC1
activation through the Rag guanosine triphos-
phatases (GTPases). The RagGTPases are obligate
heterodimers of Rag A or B in complex with Rag
CorD.GTP loading ofRagAorB and concomitant
GTP hydrolysis by Rag C or D are thought to en-
able the Rag heterodimer to physically bind to
mTORC1 and anchor it to the lysosomal surface
(9–11). At the lysosome, another GTPase known as
Rheb triggers the kinase activity of mTORC1 and
enables substrate phosphorylation (11–13).
mTORC1 drives the synthesis of fatty acids and

sterols by increasing the expression and proteo-
lytic processing of themaster lipogenic transcrip-
tion factors, sterol regulatory element–binding
protein 1c (SREBP1c) and SREBP2 (14, 15), pro-
moting cell proliferation (16). Proliferating cells
also actively take up exogenous lipids in the form
of LDL (1, 3). Given the central role ofmTORC1 in
promoting lipid biosynthesis, it is reasonable that
dietary lipids should feed back on mTORC1 ac-

tivation. Accordingly, a high-fat diet (HFD) stim-
ulates mTORC1 activity inmice (16, 17). However,
whether and how mTORC1 senses dietary lip-
ids in a cell-autonomous manner remains un-
clear (4). Given the dual role of the lysosome as
a nutrient gateway and a signaling platform for
mTORC1 activation, we tested whether the lyso-
somal membrane contains dedicated machinery
that senses and communicates cholesterol avail-
ability to mTORC1.
In cultured human embryonic kidney (HEK)

293T cells, depletion of cellular cholesterol with
methyl-b cyclodextrin (MCD) suppressedmTORC1
signaling, as measured by loss of phosphorylation
of mTORC1 substrates S6-kinase 1 (S6K1, Thr389)
and 4E-binding protein 1 (4E-BP1, Ser65), whereas
exposure of cells to exogenous LDL reactivated
mTORC1 in a dose-dependentmanner (Fig. 1A).
LDL-mediated mTORC1 activation occurred in
a time-dependent manner and peaked at 1 hour
(Fig. 1B, top). This lag correlated with the time
required for fluorescently labeled LDL particles
to accumulate in the lysosome after endocytosis
(Fig. 1B, bottom). PrecomplexedMCD and choles-
terol at a 1:1 molar ratio is a commonly used
method to deliver cholesterol tomembranes (18).
Treatment of sterol-depleted cells with MCD:
cholesterol for 1 hour activated mTORC1 sig-
naling with a potency comparable with that of
LDL in HEK-293T cells, Chinese hamster ovary
(CHO) cells, and mouse embryonic fibroblasts
(MEFs) (Fig. 1C and fig. S1A). As an additional
readout of mTORC1 activity, we visualized the
subcellular localization of green fluorescent
protein (GFP)–tagged transcription factor EB
(TFEB), which translocates to the nucleus upon
mTORC1 inactivation (12). In HEK-293T and
CHO cells stably expressing TFEB-GFP that were
sterol-depleted, TFEBwas found primarily in the
nucleus, whereas in cells refed with LDL orMCD:
cholesterol, TFEB redistributed in the cytoplasm
consistent with mTORC1 reactivation (Fig. 1, D
and E, and fig. S1B).
The stimulatory effect of cholesterol toward

mTORC1 appeared to be highly specific because
it could not be recapitulated by treating sterol-
depleted cells with high concentrations of var-
ious oxysterols, sterol-related compounds, or
with oleic acid, a fatty acid found in LDL (19)
(fig. S1, A, C, and D). Moreover, inhibiting en-
dogenous cholesterol synthesis with mevastatin
also suppressed mTORC1 signaling, which fully
recovered after washout of the drug for 1 hour
(fig. S1E).
Changes in cholesterol levels can alter the ac-

tivity of signaling pathways originating at the
plasma membrane such as phosphoinositide-3
kinase (PI3K) and the protein kinase Akt, which
acts upstream of mTORC1 (4, 12). However, in
MEFs in which PI3K-Akt input to mTORC1 is
constitutively active owing to lack of the Tuberous
Sclerosis Complex 2 (TSC2) gene (15, 20), sterol
depletion still inhibited mTORC1 in a dose-
dependent manner (fig. S2A). Thus, cholesterol
concentrations affect mTORC1 activity through
a mechanism that is, at least in part, distinct from
growth factor signaling.
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Fig. S5. SLC38A9 interacts with cholesterol and is required for mTORC1 activation in response to cholesterol 
(A) Alignment of transmembrane helix 8 (TM8) of SLC38A9 with other members of the SLC38 transporter family. The red boxes 
highlight essential Phe 449 and Tyr 460 within the CARC and CRAC domains, respectively. (B) Schematic of the cholesterol-
photoactivation assay. Human fibroblast cells stably expressing FLAG-SLC38A9 are treated with the photoactivatable cholesterol 
analogue LKM-38, followed by UV-crosslinking, FLAG immunoprecipitation and clicking to rhodamine-X azide (ROX). (C) Cross-
linking of the photoactivatable-cholesterol analogue LKM-38 to FLAG-SLC38A9 as described in (B), in the presence of increasing 
amounts of competing native cholesterol. The FLAG blot shows the immunoprecipitated FLAG-SLC38A9 in each condition  (D) 
Quantification of 3 independent sterol cross-linking experiments as described in (C). Shown are mean + SD. N=3 samples/condition. 
ANOVA: p < 0.0001 followed by Tukey’s t-test: **p < 0.01, ****p < 0.0001. (E) HEK-293T cells were sterol-depleted for 2h and, 
where indicated, restimulated for 1h with identical concentrations of the indicated sterol-related ligands. Cell lysates were analyzed for 
phosphorylation status of S6K1.  (F) HEK-293T cells treated with a non-targeting siRNA or with a siRNA pool against SLC38A9 
were sterol-depleted for 2h and, where indicated, restimulated with LDL for 1h. Cell lysates were immunoblotted for the indicated 
proteins and phospho-proteins. (G) SLC38A9-deleted HEK-293T cells re-expressing wild-type or Y460I-mutated FLAG-SLC38A9 
were subjected to the indicated treatments, followed by immunofluorescence for endogenous mTOR and LAMP2. Scale bar, 10μm.  
(H) Quantification of mTOR-LAMP2 co-localization from the experiment in (E). Shown are mean + SD. N=15 cells/condition. 
ANOVA: p < 0.0001 followed by Tukey’s t-test: ****p < 0.0001. 

  Castellano BM, Thelen AM, et al 
 
 

 
 
Fig. S5. SLC38A9 interacts with cholesterol and is required for mTORC1 activation in response to cholesterol 
(A) Alignment of transmembrane helix 8 (TM8) of SLC38A9 with other members of the SLC38 transporter family. The red boxes 
highlight essential Phe 449 and Tyr 460 within the CARC and CRAC domains, respectively. (B) Schematic of the cholesterol-
photoactivation assay. Human fibroblast cells stably expressing FLAG-SLC38A9 are treated with the photoactivatable cholesterol 
analogue LKM-38, followed by UV-crosslinking, FLAG immunoprecipitation and clicking to rhodamine-X azide (ROX). (C) Cross-
linking of the photoactivatable-cholesterol analogue LKM-38 to FLAG-SLC38A9 as described in (B), in the presence of increasing 
amounts of competing native cholesterol. The FLAG blot shows the immunoprecipitated FLAG-SLC38A9 in each condition  (D) 
Quantification of 3 independent sterol cross-linking experiments as described in (C). Shown are mean + SD. N=3 samples/condition. 
ANOVA: p < 0.0001 followed by Tukey’s t-test: **p < 0.01, ****p < 0.0001. (E) HEK-293T cells were sterol-depleted for 2h and, 
where indicated, restimulated for 1h with identical concentrations of the indicated sterol-related ligands. Cell lysates were analyzed for 
phosphorylation status of S6K1.  (F) HEK-293T cells treated with a non-targeting siRNA or with a siRNA pool against SLC38A9 
were sterol-depleted for 2h and, where indicated, restimulated with LDL for 1h. Cell lysates were immunoblotted for the indicated 
proteins and phospho-proteins. (G) SLC38A9-deleted HEK-293T cells re-expressing wild-type or Y460I-mutated FLAG-SLC38A9 
were subjected to the indicated treatments, followed by immunofluorescence for endogenous mTOR and LAMP2. Scale bar, 10μm.  
(H) Quantification of mTOR-LAMP2 co-localization from the experiment in (E). Shown are mean + SD. N=15 cells/condition. 
ANOVA: p < 0.0001 followed by Tukey’s t-test: ****p < 0.0001. 

transporter, SLC38A9 (Fig. 3A). SLC38A9 is im-
plicated in the regulation of mTORC1 by amino
acids, particularly by arginine (24, 25). The con-
sensus CRAC sequence (L/V)-X1-5-Y- X1-5-(K/R)
of SLC38A9 is conserved across vertebrates (Fig.
3A) (23, 26). SLC38A9 is the only member of the
SLC38 Na+–coupled amino acid transporter fam-
ily that contains a CRAC motif (fig. S5A). More-
over, the CRAC motif is immediately preceded by
a similar but inverted cholesterol-recognition motif
known as CARC, so that the tandem motifs toge-
ther span the lipid bilayer (Fig. 3A). CRAC and
CARC motifs have been described in cholesterol-
regulated proteins such as caveolins and the Ca2+

channel Orai1 (23).
To test whether SLC38A9 could interact with

cholesterol, we synthesized an ultraviolet light
(UV)–photoactivatable cholesterol analog, 7-Azi-
27-yne (here called LKM-38), bearing a diazirine
group in position 7 and an alkyne handle on the
alkyl side chain (fig. S5B). Human fibroblasts sta-
bly expressing FLAG-SLC38A9 were incubated
with LKM-38 and then exposed to UV light so as
to induce covalent cross-linking. SLC38A9 was
immunoprecipitated through the FLAG tag, and
associated LKM-38 was detected with copper(I)-
catalyzed click chemistry, resulting in conjuga-
tion of a rhodamine-X azide (ROX) dye (fig. S5B).
A fluorescent signal was detectable at the ex-
pected molecular size for immunoprecipitated
SLC38A9 (fig. S5C) and was competed in a dose-
dependent manner when unmodified cholesterol
was included in the incubation step (fig. S5, C
and D). Unlike several sterol-related compounds
we tested (fig. S1, D and E), LKM-38 activated
mTORC1 signaling with similar potency to that
of cholesterol (fig. S5E).
Depleting SLC38A9 by means of small in-

