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Mammalian cells possess two amino acid-sensing kinas-
es: general control nonderepressible 2 (GCN2) and mech-
anistic target of rapamycin complex 1 (mTORC1). Their
combined effects orchestrate cellular adaptation to amino
acid levels, but how their activities are coordinated re-
mains poorly understood. Here, we demonstrate an im-
portant link between GCN2 and mTORC1 signaling.
Upon deprivation of various amino acids, activated
GCN2 up-regulates ATF4 to induce expression of the
stress response protein Sestrin2, which is required to sus-
tain repression of mTORC1 by blocking its lysosomal lo-
calization. Moreover, Sestrin2 induction is necessary for
cell survival during glutamine deprivation, indicating
that Sestrin2 is a critical effector of GCN2 signaling that
regulates amino acid homeostasis through mTORC1
suppression.
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Proteins are the most abundant macromolecules in living
cells. The basic building blocks of proteins, amino acids,
are not only required for regular cellular functions but
are also key determinants for cell survival. Eukaryotes
have evolved twomajor regulatorymechanisms for amino
acid sensing to adapt to fluctuating amino acid levels in
the environment: the mechanistic target of rapamycin
complex 1 (mTORC1) signaling pathway, which is acti-
vated in the presence of amino acids, and the general con-
trol nonderepressible 2 (GCN2) signaling pathway, which
is activated by the absence of amino acids.
mTORC1 integrates environmental signals such as nu-

trients, growth factors, oxygen, and stress to regulate pro-
tein translation, metabolism, and cell growth (Laplante
and Sabatini 2012; Jewell et al. 2013; Shimobayashi and
Hall 2014). Although growth factors stimulate mTORC1
activity, amino acids are required for complete activation
of mTORC1 (Hara et al. 1998). Activated mTORC1 phos-
phorylates ribosomal S6 kinase (S6K) and eIF4E-binding

proteins (4EBPs) to promote 5′ cap-dependent translation
(Hara et al. 1998; Wang et al. 1998). In addition, mTORC1
phosphorylates and inactivates unc-51-like autophagy-ac-
tivating kinase 1 (ULK1), the initiating kinase of autoph-
agy, to inhibit autophagic protein degradation (Kim et al.
2011; Shang et al. 2011). Through these two mechanisms,
mTORC1 enhances protein anabolism under amino acid-
replete conditions. However, the mechanisms by which
mTORC1 senses amino acids remain elusive. When ami-
no acids are present, the Rag family of GTPases plays an
essential role in recruiting mTORC1 to the surface of
the lysosome (Kim et al. 2008; Sancak et al. 2008, 2010),
where another small GTPase, Rheb, stimulates the kinase
activity of mTORC1. Several recent reports demonstrate
that a family of stress response proteins, Sestrins, inhibit
the Rag complex to disrupt mTORC1 localization to the
lysosome (Chantranupong et al. 2014; Parmigiani et al.
2014; Peng et al. 2014; Kim et al. 2015). However, howSes-
trins are regulated by amino acid availability and which
Sestrin family members are critical for this process re-
main unknown.
In yeast and mammals, GCN2 is the direct sensor of

amino acid deprivation (AAD). Upon starvation, un-
charged tRNAs bind to GCN2 and stimulate its dimeriza-
tion and autophosphorylation (Wek et al. 1989, 1995;
Diallinas and Thireos 1994; Dong et al. 2000; Qiu et al.
2002; Narasimhan et al. 2004). Activated GCN2 phos-
phorylates eIF2α to block translation initiation of most
mRNAs (Dever et al. 1992). However, particular mRNAs
that contain an upstream ORF (uORF) cluster in their
5′ untranslated region (UTR) are efficiently translated
upon eIF2α phosphorylation, including the yeast tran-
scription factor GCN4 (Hinnebusch 1984) and its mam-
malian ortholog, ATF4 (Harding et al. 2000; Vattem and
Wek 2004). Once ATF4 is up-regulated, it induces expres-
sion of many genes involved in amino acid metabolism,
including amino acid synthetases and transporters, amino
acyl tRNA synthetases (Harding et al. 2003; Bunpo et al.
2009; Ye et al. 2010, 2012), and regulators of autophagy
(B’chir et al. 2013). Together, these ATF4 targets promote
cellular adaptation to the amino acid shortage.
GCN2 activation leads to attenuated global translation,

autophagy induction, and growth arrest (Lehman et al.
2015), all of which act in opposition to mTORC1 activity.
In this study, we discovered that GCN2 activation can
lead to sustained suppression ofmTORC1 kinase activity.
Upon AAD, GCN2 signaling transcriptionally up-regulat-
ed the stress response protein Sestrin2. Sestrin2 induction
is required to block lysosomal recruitment and activation
of mTORC1. Furthermore, Sesn2 deletion sensitizes cells
to glutamine starvation-induced cell death, which is res-
cued by the mTORC1 inhibitor rapamycin, suggesting
that Sestrin2 is not only a criticalmediator of the two ami-
no acid-sensingmachineries but also a key determinant of
cell fate during AAD.
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Results and Discussion

GCN2 is required to inhibit mTORC1 kinase activity
and lysosomal localization upon prolonged AAD