terfering RNA (siRNA) or its deletion through
clustered regularly interspaced short palindromic
repeat (CRISPR)/CRISPR-associated protein 9
(Cas9) genome editing (25) largely abolished
mTORC1 activation by LDL, as well as by argi-
nine as previously reported (Fig. 3B and fig. S5F).
Mechanistically, SLC38A9 loss induced a tighter
interaction of FLAG-p14 with RagC and RagA
than in control cells, which is indicative of com-
plex inactivation, and this interaction could not
be weakened by addition of cholesterol (Fig. 3C).
Moreover, cells lacking SLC38A9 failed to induce
recruitment of mTORC1 to LAMP2-containing
lysosomes in response to LDL (Fig. 3, D and E),
further suggesting that the mTORC1 scaffolding
complex senses cholesterol, at least in part, via
SLC38A9. Overexpressing full-length SLC38A9
or its N-terminal Ragulator-binding domain alone
strongly boosted mTORC1 signaling upon stimu-
lation with LDL/cholesterol, an effect that was
not seen with SLC38A9.2, a shorter isoform that
lacks the N-terminal domain (fig. S6A). Thus,
SLC38A9 translates increases in the lysosomal
concentration of cholesterol into activation of
mTORC1 via the Rag GTPases.
To dissect the specific role of the CARC-CRAC

domain of SLC38A9, we carried out in vitro
binding assays using a peptide that encom-
passes the two motifs (amino acids 444 to 464).
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Fig. 3. SLC38A9 mediates mTORC1 activation by lysosomal cholesterol. (A) Conservation
analysis of transmembrane helix 8 (TM8) of SLC38A9, with the CARC and CRAC motifs indicated by
red lines. The essential Phe and Tyr within the CARC and CRAC motif, respectively, are boxed in red.
(B) Control or SLC38A9-deleted HEK-293Tcells were double-starved for cholesterol and arginine for
2 hours and, where indicated, restimulated with LDL, arginine, or both for 2 hours. Cell lysates were
immunoblotted for the indicated proteins and phosphoproteins. (C) SLC38A9 is required for
cholesterol modulation of the Ragulator-Rag GTPase interaction. Control or SLC38A9-deleted HEK-
293T stably expressing FLAG-p14 or LRF were subjected to cholesterol starvation for 2 hours and,
where indicated, restimulated with MCD:cholesterol for 2 hours. Cells were lysed and subjected to
FLAG immunoprecipitation and immunoblotting for the indicated proteins. (D) SLC38A9-deleted or
FLAG-SLC38A9–rescued HEK-293T cells were subjected to the indicated treatments, followed by
immunofluorescence for endogenous mTOR and LAMP2. Scale bar, 10 mm. (E) Quantification of
mTOR-LAMP2 colocalization from the experiment in (D). Shown are mean + SD. n = 15 cells per
condition; ANOVA, P < 0.0001, followed by Tukey’s t test, ****P < 0.0001. (F) Titration curves
displaying changes in the intrinsic fluorescence of the SLC38A9 CARC-CRAC peptide (2.5 mM) in the
presence of increasing concentrations of cholesterol, 25-hydroxycholesterol (25-HC) or cholest-4-
en-3-one (3-one). Shown are mean ± SEM; n = 3 samples per condition; ANOVA, ****P < 0.0001,
***P < 0.001. (G) Titration curves displaying changes in the intrinsic fluorescence of the wild-type,
CRAC-mutated, and CARC-CRAC mutated (DM) peptides, or a control “scrambled” peptide (Scr, all
peptides at 2.5 mM), in the presence of increasing concentrations of cholesterol. Shown are mean ±
SEM; n = 3 samples per condition; ANOVA, ****P < 0.0001. (H) SLC38A9-deleted HEK-293T cells
stably expressing the indicated wild-type and mutant FLAG-SLC38A9 constructs were starved for
the indicated nutrients for 2 hours, or starved and restimulated with LDL or arginine for 2 hours or 30 min,
respectively. Cell lysates were immunoblotted for the indicated proteins and phosphoproteins.
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Lysosomal GPCR-like protein LYCHOS signals
cholesterol sufficiency to mTORC1
Hijai R. Shin1,2, Y. Rose Citron1,2†, Lei Wang3†‡, Laura Tribouillard4, Claire S. Goul1,2, Robin Stipp1,2,
Yusuke Sugasawa5, Aakriti Jain1,2, Nolwenn Samson4, Chun-Yan Lim1,2, Oliver B. Davis1,2,
David Castaneda-Carpio1,2, Mingxing Qian6, Daniel K. Nomura1,7, Rushika M. Perera8, Eunyong Park1,
Douglas F. Covey9,10, Mathieu Laplante4, Alex S. Evers3,9,10, Roberto Zoncu1,2*

Lysosomes coordinate cellular metabolism and growth upon sensing of essential nutrients, including
cholesterol. Through bioinformatic analysis of lysosomal proteomes, we identified lysosomal cholesterol
signaling (LYCHOS, previously annotated as G protein–coupled receptor 155), a multidomain
transmembrane protein that enables cholesterol-dependent activation of the master growth regulator,
the protein kinase mechanistic target of rapamycin complex 1 (mTORC1). Cholesterol bound to the
amino-terminal permease-like region of LYCHOS, and mutating this site impaired mTORC1 activation. At
high cholesterol concentrations, LYCHOS bound to the GATOR1 complex, a guanosine triphosphatase
(GTPase)–activating protein for the Rag GTPases, through a conserved cytoplasm-facing loop. By
sequestering GATOR1, LYCHOS promotes cholesterol- and Rag-dependent recruitment of mTORC1 to
lysosomes. Thus, LYCHOS functions in a lysosomal pathway for cholesterol sensing and couples
cholesterol concentrations to mTORC1-dependent anabolic signaling.

C
holesterol, an essential building block
for membrane biogenesis, is also a sig-
nalingmolecule that regulates embryonic
development and numerous physiologi-
cal processes by acting either as a ligand

or as a precursor for oxysterols and steroid
hormones. Aberrant amounts and activity of
cholesterol are associated with pathological
conditions such as obesity, atherosclerosis,
infertility, and cancer, making its accurate
sensing essential (1, 2). For example, dedi-
catedmachinery on the endoplasmic reticulum
(ER) senses local cholesterol concentrations
and, in response, fine-tunes the rate of choles-
terol synthesis and uptake (3, 4).
In actively proliferating cells, including

cancer cells, the phosphatidylinositol 3-kinase
(PI3K)–AKT–mechanistic target of rapamycin
complex 1 (mTORC1) pathway stimulates both
de novo cholesterol synthesis and uptake to

meet the increased demand for both cholesterol
itself and its growth-promoting biosynthetic
intermediates (5–7). However, where in the
cell and how cholesterol abundance is sig-
naled to growth-regulating pathways are not
well understood.
The lysosome is a key nutrient-sensing cen-

ter for the cell (6). At the lysosome, the master
growth regulator protein kinase, mTORC1, in-
tegrates many environmental signals, includ-
ing nutrients, growth factors, energy, oxygen
and stress and, in response, triggers down-
stream anabolic programs that increase cell
mass (8). When intracellular concentrations
of nutrients, including cholesterol, are increased,
mTORC1 localizes to the lysosomal membrane,
where it contacts the small guanosine tri-
phosphatase (GTPase) Rheb, which activates
mTORC1 kinase function (8–10). Conversely,
when nutrient abundance is low, mTORC1
relocalizes to the cytosol, where it remains
inactive until nutrient concentrations are
restored.
Multiple proteins control the nutrient-

dependent localization of mTORC1 to the
lysosome. The Rag GTPases are heterodimers
composed of either RagA or RagB in complex
with either RagC or RagD (11, 12). A key event
when nutrients are plentiful is the loading
of RagA or B with GTP, which enables it to
physically bind to mTORC1 and anchor it to
the lysosomal membrane (8, 13, 14). In turn,
the nucleotide state of RagA or B is controlled
by other lysosome-associated proteins. The
GATOR1 complex is a dedicated GTPase-
activating protein (GAP) for RagA. When
nutrient concentrations are low, GATOR1
triggers GTP hydrolysis on RagA, thereby pro-
moting the inactive state of the Rag GTPase
complex that leads to cytoplasmic relocaliza-

tion and inactivation of mTORC1 (15, 16). This
negative regulatory activity of GATOR1 is
countered by the amino acids leucine, arginine,
and methionine, through dedicated sensors
that inhibit the GAP activity of GATOR1 either
directly or via a second complex known as
GATOR2 (8). Whether cholesterol regulates
the GAP activity of GATOR1 toward RagA is
unknown but, consistent with this possibil-
ity, genetic inactivation of GATOR1 renders
mTORC1 constitutively active even if choles-
terol concentrations are low (17).
In cells and in vitro, cholesterol on the

lysosomal limiting membrane directly par-
ticipates in the recruitment and activation
of mTORC1. This cholesterol pool is highly
regulated: The sterol carrier, oxysterol bind-
ing protein (OSBP), localizes at ER–lysosome
membrane contact sites, where it transfers
cholesterol from the ER to the lysosome to
enablemTORC1 activation (1, 6, 17). Conversely,
the cholesterol transporter Niemann-Pick C1
(NPC1) promotes export of cholesterol from the
lysosomal surface, thereby inhibiting mTORC1
signaling (10, 17).
How cholesterol interacts with themTORC1-

scaffolding machinery is not well understood.
Various cholesterol pools coexist at the lyso-
somal membrane, one derived from low-
density lipoprotein (LDL), another deposited
across membrane contact sites (17). Moreover,
the concentration of cholesterol likely varies
across different regions of the lysosomalmem-
brane and as a function ofmetabolic states (18).
Thus, like sensing of amino acids, cholesterol
sensing may rely on multiple cholesterol-
sensing factors with distinct localization, affinity
for the sterol ligand, and upstream regulatory
mechanisms. One important player is the
lysosomal transmembrane protein, SLC38A9
(19, 20), which participates in cholesterol-
dependent activation of mTORC1 through
conserved sterol-interacting motifs within
its transmembrane domains (10). However,
SLC38A9 primarily relays arginine abundance
to mTORC1, whereas a dedicated sensor for
cholesterol remains to be identified.
More generally, it is likely that the lysosome

has as yet undiscovered nutrient sensors that
could regulate cellular metabolism through
mTORC1-dependent or independent pathways.
Identifying putative nutrient sensors can be
challenging, because they generally have weak
interactions with their cognate metabolites
and have diverse domain composition and
topologies (21). Building on recent advances
in immunoisolation and proteomic profiling
of lysosomes combined with a robust bioin-
formatic pipeline that identifies and priori-
tizes putative signaling proteins, we identified
GPR155, which we rename lysosomal choles-
terol sensing (LYCHOS) protein, as a candi-
date lysosomal cholesterol sensor that controls
signaling functions of this organelle.
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Fig. 1. Lysosomal transmembrane protein LYCHOS is required for
cholesterol-mediated mTORC1 activation. (A) Summary chart of the workflow
for the identification of lysosomal transmembrane signaling proteins.
(B) Volcano plots of “biological process” GO terms enriched in lysosome-
resident transmembrane proteins relative to all transmembrane proteins.
(C) Network representation of lysosome-associated transmembrane proteins

with large loops (yellow). Gray nodes show annotated signaling domains. Predicted
lysosome-resident transmembrane proteins are circled in red. (D) Schematic
of the predicted GPR155/LYCHOS topology and domain organization.
(E) LYCHOS is a lysosomal protein. HEK-293T cells stably expressing LYCHOS-
FLAG were fixed and stained with antibodies targeting FLAG and LAMP2. Scale
bar, 10 mm. (F) LYCHOS is required for mTORC1 activation by cholesterol.
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Lysosomal GPCR-like protein LYCHOS signals
cholesterol sufficiency to mTORC1
Hijai R. Shin1,2, Y. Rose Citron1,2†, Lei Wang3†‡, Laura Tribouillard4, Claire S. Goul1,2, Robin Stipp1,2,
Yusuke Sugasawa5, Aakriti Jain1,2, Nolwenn Samson4, Chun-Yan Lim1,2, Oliver B. Davis1,2,
David Castaneda-Carpio1,2, Mingxing Qian6, Daniel K. Nomura1,7, Rushika M. Perera8, Eunyong Park1,
Douglas F. Covey9,10, Mathieu Laplante4, Alex S. Evers3,9,10, Roberto Zoncu1,2*

Lysosomes coordinate cellular metabolism and growth upon sensing of essential nutrients, including
cholesterol. Through bioinformatic analysis of lysosomal proteomes, we identified lysosomal cholesterol
signaling (LYCHOS, previously annotated as G protein–coupled receptor 155), a multidomain
transmembrane protein that enables cholesterol-dependent activation of the master growth regulator,
the protein kinase mechanistic target of rapamycin complex 1 (mTORC1). Cholesterol bound to the
amino-terminal permease-like region of LYCHOS, and mutating this site impaired mTORC1 activation. At
high cholesterol concentrations, LYCHOS bound to the GATOR1 complex, a guanosine triphosphatase
(GTPase)–activating protein for the Rag GTPases, through a conserved cytoplasm-facing loop. By
sequestering GATOR1, LYCHOS promotes cholesterol- and Rag-dependent recruitment of mTORC1 to
lysosomes. Thus, LYCHOS functions in a lysosomal pathway for cholesterol sensing and couples
cholesterol concentrations to mTORC1-dependent anabolic signaling.

C
holesterol, an essential building block
for membrane biogenesis, is also a sig-
nalingmolecule that regulates embryonic
development and numerous physiologi-
cal processes by acting either as a ligand

or as a precursor for oxysterols and steroid
hormones. Aberrant amounts and activity of
cholesterol are associated with pathological
conditions such as obesity, atherosclerosis,
infertility, and cancer, making its accurate
sensing essential (1, 2). For example, dedi-
catedmachinery on the endoplasmic reticulum
(ER) senses local cholesterol concentrations
and, in response, fine-tunes the rate of choles-
terol synthesis and uptake (3, 4).
In actively proliferating cells, including

cancer cells, the phosphatidylinositol 3-kinase
(PI3K)–AKT–mechanistic target of rapamycin
complex 1 (mTORC1) pathway stimulates both
de novo cholesterol synthesis and uptake to

meet the increased demand for both cholesterol
itself and its growth-promoting biosynthetic
intermediates (5–7). However, where in the
cell and how cholesterol abundance is sig-
naled to growth-regulating pathways are not
well understood.
The lysosome is a key nutrient-sensing cen-

ter for the cell (6). At the lysosome, the master
growth regulator protein kinase, mTORC1, in-
tegrates many environmental signals, includ-
ing nutrients, growth factors, energy, oxygen
and stress and, in response, triggers down-
stream anabolic programs that increase cell
mass (8). When intracellular concentrations
of nutrients, including cholesterol, are increased,
mTORC1 localizes to the lysosomal membrane,
where it contacts the small guanosine tri-
phosphatase (GTPase) Rheb, which activates
mTORC1 kinase function (8–10). Conversely,
when nutrient abundance is low, mTORC1
relocalizes to the cytosol, where it remains
inactive until nutrient concentrations are
restored.
Multiple proteins control the nutrient-

dependent localization of mTORC1 to the
lysosome. The Rag GTPases are heterodimers
composed of either RagA or RagB in complex
with either RagC or RagD (11, 12). A key event
when nutrients are plentiful is the loading
of RagA or B with GTP, which enables it to
physically bind to mTORC1 and anchor it to
the lysosomal membrane (8, 13, 14). In turn,
the nucleotide state of RagA or B is controlled
by other lysosome-associated proteins. The
GATOR1 complex is a dedicated GTPase-
activating protein (GAP) for RagA. When
nutrient concentrations are low, GATOR1
triggers GTP hydrolysis on RagA, thereby pro-
moting the inactive state of the Rag GTPase
complex that leads to cytoplasmic relocaliza-

tion and inactivation of mTORC1 (15, 16). This
negative regulatory activity of GATOR1 is
countered by the amino acids leucine, arginine,
and methionine, through dedicated sensors
that inhibit the GAP activity of GATOR1 either
directly or via a second complex known as
GATOR2 (8). Whether cholesterol regulates
the GAP activity of GATOR1 toward RagA is
unknown but, consistent with this possibil-
ity, genetic inactivation of GATOR1 renders
mTORC1 constitutively active even if choles-
terol concentrations are low (17).
In cells and in vitro, cholesterol on the

lysosomal limiting membrane directly par-
ticipates in the recruitment and activation
of mTORC1. This cholesterol pool is highly
regulated: The sterol carrier, oxysterol bind-
ing protein (OSBP), localizes at ER–lysosome
membrane contact sites, where it transfers
cholesterol from the ER to the lysosome to
enablemTORC1 activation (1, 6, 17). Conversely,
the cholesterol transporter Niemann-Pick C1
(NPC1) promotes export of cholesterol from the
lysosomal surface, thereby inhibiting mTORC1
signaling (10, 17).
How cholesterol interacts with themTORC1-

scaffolding machinery is not well understood.
Various cholesterol pools coexist at the lyso-
somal membrane, one derived from low-
density lipoprotein (LDL), another deposited
across membrane contact sites (17). Moreover,
the concentration of cholesterol likely varies
across different regions of the lysosomalmem-
brane and as a function ofmetabolic states (18).
Thus, like sensing of amino acids, cholesterol
sensing may rely on multiple cholesterol-
sensing factors with distinct localization, affinity
for the sterol ligand, and upstream regulatory
mechanisms. One important player is the
lysosomal transmembrane protein, SLC38A9
(19, 20), which participates in cholesterol-
dependent activation of mTORC1 through
conserved sterol-interacting motifs within
its transmembrane domains (10). However,
SLC38A9 primarily relays arginine abundance
to mTORC1, whereas a dedicated sensor for
cholesterol remains to be identified.
More generally, it is likely that the lysosome

has as yet undiscovered nutrient sensors that
could regulate cellular metabolism through
mTORC1-dependent or independent pathways.
Identifying putative nutrient sensors can be
challenging, because they generally have weak
interactions with their cognate metabolites
and have diverse domain composition and
topologies (21). Building on recent advances
in immunoisolation and proteomic profiling
of lysosomes combined with a robust bioin-
formatic pipeline that identifies and priori-
tizes putative signaling proteins, we identified
GPR155, which we rename lysosomal choles-
terol sensing (LYCHOS) protein, as a candi-
date lysosomal cholesterol sensor that controls
signaling functions of this organelle.
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Fig. 1. Lysosomal transmembrane protein LYCHOS is required for
cholesterol-mediated mTORC1 activation. (A) Summary chart of the workflow
for the identification of lysosomal transmembrane signaling proteins.
(B) Volcano plots of “biological process” GO terms enriched in lysosome-
resident transmembrane proteins relative to all transmembrane proteins.
(C) Network representation of lysosome-associated transmembrane proteins

with large loops (yellow). Gray nodes show annotated signaling domains. Predicted
lysosome-resident transmembrane proteins are circled in red. (D) Schematic
of the predicted GPR155/LYCHOS topology and domain organization.
(E) LYCHOS is a lysosomal protein. HEK-293T cells stably expressing LYCHOS-
FLAG were fixed and stained with antibodies targeting FLAG and LAMP2. Scale
bar, 10 mm. (F) LYCHOS is required for mTORC1 activation by cholesterol.
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Fig. 1. Lysosomal transmembrane protein LYCHOS is required for
cholesterol-mediated mTORC1 activation. (A) Summary chart of the workflow
for the identification of lysosomal transmembrane signaling proteins.
(B) Volcano plots of “biological process” GO terms enriched in lysosome-
resident transmembrane proteins relative to all transmembrane proteins.
(C) Network representation of lysosome-associated transmembrane proteins

with large loops (yellow). Gray nodes show annotated signaling domains. Predicted
lysosome-resident transmembrane proteins are circled in red. (D) Schematic
of the predicted GPR155/LYCHOS topology and domain organization.
(E) LYCHOS is a lysosomal protein. HEK-293T cells stably expressing LYCHOS-
FLAG were fixed and stained with antibodies targeting FLAG and LAMP2. Scale
bar, 10 mm. (F) LYCHOS is required for mTORC1 activation by cholesterol.
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SIGNAL TRANSDUCTION

Lysosomal GPCR-like protein LYCHOS signals
cholesterol sufficiency to mTORC1
Hijai R. Shin1,2, Y. Rose Citron1,2†, Lei Wang3†‡, Laura Tribouillard4, Claire S. Goul1,2, Robin Stipp1,2,
Yusuke Sugasawa5, Aakriti Jain1,2, Nolwenn Samson4, Chun-Yan Lim1,2, Oliver B. Davis1,2,
David Castaneda-Carpio1,2, Mingxing Qian6, Daniel K. Nomura1,7, Rushika M. Perera8, Eunyong Park1,
Douglas F. Covey9,10, Mathieu Laplante4, Alex S. Evers3,9,10, Roberto Zoncu1,2*

Lysosomes coordinate cellular metabolism and growth upon sensing of essential nutrients, including
cholesterol. Through bioinformatic analysis of lysosomal proteomes, we identified lysosomal cholesterol
signaling (LYCHOS, previously annotated as G protein–coupled receptor 155), a multidomain
transmembrane protein that enables cholesterol-dependent activation of the master growth regulator,
the protein kinase mechanistic target of rapamycin complex 1 (mTORC1). Cholesterol bound to the
amino-terminal permease-like region of LYCHOS, and mutating this site impaired mTORC1 activation. At
high cholesterol concentrations, LYCHOS bound to the GATOR1 complex, a guanosine triphosphatase
(GTPase)–activating protein for the Rag GTPases, through a conserved cytoplasm-facing loop. By
sequestering GATOR1, LYCHOS promotes cholesterol- and Rag-dependent recruitment of mTORC1 to
lysosomes. Thus, LYCHOS functions in a lysosomal pathway for cholesterol sensing and couples
cholesterol concentrations to mTORC1-dependent anabolic signaling.

C
holesterol, an essential building block
for membrane biogenesis, is also a sig-
nalingmolecule that regulates embryonic
development and numerous physiologi-
cal processes by acting either as a ligand

or as a precursor for oxysterols and steroid
hormones. Aberrant amounts and activity of
cholesterol are associated with pathological
conditions such as obesity, atherosclerosis,
infertility, and cancer, making its accurate
sensing essential (1, 2). For example, dedi-
catedmachinery on the endoplasmic reticulum
(ER) senses local cholesterol concentrations
and, in response, fine-tunes the rate of choles-
terol synthesis and uptake (3, 4).
In actively proliferating cells, including

cancer cells, the phosphatidylinositol 3-kinase
(PI3K)–AKT–mechanistic target of rapamycin
complex 1 (mTORC1) pathway stimulates both
de novo cholesterol synthesis and uptake to

meet the increased demand for both cholesterol
itself and its growth-promoting biosynthetic
intermediates (5–7). However, where in the
cell and how cholesterol abundance is sig-
naled to growth-regulating pathways are not
well understood.
The lysosome is a key nutrient-sensing cen-

ter for the cell (6). At the lysosome, the master
growth regulator protein kinase, mTORC1, in-
tegrates many environmental signals, includ-
ing nutrients, growth factors, energy, oxygen
and stress and, in response, triggers down-
stream anabolic programs that increase cell
mass (8). When intracellular concentrations
of nutrients, including cholesterol, are increased,
mTORC1 localizes to the lysosomal membrane,
where it contacts the small guanosine tri-
phosphatase (GTPase) Rheb, which activates
mTORC1 kinase function (8–10). Conversely,
when nutrient abundance is low, mTORC1
relocalizes to the cytosol, where it remains
inactive until nutrient concentrations are
restored.
Multiple proteins control the nutrient-

dependent localization of mTORC1 to the
lysosome. The Rag GTPases are heterodimers
composed of either RagA or RagB in complex
with either RagC or RagD (11, 12). A key event
when nutrients are plentiful is the loading
of RagA or B with GTP, which enables it to
physically bind to mTORC1 and anchor it to
the lysosomal membrane (8, 13, 14). In turn,
the nucleotide state of RagA or B is controlled
by other lysosome-associated proteins. The
GATOR1 complex is a dedicated GTPase-
activating protein (GAP) for RagA. When
nutrient concentrations are low, GATOR1
triggers GTP hydrolysis on RagA, thereby pro-
moting the inactive state of the Rag GTPase
complex that leads to cytoplasmic relocaliza-

tion and inactivation of mTORC1 (15, 16). This
negative regulatory activity of GATOR1 is
countered by the amino acids leucine, arginine,
and methionine, through dedicated sensors
that inhibit the GAP activity of GATOR1 either
directly or via a second complex known as
GATOR2 (8). Whether cholesterol regulates
the GAP activity of GATOR1 toward RagA is
unknown but, consistent with this possibil-
ity, genetic inactivation of GATOR1 renders
mTORC1 constitutively active even if choles-
terol concentrations are low (17).
In cells and in vitro, cholesterol on the

lysosomal limiting membrane directly par-
ticipates in the recruitment and activation
of mTORC1. This cholesterol pool is highly
regulated: The sterol carrier, oxysterol bind-
ing protein (OSBP), localizes at ER–lysosome
membrane contact sites, where it transfers
cholesterol from the ER to the lysosome to
enablemTORC1 activation (1, 6, 17). Conversely,
the cholesterol transporter Niemann-Pick C1
(NPC1) promotes export of cholesterol from the
lysosomal surface, thereby inhibiting mTORC1
signaling (10, 17).
How cholesterol interacts with themTORC1-

scaffolding machinery is not well understood.
Various cholesterol pools coexist at the lyso-
somal membrane, one derived from low-
density lipoprotein (LDL), another deposited
across membrane contact sites (17). Moreover,
the concentration of cholesterol likely varies
across different regions of the lysosomalmem-
brane and as a function ofmetabolic states (18).
Thus, like sensing of amino acids, cholesterol
sensing may rely on multiple cholesterol-
sensing factors with distinct localization, affinity
for the sterol ligand, and upstream regulatory
mechanisms. One important player is the
lysosomal transmembrane protein, SLC38A9
(19, 20), which participates in cholesterol-
dependent activation of mTORC1 through
conserved sterol-interacting motifs within
its transmembrane domains (10). However,
SLC38A9 primarily relays arginine abundance
to mTORC1, whereas a dedicated sensor for
cholesterol remains to be identified.
More generally, it is likely that the lysosome

has as yet undiscovered nutrient sensors that
could regulate cellular metabolism through
mTORC1-dependent or independent pathways.
Identifying putative nutrient sensors can be
challenging, because they generally have weak
interactions with their cognate metabolites
and have diverse domain composition and
topologies (21). Building on recent advances
in immunoisolation and proteomic profiling
of lysosomes combined with a robust bioin-
formatic pipeline that identifies and priori-
tizes putative signaling proteins, we identified
GPR155, which we rename lysosomal choles-
terol sensing (LYCHOS) protein, as a candi-
date lysosomal cholesterol sensor that controls
signaling functions of this organelle.
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Fig. 2. Cholesterol binding at the N-terminal region of LYCHOS is essential for
mTORC1 activation. (A) [3H]-cholesterol binding to LYCHOS WT. Purified LYCHOS
(150 ng) was incubated with the indicated concentration of [3H]-cholesterol, in the
presence or absence of 10 mM cold cholesterol or epicholesterol. Bound [3H]-
cholesterol was measured by scintillation counting. The assay was performed in
duplicate and each data point is shown. (B and C) Competitive binding of unlabeled
sterols to LYCHOS. LYCHOS (150 ng) was incubated with 500 nM [3H]-cholesterol
along with increasing concentrations of the indicated unlabeled sterol. Bound [3H]-
cholesterol was measured by scintillation counting. The assay was performed in
duplicate and each data point is shown. (D) Collision-induced dissociation (CID)
product ion spectrum of the TM1 tryptic peptide photolabeled with 3 mM LKM38. TM1
peptide [mass to charge ratio (m/z) = 934.53, z = 3] is photolabeled by LKM38 at
E48. Red and black indicate product ions that do or do not contain LKM38 adduct,
respectively. The C* indicates that the cysteine is alkylated by N-ethylmaleimide. The
inset schematic of LYCHOS in the panel indicates the approximate location of the
residues labeled by LKM38 (black star). The numerical data are included in table S3.
TM, transmembrane helix. (E) Photolabeling efficiency of recombinant LYCHOS by LKM38

in the absence or presence of excess unlabeled cholesterol. Data are mean ± SD of
5 replicates. Statistical analysis was performed using student t test; ***p < 0.001.
(F) LYCHOS TM1 is required for cholesterol-mediated mTORC1 activation. HEK-293T/
sgLYCHOS cells were transfected with FLAG-S6K1 along with hemagglutinin (HA)–
tagged METAP2 (negative control), LYCHOS WT, and TM1 mutants. Cells were
cholesterol starved, or starved and restimulated as indicated in the presence of 50 mM
mevalonate and mevastatin, followed by FLAG immunoprecipitation (IP) and
immunoblotting for the phosphorylation state and levels of the indicated proteins.
(G) [3H]-cholesterol binding to LYCHOS WT and LYCHOS FP→IA mutant. Purified
LYCHOS (150 ng) was incubated with the indicated concentration of [3H]-cholesterol,
and bound radioactive cholesterol was measured by scintillation counting. The assay was
performed in duplicate and each data point is shown. (H) LYCHOS TM1 mutants FP→IA
and Y57A blunt cholesterol-mediated mTORC1 activation. HEK-293T/sgLYCHOS cells
were transfected with FLAG-S6K1 along with HA-METAP2 (negative control) or LYCHOS
WT, Y57A, or FP→IA-HA and analyzed as in (F). Abbreviations for the amino acid
residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys;
L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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Fig. 3. LYCHOS promotes mTORC1 signaling via cholesterol-regulated
interaction with GATOR1. (A) TurboID-based proximity labeling combined
with liquid chromatography–mass spectrometry identified GATOR1 complex
components (DEPDC5, NPRL2, and NPRL3) as interactors of LYCHOS.
Volcano plot of the ratio of LYCHOS-FLAG-TurboID (LYCHOS) to NPC1-FLAG-
TurboID (NPC1) is shown. Proteins with statistically significant (p ≥ 0.05,
two-tailed unpaired t test) with fold change LYCHOS/NPC1 ≥2 are displayed
as red circles. (B) Cartoon summarizing the TurboID proteomic analysis in
(A). GATOR1 and KICSTOR subunits are color-coded according to their
peptide counts. (C) Cholesterol strengthens the LYCHOS-GATOR1 interaction.
HEK-293T cells bearing endogenously 3xFLAG-tagged KLH12, LYCHOS, and
DEPDC5 were depleted of sterols then refed with 50 mM cholesterol, followed
by FLAG immunoprecipitation and immunoblotting for the indicated proteins.

(D) LYCHOS regulates cholesterol-dependent mTORC1 signaling via GATOR1.
HEK-293T cells lacking GATOR1 (sgNPRL3), LYCHOS (sgLYCHOS), or both
(sgNPRL3/sgLYCHOS) were cholesterol starved, or starved and refed with
50 mM cholesterol or 50 mg/ml LDL, followed by immunoblotting for the
indicated proteins. (E) LYCHOS functions upstream of RagA GTP loading.
HEK-293T cells stably expressing LAMP1-FLAG or FLAG-SLC38A9.1 were
infected with shRNA targeting luciferase or LYCHOS for FLAG immuno-
precipitation to assess SLC38A9.1-RAG A/C interaction. (F) SLC38A9.1
functions downstream of RagA GTP loading. SLC38A9.1 was knocked down
in cells edited with 3xFLAG tags at the endogenous KLH12 and LYCHOS genes,
respectively. followed by FLAG immunoprecipitation and immunoblotting for the
indicated proteins. (G) LYCHOS and SLC38A9 mediate distinct cholesterol-sensing
pathways, converging on mTORC1.
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Fig. S8. Loss of NPC1 renders mTORC1 insensitive to sterol starvation 
(A) (top) Control HEK-293T cells, or HEK-293T cells deleted for the NPC1 gene via CRISPR/Cas9 (clones 2 and 5) were sterol-

depleted for 2h, or depleted and restimulated with MCD:cholesterol for 1h. Cell lysates were immunoblotted for the indicated proteins 

and phospho-proteins. (bottom) Filipin staining reveals lysosomal cholesterol accumulation in NPC1-deleted but not in control HEK-

293T cells. (B) WT, NPC1
-/-

 and NPC1 rescue CHO cells were sterol-depleted for 2h and, where indicated, restimulated with MCD: 

cholesterol for 1h. Cell lysates were immunoblotted for the indicated proteins and phospho-proteins. (C) WT and NPC1
-/-

 MEFs were 

sterol-depleted for 2h or depleted and restimulated with MCD:cholesterol or 25μg/ml LDL for 1h. Cell lysates were immunoblotted 

for the indicated proteins and phospho-proteins.  (D) Nuclear translocation of TFEB in response to cholesterol levels requires NPC1. 

Control and NPC1
-/-

 CHO cells stably expressing TFEB-GFP were sterol-depleted for 2h or depleted and restimulated with MCD: 

cholesterol for 1h. Scale bar, 10μm. (E) Lysosomal localization of mTORC1 is insensitive to sterol depletion in the absence of NPC1. 

NPC1-deleted or NPC1-FLAG rescued HEK-293T cells were sterol-depleted for 2h or depleted and restimulated with 25μg/ml LDL, 

and subjected to double immunofluorescence for mTOR and LAMP1. Scale bar, 10μm. (F) Quantification of mTOR-LAMP2 co-

localization from the experiment in (E). Shown are mean + SD. N=15 cells/condition. ANOVA: p < 0.0001 followed by Tukey’s t-
test: ****p < 0.0001. 
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As described for other CRAC-containing pro-
teins (23), titrating the peptide with increas-
ing concentrations of cholesterol yielded a
dose-dependent, saturable increase of the 350-nm
fluorescence emission of a Trp residue within
the peptide (Fig. 3F), suggesting a conforma-
tional change induced by cholesterol. In con-
trast, 25-hydroxycholesterol and cholest-4-en-

3-one, which do not activate mTORC1 in cells
(fig. S1D), failed to increase the fluorescence
emission of the CARC-CRAC peptide (Fig. 3F).
Mutating the obligate Tyr460 of the CRAC motif
to Ile reduced the cholesterol-induced fluores-
cence change, whereas a double mutant of the
CARC Phe449 and CRAC Tyr460 abolished it
altogether (Fig. 3G).

Next, we tested the ability of wild-type, Y460I
(CRAC) mutant, or F449I-Y460I (CARC-CRAC)
double mutant SLC38A9 to rescue mTORC1 activ-
ity in SLC38A9-depleted cells. Wild-type SLC38A9
restored mTORC1 activity (Fig. 3H) and lysosomal
localization (fig. S5, G and H) in response to LDL,
whereas the single CRAC and the double CARC-
CRACmutants did not (Fig. 3H and fig. S5, G and
H). Neither mutant disrupted arginine-mediated
activation of mTORC1, indicating a specific role
for the CARC-CRACmotif in cholesterol-dependent
signaling (Fig. 3H). Whereas both the CRAC and
the CARC-CRAC mutant proteins localized nor-
mally to LAMP2-containing lysosomes (fig. S6, B
to E), they showed increased interactions with
both Rag GTPase and Ragulator subunits, a pat-
tern consistent with their failure to activate the
mTORC1 scaffolding complex (fig. S6F) (24, 25).
Taken together, these results indicate that SLC38A9
is necessary for mTORC1 activation by lysosomal
cholesterol and that the tandem CARC and CRAC
motifs are important in this process.
The activating effect of LDL-derived cholesterol

on mTORC1 implies that lysosomal proteins that
function in cholesterol transport may participate
in mTORC1 regulation. FLAG-tagged NPC1—a
bone fide cholesterol transporter of the lyso-
somal limiting membrane—immunoprecipitated
multiple components of the mTORC1 scaffold-
ing complex, including Ragulator, Rag GTPases,
SLC38A9, and the vacuolar H+-ATPase (v-ATPase)
(Fig. 4A and fig. S7, A and B). Conversely, FLAG-
SLC38A9 associated with endogenous NPC1
along with Rag GTPase and Ragulator sub-
units (Fig. 4B). Binding of NPC1-FLAG to endo-
genous v-ATPase, RagC, RagA, and p18 was
reduced in SLC38A9-null cells, indicating that
NPC1 may associate with the scaffolding com-
plex via SLC38A9 (fig. S7C).
CRISPR/Cas9–mediated deletion of NPC1 in

HEK-293T cells rendered mTORC1 signaling large-
ly resistant to sterol depletion (fig. S8A). Also, in
CHO cells and MEFs bearing homozygous dele-
tion of the NPC1 gene, mTORC1 signaling was
constitutively active upon MCD-mediated choles-
terol depletion and could not be further stimu-
lated by addition of cholesterol or LDL (fig. S8, B
to D). Reintroduction of NPC1 in NPC1−/− cells
was sufficient to restore cholesterol-mediated reg-
ulation of S6K1 and 4E-BP1 phosphorylation (fig.
S8B). In wild-type cells, mTOR was dispersed
from lysosomes upon sterol depletion but re-
clustered if cholesterol was restored, whereas in
NPC1-deleted cells, mTOR remained associated
with LAMP2-positive lysosomes under sterol-
depleted conditions (fig. S8, E and F). The re-
quirement for NPC1 appeared to be specific to
mTORC1 because NPC1 status had no effect on
the signaling response of mTORC2 (Akt, Ser473)
and extracellular signal-regulated kinase (ERK,
Thr202/204) 1/2 to sterol levels (fig. S9A).
Transmembrane helices 3 to 7 of NPC1 con-

tain a domain of unknown function that is similar
in sequence to the sterol-sensing domain (SSD)
of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase (HMGCR) and SREBP cleavage
activating protein (SCAP) (27). Mutating proline

Castellano et al., Science 355, 1306–1311 (2017) 24 March 2017 5 of 6

Fig. 4. NPC1 interacts with SLC38A9 and mediates mTORC1 inhibition upon cholesterol
depletion. (A) Binding of NPC1 to the mTORC1 scaffolding complex. HEK-293Tcells stably expressing
LAMP1-FLAG or NPC1-FLAG were lysed and subjected to FLAG immunoprecipitation and immuno-
blotting for the indicated proteins. (B) HEK-293Tcells stably expressing LAMP1-FLAG or FLAG-SLC38A9
were lysed and subjected to FLAG immunoprecipitation (IP) and immunoblotting for the indicated
proteins. (C) NPC1−/− MEFs stably expressing NPC1WT-FLAG or NPC1P691S-FLAG were stained with the
cholesterol-staining agent filipin or subjected to double immunofluorescence for FLAG and LAMP1, as
indicated. Scale bar, 10 mm (D) Requirement of the sterol-sensing domain (SSD) of NPC1 for choles-
terol regulation of mTORC1. MEFs with the indicated genotypes were depleted of sterol for 2 hours or
depleted and restimulated with MCD:cholesterol for 1 hour. Cell lysates were immunoblotted for the
indicated proteins and phosphoproteins. (E) HEK-293T cells lacking NPC1 were treated with either
scrambled or SLC38A9-targeting siRNA, depleted of sterol for 2 hours, or depleted and restimulated
with LDL for 2 hours. Cell lysates were immunoblotted for the indicated proteins and phosphoproteins.
(F) HEK-293Tcells lacking NPC1 were treated with either scrambled or SLC38A9-targeting siRNA, starved
for arginine for 1 hour, or starved and restimulated with arginine for 30 min. Cell lysates were im-
munoblotted for the indicated proteins and phosphoproteins. (G) Model for mTORC1 regulation by LDL-
derived cholesterol. SLC38A9 stimulates Rag GTPase activation in response to cholesterol. NPC1 binds to
SLC38A9 and inhibits cholesterol-mediated mTORC1 activation via its sterol transport activity.
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lated by addition of cholesterol or LDL (fig. S8, B
to D). Reintroduction of NPC1 in NPC1−/− cells
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ulation of S6K1 and 4E-BP1 phosphorylation (fig.
S8B). In wild-type cells, mTOR was dispersed
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clustered if cholesterol was restored, whereas in
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quirement for NPC1 appeared to be specific to
mTORC1 because NPC1 status had no effect on
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and extracellular signal-regulated kinase (ERK,
Thr202/204) 1/2 to sterol levels (fig. S9A).
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Fig. 4. NPC1 interacts with SLC38A9 and mediates mTORC1 inhibition upon cholesterol
depletion. (A) Binding of NPC1 to the mTORC1 scaffolding complex. HEK-293Tcells stably expressing
LAMP1-FLAG or NPC1-FLAG were lysed and subjected to FLAG immunoprecipitation and immuno-
blotting for the indicated proteins. (B) HEK-293Tcells stably expressing LAMP1-FLAG or FLAG-SLC38A9
were lysed and subjected to FLAG immunoprecipitation (IP) and immunoblotting for the indicated
proteins. (C) NPC1−/− MEFs stably expressing NPC1WT-FLAG or NPC1P691S-FLAG were stained with the
cholesterol-staining agent filipin or subjected to double immunofluorescence for FLAG and LAMP1, as
indicated. Scale bar, 10 mm (D) Requirement of the sterol-sensing domain (SSD) of NPC1 for choles-
terol regulation of mTORC1. MEFs with the indicated genotypes were depleted of sterol for 2 hours or
depleted and restimulated with MCD:cholesterol for 1 hour. Cell lysates were immunoblotted for the
indicated proteins and phosphoproteins. (E) HEK-293T cells lacking NPC1 were treated with either
scrambled or SLC38A9-targeting siRNA, depleted of sterol for 2 hours, or depleted and restimulated
with LDL for 2 hours. Cell lysates were immunoblotted for the indicated proteins and phosphoproteins.
(F) HEK-293Tcells lacking NPC1 were treated with either scrambled or SLC38A9-targeting siRNA, starved
for arginine for 1 hour, or starved and restimulated with arginine for 30 min. Cell lysates were im-
munoblotted for the indicated proteins and phosphoproteins. (G) Model for mTORC1 regulation by LDL-
derived cholesterol. SLC38A9 stimulates Rag GTPase activation in response to cholesterol. NPC1 binds to
SLC38A9 and inhibits cholesterol-mediated mTORC1 activation via its sterol transport activity.
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Activation of protein synthesis. Protein 
synthesis is the most energy-intensive and 
resource-intensive process in growing cells. It is 
therefore tightly regulated by mTORC1, which 
promotes protein synthesis by phosphorylating 
the eukaryotic initiation factor 4E binding 
proteins (4EBPs) and p70 S6 kinase 1 (S6K1).
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Effects on metabolism are 
multifold, and still emerging. 
Generally speaking, mTORC1 
enhances several processes. 
These include: 
• Nucleotide synthesis 
• Lipid synthesis 
• Cholesterol biosynthesis 
• Glycogen synthesis 
• PPP 
• Ser/Gly biosynthesis 
• Glycolysis? 
• Mitochondria biogenesis? 
• Mitochondria QC?



carbamoyl aspartate. Dihydroorotase subsequently circu-
larizes carbamoyl aspartate to form the ring-structured 
dihydroorotate. In human cells, CPS-II, ATCase and 
dihydroorotase activities are all contained in the tri-
functional protein CAD (FIG. 4). Consistent with the 
hypo thesis that normal cell growth is dependent upon 
growth factor stimulation, CAD is known to be regulated 
by growth factor signalling, partly through the action of 
MAPK102,103. Furthermore, downstream of mTORC1, 
S6K1 was found to directly phosphorylate CAD and to 
induce its activity to provide pyrimidine nucleotides for 
ribosomal biogenesis, hence supporting protein transla-
tion104,105. By positioning CAD under the regulation of 
mTORC1, the initiation of pyrimidine synthesis is only 
favoured in the presence of sufficient amino acid sub-
strates, as monitored by mTORC1 activity (FIG. 4). As a 
result, nucleotide production is coordinated with amino 
acid availability, which together support cell proliferation.

A unique feature of the next step in pyrimidine syn-
thesis is that the enzyme dihydroorotate dehydrogenase 
(DHODH) is localized on the outer surface of the inner 
mitochondrial membrane, oxidizing dihydroorotate to 
produce orotate (FIG. 4). Unlike many other dehydro-
genases that require NAD+ or NADP+ as electron acceptor,  

DHODH instead transfers electrons to ubiquinone, which 
then passes the electrons on to respiratory complex III 
and ultimately to oxygen106. As a result, the production 
of orotate in pyrimidine synthesis is coupled to the 
ETC and energy generation, which exerts an additional 
control over nucleotide synthesis and ensures that it is 
coupled to cellular energy status. The unique metabolic  
positioning of this reaction also makes DHODH a vulner-
able node within pathways of growth regulation that  
has the potential to be a cancer treatment target. In line 
with this, it was found that combinatorial inhibition of 
oncogenic BRAF-V600E (BRAF proto-oncogene, V600E 
mutation) and DHODH can lead to a reduction in mela-
noma tumour growth107. Similarly, high-throughput 
screening identified DHODH as a drug target, which 
when inhibited induces differentiation of a wide range 
of acute myeloid leukaemia cells108.

Subsequently, to complete pyrimidine synthesis,  
orotate is combined with PRPP to form uridine mono-
phosphate (UMP) through the activity of uridine 
monophosphate synthetase (UMPS). All other pyrimi-
dine nucleotide species are derived from UMP. Notably, 
in order to produce cytidine triphosphate (CTP), an  
additional molecule of glutamine is required to provide  
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Fig. 4 | Synthesis of pyrimidine and purine nucleotides. Nucleotide synthesis is key for cell proliferation as it is required 
for DNA replication, gene transcription and ribosome biogenesis, and the uptake of nucleotides from extracellular sources 
is negligible. Nucleotide biosynthesis interrogates multiple metabolic pathways and requires the utilization of various 
substrates as the carbon and nitrogen sources, including amino acids and metabolites of the folate cycle (the colours of 
carbon and nitrogen in the chemical structure of pyrimidines and purines correspond to the contributing source). 
Pyrimidine synthesis intersects with amino acid metabolism via positive regulation of carbamoyl-phosphate synthetase II, 
aspartate transcarbamoylase and dihydroorotase (CAD) downstream of mTROC1 as well as with ATP production and 
energy metabolism (electron transport chain (ETC) via the activity of dihydroorotate dehydrogenase (DHODH), highlighted 
in red, which has been implicated as a potential target for cancer treatment). Purine synthesis is indirectly regulated by 
mechanistic target of rapamycin complex 1 (mTORC1) via its stimulation of the mitochondrial folate cycle. In addition,  
the key energy sensor AMP-activated protein kinase (AMPK) negatively regulates purine biosynthesis by inhibiting the 
activity of phosphoribosyl pyrophosphate synthetase (PRPS). This enables fine-tuning of nucleotide synthesis in accordance 
with cellular energy metabolism. IMPDH, inosine monophosphate dehydrogenase; PRPP, phosphoribosyl pyrophosphate; 
QH2, dihydroxyquinone; Ribose-5-P, ribose 5-phosphate; RPA , phosphoribosyl amine; THF, tetrahydrofolate.

Ubiquinone
A coenzyme that functions as 
an electron carrier in various 
biological processes, including 
the electron transport chain as 
part of aerobic cellular 
respiration.
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consistent with early studies showing that a Rag dimer in which the RagA/B and RagC/D modules
are both GTP-bound was still able to efficiently bind to mTORC1 [7]. Thus, RagC/D participates in
dimer formation but the RagC/D GTP/GDP-binding state is less relevant for mTORC1 binding
than the RagA/B nucleotide-binding state. This indicates that both the RagA/B–GTP:RagC/D–
GDP and the RagA/B–GTP:RagC/D–GTP heterodimeric configurations are similarly able to mediate
mTORC1 lysosomal recruitment. More recent studies have revealed that the RagC/D nucleotide-
binding state is involved in a 'non-canonical' mTORC1 substrate recruitment mechanism [37]
(discussed below).

The nutrient-dependent transition between the inactive RagA/B (i.e., GDP-bound) and active (i.e.,
GTP-bound) states is a finely modulated process controlled by complex machinery that can
sense both cytosolic and intra-lysosomal nutrients (Figure 2). A crucial effector of this machinery
is the trimeric GATOR1 [GTPase-activating protein (GAP) activity towards Rags 1] complex,
consisting of the subunits Nprl2, Nprl3, and DEPDC5. This complex acts as a GAP that specifi-
cally inhibits RagA/B [38] and exerts its function to the lysosomal surface via its interaction with
the tetrameric KICSTOR (KPTN-, ITFG2-, C12orf66-, and SZT2-containing regulator of TOR)
complex [39,40]. GATOR1 activity is counteracted by the GATOR2 complex, a pentameric com-
plex consisting of the subunits MIOS, WDR59, WDR24, Seh1L, and SEC13 [38]. Although the
exact function of GATOR2 has not yet been defined, this complex is thought to modulate Rag
GTPase activity either by acting as a GATOR1 inhibitor or by working in parallel to GATOR1 via
an incompletely understood mechanism [39,41–43].

The availability of both cytosolic and intra-lysosomal nutrients is conveyed to the Rags via the
action of dedicated sensors. Several cytosolic amino acid sensors such as Sestrin, CASTOR (cel-
lular arginine sensor for mTORC), and SAMTOR (S-adenosylmethionine sensor upstream of
mTORC1) sense cytosolic amino acid levels and convey this information to mTORC1 via direct
binding to and modulating the GATOR complexes. In particular, Sestrin2 and CASTOR have
been shown to bind specifically to leucine and arginine, respectively, and to transmit their
availability via their inhibitory binding to GATOR2, which occurs during starvation [41–44]. By
contrast, SAMTOR is a specific sensor of Sadenosylmethionine (SAM), a methionine byproduct
[45]. Upon SAM deprivation, SAMTOR inhibits mTORC1 activity via GATOR1 binding. The integral
lysosomal membrane protein solute carrier SLC38A9 mediates the sensing of intra-lysosomal
amino acid levels [46,47,115]. Furthermore, the lysosomal v-ATPase complex, which is required
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Figure 2. Mechanisms of canonical and non-canonical mTORC1 signaling. mTORC1 activation occurs upon its recruitment to the lysosomal surface, which is
mediated by the Rag GTPases. mTORC1 activity towards S6K and 4E-BP1 (A) is modulated by the TSC2–Rheb axis, whereas the phosphorylation (P) of TFEB (B) occurs
through the FLCN–RagC/D axis.
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consequence of MiT-TFE hyperactivation. Genetic evidence in mice has shown that kidney-
specific depletion of TFEB is sufficient to completely rescue cyst formation, tumorigenesis, and
early lethality [37]. These data identify TFEB as a main driver of the kidney phenotype of BHD syn-
drome and suggest that other disease manifestations may also be caused by TFEB induction.

Although the mechanism by which aberrant TFEB activity promotes kidney cystogenesis and
tumorigenesis has not been fully elucidated, the ability of this transcription factor to induce
mTORC1 hyperactivation likely represents a major determinant. TFEB activation in FLCN-KO
mouse kidneys results in increased expression of RagC/D, which, in the absence of FLCN, is likely
to cause increased mTORC1 activity towards S6K and 4E-BP1 but not TFEB. TFEB depletion
completely normalizes RagC/D levels and mTORC1 activity in FLCN-KO mouse kidneys [37].
Whether the upregulation of other TFEB-mediated transcriptional programs (e.g., lysosomal
biogenesis, autophagy, lysosomal exocytosis, etc.) also contributes to the kidney phenotype
has yet to be determined.

Finally, although the role in BHD pathogenesis of other MiT-TFE factors, such as TFE3 andMITF, re-
mains to be established, it is likely that each MiT/TFE factor plays tissue-specific roles. Accordingly,
whereas genetic depletion of TFEB in kidney distal tubular cells (i.e., cadherin 16-positive) is sufficient
to rescue the kidney phenotype caused by loss of FLCN, depletion of TFE3 is able to rescue the
phenotypes observed in hematopoietic-lineage or adipocyte-specific FLCN-KO mice [35,36,74],
thus suggesting that the expression levels of each transcription factor in different tissues may
determine their relative contributions to the disease phenotype.

TSC
Similarly to BHD syndrome, TSC is an autosomal dominant genetic disorder characterized by
hamartomatous lesions in multiple tissues such as brain, heart, lung, skin, and kidney [75]. The
disease is caused by germline loss-of-function mutations in the genes encoding either TSC1 or
TSC2 which, together with TBC1D7, form the TSC complex as described above. Loss-of-
function of TSC results in constitutive activation of mTORC1 signaling.

TrendsTrends inin Cell BiologyCell Biology

Figure 4. Conditions affecting non-canonical mTORC1 signaling. (i) Under normal conditions FLCN, in complex with FNIP1/2 acts as a GTPase-activating protein
(GAP) for the activation (i.e., GDP loading) of RagC/D, which is crucial for inhibition of TFEB through mTORC1-mediated phosphorylation (P). In Birt–Hogg–Dubé (BHD)
syndrome mutations of the FLCN gene cause RagC/D inhibition leading to constitutive TFEB activity. Mutations in either the TSC1 or TSC2 genes, causative of
tuberous sclerosis complex (TSC), inhibit the activity of RagC/D through an unknown mechanism, thus activating TFEB. In both BHD and TSC, constitutive TFEB
nuclear localization leads to hyperphosphorylation of S6K and 4E-BP1 due to enhanced RagC/D transcription (discussed in the main text). Lysosomal damage triggers
LC3 recruitment on lysosomes, which induces RagC/D inhibition and promotes TFEB activity. Changes in endolysosomal ion levels, as well as mitochondrial damage
or pathogen infection (selective autophagy), promote conjugation of GABARAP at the lysosomal membrane, which results in sequestration of the FLCN:FNIP complex,
RagC/D inhibition, and activation of TFEB. Adapted from [37].
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to cause increased mTORC1 activity towards S6K and 4E-BP1 but not TFEB. TFEB depletion
completely normalizes RagC/D levels and mTORC1 activity in FLCN-KO mouse kidneys [37].
Whether the upregulation of other TFEB-mediated transcriptional programs (e.g., lysosomal
biogenesis, autophagy, lysosomal exocytosis, etc.) also contributes to the kidney phenotype
has yet to be determined.

Finally, although the role in BHD pathogenesis of other MiT-TFE factors, such as TFE3 andMITF, re-
mains to be established, it is likely that each MiT/TFE factor plays tissue-specific roles. Accordingly,
whereas genetic depletion of TFEB in kidney distal tubular cells (i.e., cadherin 16-positive) is sufficient
to rescue the kidney phenotype caused by loss of FLCN, depletion of TFE3 is able to rescue the
phenotypes observed in hematopoietic-lineage or adipocyte-specific FLCN-KO mice [35,36,74],
thus suggesting that the expression levels of each transcription factor in different tissues may
determine their relative contributions to the disease phenotype.

TSC
Similarly to BHD syndrome, TSC is an autosomal dominant genetic disorder characterized by
hamartomatous lesions in multiple tissues such as brain, heart, lung, skin, and kidney [75]. The
disease is caused by germline loss-of-function mutations in the genes encoding either TSC1 or
TSC2 which, together with TBC1D7, form the TSC complex as described above. Loss-of-
function of TSC results in constitutive activation of mTORC1 signaling.
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Figure 4. Conditions affecting non-canonical mTORC1 signaling. (i) Under normal conditions FLCN, in complex with FNIP1/2 acts as a GTPase-activating protein
(GAP) for the activation (i.e., GDP loading) of RagC/D, which is crucial for inhibition of TFEB through mTORC1-mediated phosphorylation (P). In Birt–Hogg–Dubé (BHD)
syndrome mutations of the FLCN gene cause RagC/D inhibition leading to constitutive TFEB activity. Mutations in either the TSC1 or TSC2 genes, causative of
tuberous sclerosis complex (TSC), inhibit the activity of RagC/D through an unknown mechanism, thus activating TFEB. In both BHD and TSC, constitutive TFEB
nuclear localization leads to hyperphosphorylation of S6K and 4E-BP1 due to enhanced RagC/D transcription (discussed in the main text). Lysosomal damage triggers
LC3 recruitment on lysosomes, which induces RagC/D inhibition and promotes TFEB activity. Changes in endolysosomal ion levels, as well as mitochondrial damage
or pathogen infection (selective autophagy), promote conjugation of GABARAP at the lysosomal membrane, which results in sequestration of the FLCN:FNIP complex,
RagC/D inhibition, and activation of TFEB. Adapted from [37].
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Because the lysosome is the site of mTORC1
activation, we tested whether global sterol de-
pletion via MCD led to changes in the lysosomal
cholesterol pool. Indeed, mass spectrometry anal-

ysis of intact lysosomes immunopurified from
HEK-293T cells stably expressing an affinity tag
composed of the lysosomal transmembrane pro-
tein LAMP1 (lysosome-associated membrane pro-

tein 1) and fused to monomeric red fluorescent
protein (mRFP) and FLAGX2 (LRF) (Fig. 1F, top)
(21) showed that MCD treatment led to a 60%
decrease in lysosomal cholesterol compared with
unstarved cells. Steady-state levels of cholesterol
in the lysosome were restored upon refeeding
with MCD:cholesterol for 1 hour (Fig. 1F, bot-
tom). Thus, the lysosomal cholesterol pool is in
rapid equilibrium with the plasma membrane
pool and reflects global changes in cellular sterol
levels (18).
On the basis of these results, we examined

whether cholesterol affects mTORC1 localization
to the lysosomal surface, a step regulated by the
nucleotide state of the Rag GTPases and by their
scaffold, the Ragulator complex (10, 12). Manip-
ulating cholesterol levels did not disrupt the
integrity of the Ragulator-Rag GTPase complex
because RagC and the Ragulator subunit p18
localized to LAMP2-containing lysosomes irre-
spective of cholesterol status (Fig. 1, G and I,
and fig. S2B). In contrast, cholesterol depletion
caused the dissociation of mTOR from LAMP2-
positive lysosomes, whereas restimulation with
either MCD:cholesterol or LDL restored coloc-
alization of mTOR and LAMP2 (Fig. 1, H and I,
and fig. S2C). Although this pattern was remi-
niscent of that induced by amino acid starvation
and refeeding (10, 11, 21), manipulation of chol-
esterol levels did not significantly alter intra-
cellular amino acid levels (fig. S3A). Collectively,
these results indicate that lysosomal cholesterol
functions upstream of the mTORC1 scaffolding
complex independently of amino acids.
To determine whether cholesterol regulates

the Rag GTPases, we used a coimmunoprecipi-
tation assay that reads out the activation state
of Rag GTPases as a function of their affinity
for Ragulator. The Ragulator-Rag GTPase in-
teraction is weakened by amino acids. This ef-
fect is thought to reflect GTP loading of RagA or
RagB by Ragulator, enabling RagA/B to bind to
mTORC1 (21, 22). In HEK-293T cells that were
cholesterol-depleted and then restimulated with
MCD:cholesterol, FLAG-tagged Ragulator sub-
unit p14 bound to endogenous RagA and RagC
more weakly than in cholesterol-depleted cells
(Fig. 2A). Thus, cholesterol has the same activat-
ing effect as amino acids on the mTORC1 scaf-
folding complex.
We reconstituted cholesterol signaling in vitro

by modifying a cell-free assay that monitors ami-
no acid–dependent activation of the Rag GTPases
(Fig. 2B and fig. S4A) (21). Light organelle frac-
tions from HEK-293T cells stably expressing FLAG-
p14 were treated with recombinant cholesterol
oxidase, a bacterial enzyme that converts cho-
lesterol into cholest-4-en-3-one, effectively de-
pleting cholesterol from the lysosomal limiting
membrane (Fig. 2B) (23). Cholest-4-en-3-one
failed to activate mTORC1 signaling when de-
livered to HEK-293T cells (fig. S1D). Conversion
of cholesterol to cholest-4-en-3-one in vitro en-
hanced the binding of FLAG-p14 to RagA and
RagC, which is consistent with Rag GTPase in-
activation (Fig. 2C). The increased association
of p14 with RagA and RagC was blocked by free
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Fig. 1. Lysosomal cholesterol stimulates mTORC1 recruitment and signaling. (A) Dose-
dependent activation of mTORC1 by LDL. HEK-293T cells were depleted of sterol with methyl-b
cyclodextrin (MCD, 0.5% w/v) for 2 hours and stimulated for 2 hours with various concentrations (0
to 100 mg/ml) of LDL. Cell lysates were analyzed for phosphorylation status of S6K1 (T389) and 4E-
BP1 (S65) and for total protein abundance. (B) (Top) Time-dependent activation of mTORC1 by LDL.
HEK-293T cells were depleted of sterol for 2 hours and restimulated with LDL (50 mg/ml) for the
indicated times. Cell lysates were analyzed for phosphorylation status of S6K (T389). (Bottom)
Time-course of LDL delivery to the lysosome. Cells stably expressing LAMP1-mRFP-FLAGX2 (LRF)
were treated with boron-dipyrromethene (BODIPY)–LDL for the indicated times. Scale bar, 0.5 mm
(C) Activation of mTORC1 signaling by cholesterol. HEK-293T cells were depleted of sterol for 2 hours
and, where indicated, restimulated for 2 hours with 50 mM MCD:cholesterol or with 50 mg/ml LDLwhere
indicated. Phosphorylation of S6K1 and 4E-BP1 are shown. (D) Regulation of TFEB nuclear localization
by cholesterol. HEK-293Tcells stably expressing TFEB-GFP were depleted of sterol and, where indicated,
restimulated with LDL (50 mg/ml). Scale bar, 10 mm. (E) Quantification of TFEB-GFP localization from
(D). Shown are mean + SD; n = 800 cells; analysis of variance (ANOVA), P < 0.0001, followed by Tukey’s
t test, ****P < 0.0001. (F) (Top) Lysosomes from LRF-expressing HEK-293Tcells were immunocaptured
onto FLAG affinity beads. (Bottom) Mass spectrometry measurement of unesterified cholesterol in
immunocaptured lysosomes from LRF-expressing HEK-293T cells subjected to the indicated treat-
ments. Shown are mean + SD; n = 4 samples per condition; ANOVA, P < 0.05, followed by Tukey’s t test,
*P < 0.05 (G) Cholesterol status does not affect Ragulator localization to LAMP2-positive lysosomes.
HEK-293Tcells were subjected to the indicated treatments, followed by immunofluorescence for endogenous
p18 and LAMP2. Scale bar, 10 mm. (H) Cholesterol regulates mTORC1 recruitment to LAMP2-positive
lysosomes. HEK-293Tcells were subjected to the indicated treatments, followed by immunofluorescence
for endogenous mTOR and LAMP2. Scale bar, 10 mm. (I) Quantification of RagC-LAMP2, p18-LAMP2, and
mTOR-LAMP2 colocalization under cholesterol-depleted and cholesterol-stimulated conditions. Shown are
mean + SD; n = 15 cells per condition; ANOVA, P < 0.0001, followed by Tukey’s t test, ***P < 0.001.
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Fig. 1. Lysosomal cholesterol stimulates mTORC1 recruitment and signaling. (A) Dose-
dependent activation of mTORC1 by LDL. HEK-293T cells were depleted of sterol with methyl-b
cyclodextrin (MCD, 0.5% w/v) for 2 hours and stimulated for 2 hours with various concentrations (0
to 100 mg/ml) of LDL. Cell lysates were analyzed for phosphorylation status of S6K1 (T389) and 4E-
BP1 (S65) and for total protein abundance. (B) (Top) Time-dependent activation of mTORC1 by LDL.
HEK-293T cells were depleted of sterol for 2 hours and restimulated with LDL (50 mg/ml) for the
indicated times. Cell lysates were analyzed for phosphorylation status of S6K (T389). (Bottom)
Time-course of LDL delivery to the lysosome. Cells stably expressing LAMP1-mRFP-FLAGX2 (LRF)
were treated with boron-dipyrromethene (BODIPY)–LDL for the indicated times. Scale bar, 0.5 mm
(C) Activation of mTORC1 signaling by cholesterol. HEK-293T cells were depleted of sterol for 2 hours
and, where indicated, restimulated for 2 hours with 50 mM MCD:cholesterol or with 50 mg/ml LDLwhere
indicated. Phosphorylation of S6K1 and 4E-BP1 are shown. (D) Regulation of TFEB nuclear localization
by cholesterol. HEK-293Tcells stably expressing TFEB-GFP were depleted of sterol and, where indicated,
restimulated with LDL (50 mg/ml). Scale bar, 10 mm. (E) Quantification of TFEB-GFP localization from
(D). Shown are mean + SD; n = 800 cells; analysis of variance (ANOVA), P < 0.0001, followed by Tukey’s
t test, ****P < 0.0001. (F) (Top) Lysosomes from LRF-expressing HEK-293Tcells were immunocaptured
onto FLAG affinity beads. (Bottom) Mass spectrometry measurement of unesterified cholesterol in
immunocaptured lysosomes from LRF-expressing HEK-293T cells subjected to the indicated treat-
ments. Shown are mean + SD; n = 4 samples per condition; ANOVA, P < 0.05, followed by Tukey’s t test,
*P < 0.05 (G) Cholesterol status does not affect Ragulator localization to LAMP2-positive lysosomes.
HEK-293Tcells were subjected to the indicated treatments, followed by immunofluorescence for endogenous
p18 and LAMP2. Scale bar, 10 mm. (H) Cholesterol regulates mTORC1 recruitment to LAMP2-positive
lysosomes. HEK-293Tcells were subjected to the indicated treatments, followed by immunofluorescence
for endogenous mTOR and LAMP2. Scale bar, 10 mm. (I) Quantification of RagC-LAMP2, p18-LAMP2, and
mTOR-LAMP2 colocalization under cholesterol-depleted and cholesterol-stimulated conditions. Shown are
mean + SD; n = 15 cells per condition; ANOVA, P < 0.0001, followed by Tukey’s t test, ***P < 0.001.
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which is based on a newly identified mechanism of mTORC1 substrate recruitment. We describe
how this mechanism allows selective modulation of cell metabolism by mTORC1 and discuss the
relevance of these findings in physiological and disease conditions.

Canonical mTORC1 signaling
Owing to its role as a major degradative organelle, the lysosome is a key source of cellular metabo-
lites, thus functioning as an ideal platformwheremTORC1 can sense and integrate nutritional inputs.
Recruitment of mTORC1 to the lysosomal surface relies on the activity of RagGTPase heterodimeric
complexes which are composed of RagA or B (RagA/B) bound to RagC or D (RagC/D) [6,7,27].
RagA/B:RagC/D complexes associate with the lysosomal membrane via binding to the pentameric
lysosomal complex Ragulator [26,28–31]. Like all GTPases, the Rags can bind either GTP or GDP
and this affects their functional activity. To recruit mTORC1 to the lysosomal surface, the Rags
must have RagA/B in the GTP-bound state. Furthermore, structural data suggest that only the
RagA:GTP/RagC:GDP configuration is compatible with mTORC1 binding [32,33]. However, recent
studies have shown that the nucleotide-binding state of RagC/D plays a lesser contribution than
RagA/B in mTORC1 lysosomal recruitment. Accordingly, mTORC1 can efficiently phosphorylate
its substrates S6K and 4E-BP1 even when RagC/D is in the GTP-bound state [34–37]. This is
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Figure 1. The mTORC1 metabolic hub. Schematic representation of the major stimuli ('INPUTS') and cellular processes
('OUTPUTS') upstream or downstream ofmTORC1, respectively. Abbreviations: 4E-BP1, eukaryotic initiation factor 4E-binding
protein 1; S6K, S6 kinase; TFEB, transcription factor EB.
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AMPK1 suppresses mTORC1



AMPK1 suppresses mTORC1

AMPK1 activates the TSC complex (inhibiting mTORC1) 

AMPK - mTORC crosstalk ensure proper balance between anabolism and catabolism



element binding protein 1/2 (SREBP1/2) and peroxisome 
proliferator- activated receptor- γ (PPARγ) (FIG. 2a). When 
sterol levels are low, the SREBPs translocate from the 
endoplasmic reticulum membrane to the nucleus, where 
they upregulate genes for de novo lipid and cholesterol 
synthesis63. Activated mTORC1 promotes this SREBP 

transcriptional programme by phosphorylating the 
SREBP inhibitor lipin 1 to exclude it from the nucleus64. 
Although the mechanism remains unclear, mTORC1 may 
also enhance the nuclear translocation and processing of 
the SREBPs in an S6K1-dependent manner65,66 (FIG. 2b). 
In addition, inhibition of mTORC1 has been shown 
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Sirtuins:

Seven family members (mammals): SIRT1 - SIRT7 

Protein deacetylases (also involved in ADP-ribosylation) 

Localized at different compartments 

Depend on NAD+ (activated by calorie restriction) 

Involved in metabolism and aging
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Sirtuins activity is regulated

Houtkooper et al, NRCMB, 2012



Guarente, Genes & Dev, 2000

The NAD+-dependence of deacetylase activity supports the hypothesis that Sirtuins 
could act as metabolic sensors, capable of modulating gene expression according 
to the metabolic state of the cell

Sirtuins depend on NAD+ availability
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NAD+ homeostasis is sensitive to 
metabolic status of the cell

Ralto et al, Nat Rev Nephrol, 2019



NAD+ levels rise in muscle, liver and white adipose 
tissue during fasting, caloric restriction and 
exercise

While high-fat diet in mice / obesity reduces the NAD+/NADH ratio
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NAD+ is compartmentalized



NAD+ levels fluctuate and impact 
tissue-specific functions
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Sirtuins regulate mitochondria fitness
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Sirtuins and aging

Ablation of sirtuins decreases lifespan (healthspan??) in yeast and worms, while 
their OE prolongs it





species is in 
contrast with our profound understanding of the cholesterol-sensing 

. Sterols, 
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of the cholesterol biosynthetic pathway: the cholesterol-
sensing protein (cholesterol-sensing protein SREBP1 cleavage activating 
protein, SCAP), and the transcription factor that induces the expression 
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and SREBP-2 (Brown and Goldstein, 1997). SREBP-1a 
and -1c are produced from the same gene through the 
use of different promoters and alternative splicing. All three 
SREBPs are oriented in ER membranes in a hairpin fashion 
with both the NH2-terminal transcription factor domains and 
the COOH-terminal regulatory domain facing the cytosol. 
These domains are separated by two membrane-span-
ning helices that flank a short loop that projects into the ER 
lumen (Figures 1 and 2). Immediately after their synthesis 
on ER membranes, the SREBPs bind to Scap through an 
interaction between the COOH-terminal regulatory domain 
of the SREBP and the cytosolically-oriented COOH-termi-
nal WD-repeat domain of Scap (Sakai et al., 1997).

Scap is embedded in ER membranes through its 
NH2-terminal domain, which is composed of eight trans-
membrane (TM) helices separated by hydrophilic loops 
(Nohturfft et al., 1998b; Figure 1). TM helices 2–6 comprise 
the sterol-sensing domain (Hua et al., 1996a; Nohturfft et 
al., 1998a). In sterol-depleted cells, the Scap/SREBP com-
plex exits the ER in COPII-coated vesicles that bud from 
ER membranes (Nohturfft et al., 2000; Espenshade et al., 
2002; Sun et al., 2005). Scap mediates this exit by bind-
ing to COPII coat proteins through the general mechanism 
defined for yeast and mammalian membrane proteins that 
move from ER to Golgi (Antonny and Schekman, 2001; 
Aridor et al., 1998; Barlowe, 2002). COPII binding is trig-
gered by Sar1, a small GTP binding protein that attaches 

to ER membranes upon exchanging GTP for GDP (Figure 
2). Membrane bound Sar1 then attracts Sec23/24, a cyto-
solic heterodimer. Upon binding to membranes, the Sec24 
component binds to cargo proteins (such as Scap), and 
the Sec23 component attracts other proteins to form the 
coat of the budding vesicle. In the case of Scap, Sec24 
binds to a hexapeptide sequence, MELADL, located in the 
cytoplasmic loop between TM helices 6 and 7 of Scap. 
Mutations within this sequence abolish Sec23/24 binding 
to Scap and prevent the Scap/SREBP complex from exit-
ing the ER (Sun et al., 2005).

When cholesterol builds up in ER membranes, the sterol 
binds to Scap, and this triggers a conformational change 
that causes Scap to bind to Insig. When Scap binds to 
Insig, the Sar1/Sec23/24 complex can no longer bind to 
Scap, and therefore Scap remains in the ER along with its 
attached SREBP (Sun et al., 2005). Saturable and specific 
binding of cholesterol to Scap has been studied in vitro 
using the purified recombinant membrane domain of Scap 
(TM helices 1–8) and [3H]cholesterol, both of which are 
added to the assay tube in detergent micelles (Radhakrish-
nan et al., 2004). In these assays, Scap behaves like a stan-
dard receptor for cholesterol, although the kinetics of the 
binding reaction are unusual in that both the ligand and the 
receptor must be added in separate detergent micelles. In 
this in vitro reaction, the rate-limiting step is the transfer of 
the [3H]cholesterol from the donor micelles to the acceptor 
micelles that contain Scap.

The cholesterol-triggered conformational change in Scap 
has been monitored in membranes isolated from choles-
terol-treated cells and in membranes from sterol-depleted 
cells that were incubated with cholesterol in vitro (Brown et 
al., 2002; Adams et al., 2003, 2004). In these experiments, 
the conformation of Scap is measured by exposing sealed 
membrane vesicles to an impermeant protease such as 
trypsin. When cholesterol has been added to Scap-con-
taining membranes, the tryptic digestion pattern of Scap 
is altered. A new protease fragment is generated through 
cleavage at arginine-505, which is in the cytosolic loop 
between TM helices 6 and 7 (Brown et al., 2002). In mem-
branes from sterol-depleted cells, this arginine is protected 
from tryptic cleavage, perhaps because it is close to the 
membrane surface. When cholesterol is added to intact 
cells or to sterol-depleted membranes in vitro, arginine-505 
becomes exposed, possibly because it is pushed away 
from the membrane. Interestingly, arginine-505 is located 
in the same cytoplasmic loop as the MELADL sequence 
that binds to COPII proteins. Arginine-505 is at the COOH-
terminal end and MELADL is at the NH2-terminal end of 
this 77 amino acid loop (Sun et al., 2005). Conformational 
changes within this loop may be crucial in the regulation of 
Scap transport.

In its cholesterol bound conformation, Scap binds to 
Insig proteins (Adams et al., 2003; Adams et al., 2004). The 
role of Insigs in Scap transport was first disclosed through 
biochemical studies in cultured cells. In early experiments, 
we noted that overexpression of Scap by transfection led 
to constitutive ER-to-Golgi transport that could no longer 

Figure 2. Insig-Mediated Regulation of Scap/SREBP 
 Transport
(Top panel) When animal cells are deprived of sterols, Scap escorts 
SREBPs from the ER to Golgi by binding to Sec24, a component of the 
Sar1/Sec23/Sec24 complex of the COPII protein coat. Once in the Golgi, 
the SREBPs are proteolytically processed to generate their nuclear forms 
that activate genes for cholesterol synthesis and uptake.
(Bottom panel) Cholesterol negatively regulates ER-to-Golgi transport by 
binding to Scap, thereby changing its conformation and triggering the 
binding of Scap to Insig, an ER anchor protein. Insig prevents the bind-
ing of Scap to COPII proteins, thereby halting transport of SREBPs to 
the Golgi.

When animal cells are deprived of sterols, Scap escorts SREBPs from the ER to Golgi by binding to 
Sec24, a component of the Sar1/Sec23/Sec24 complex of the COPII protein coat. Once in the Golgi, the 
SREBPs are proteolytically processed to generate their nuclear forms that activate genes for cholesterol 
synthesis and uptake. 

Cholesterol negatively regulates ER-to-Golgi transport by binding to Scap, thereby changing its 
conformation and triggering the binding of Scap to Insig, an ER anchor protein. Insig prevents the bind- 
ing of Scap to COPII proteins, thereby halting transport of SREBPs to the Golgi. 

Cholesterol sensing is mediated by 
SCAP and SREBP



Nutrient availability impacts acetyl-CoA levels



…which can signal to the nucleus



Metabolites integrate nutrient availability in the 
nucleus
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When is nutrient sensing 
important?



Physiology:

Pathology:

When a cell changes microenvironment - adaptation
To regulate changes in cell state - differentiation
To regulate growth - development
To integrate dietary inputs - fed/fast state
To integrate circadian oscillations - day/night cycles

Cancer
Metabolic syndrome / obesity

Neurological disorders
Maladaptive responses (dysplasia, hypertrophy, …)