Genetic experiments have suggested that GCN2 activa-
tion can contribute to mTORC1 inhibition following leu-
cine depletion (Anthony et al. 2004), but the molecular
mechanism and the dynamics of the cross-talk between
GCN2 and mTORC1 have not been identified. When
wild-type mouse embryonic fibroblasts (MEFs) were cul-
tured in leucine-free medium, an acute repression of
mTORC1 activity, as assessed by decreased S6K phos-
phorylation (T389), was detected within 30 min, followed
by a brief recovery phase. After 8 h, mTORC1 activity
started decreasing again, with maximum repression
reached by 24 h (Fig. 1A). ATF4 induction was monitored
as ameasure ofGCN2 activity,which inversely correlated
with mTORC1 activity during prolonged starvation (Fig.
1A). To investigate whether GCN2 activation is required
for sustained mTORC1 suppression upon leucine deple-
tion, wild-type and Gcn2−/− MEFs were starved in leu-
cine-free medium for up to 24 h. Leucine depletion
induced ATF4 in wild-type cells but not in Gcn2−/− cells
(Fig. 1B). Interestingly, although acute mTORC1 suppres-

sion was observed in both wild-type and Gcn2−/− cells
upon leucine depletion, mTORC1 activity did not
decrease in Gcn2−/− cells during prolonged starvation
(8–24 h) (Fig. 1B), suggesting that GCN2 is required for
long-term mTORC1 suppression but not short-term sup-
pression. Since ATF4 is a major downstream effector of
GCN2 that regulates amino acid homeostasis (Harding
et al. 2003; Ye et al. 2010), we next tested whether ATF4
was required for mTORC1 suppression upon leucine dep-
rivation. Similar to what we observed in Gcn2−/− cells,
Atf4−/− cells displayed sustained S6K phosphorylation
upon leucine withdrawal (Fig. 1B), indicating that
GCN2-dependent mTORC1 suppression relies on ATF4.
To confirm that the acutemTORC1 regulation by leucine
does not depend on GCN2–ATF4 signaling, wild-type,
Gcn2−/−, and Atf4−/− MEFs were starved in leucine-free
medium for 20 min, and then leucine was added back
for another 20 min. All three cell lines were able to reacti-
vate mTORC1 by leucine stimulation, indicating that
GCN2–ATF4 signaling is not required for the acute acti-
vation of mTORC1 by leucine (Supplemental Fig. S1).

Since amino acids regulate mTORC1 activity by induc-
ing its recruitment to lysosomalmembranes (Sancak et al.
2008, 2010), we examinedwhether theGCN2–ATF4 path-
way was required to block lysosomal localization of
mTORC1 during AAD. In wild-type MEFs cultured in
full medium, mTOR was present in punctate structures
that colocalized with the lysosomal membrane protein
LAMP2. After 24 h of leucine starvation, mTOR was dis-
tributed throughout the cytoplasm (Fig. 1C). In contrast,
in both Gcn2−/− and Atf4−/− MEFs, mTOR remained in
punctate structures upon leucine starvation. Together,
these data show that the GCN2–ATF4 pathway represses
mTORC1activity by inhibiting its lysosomal localization.

The GCN2–ATF4 pathway transcriptionally up-regulates
Sestrin2 during AAD

The lysosomal localization of mTORC1 requires the Rag
GTPases, which localize to the lysosomal surface and
are responsible for mTORC1 recruitment in the presence
of amino acids (Kim et al. 2008; Sancak et al. 2008, 2010).
There is emerging evidence that members of the Sestrin
family of stress response proteins are negative regulators
of the Rag GTPases (Chantranupong et al. 2014; Parmi-
giani et al. 2014; Peng et al. 2014; Kim et al. 2015). Given
that Sestrins disrupt mTORC1 recruitment to the
lysosome and inhibit its kinase activity, we examined
whether expression of Sestrins was regulated by the
GCN2–ATF4 pathway under AAD. The levels of Sestrin2
increased significantly during leucine starvation and cor-
related with eIF2α phosphorylation and ATF4 induction
(Figs. 1A, 2A; Supplemental Fig. S2A). To determine
whether Sestrin2 induction was regulated by GCN2–
ATF4 signaling, Sestrin2 levels upon AADweremeasured
in Gcn2−/− and Atf4−/− MEFs. Strikingly, loss of GCN2–
ATF4 signaling abrogated Sestrin2 induction during leu-
cine starvation.Moreover, the basal expression of Sestrin2
was considerably lower inAtf4−/−MEFs as comparedwith
wild-type MEFs (Figs. 1B, 2A; Supplemental Fig. S2A).
Since Sestrins function upstream of Rag GTPases, we gen-
erated Rag A/B knockout HEK293T cells using the
CRISPR/Cas9 system to determine whether Rag signal-
ing is necessary for the sustained mTORC1 suppression
upon leucine deprivation. In contrast to control cells,
the Rag A/B knockout cells displayed sustained S6K

Figure 1. SustainedmTORC1 repression during leucine deprivation
requires the GCN2–ATF4 pathway. (A) Immunoblots of lysates from
wild-type MEFs that were cultured in leucine-free medium for up to
24 h. (B) Immunoblots of lysates from wild-type, Gcn2−/−, and
Atf4−/− MEFs that were cultured in leucine-free medium for up to
24 h. (C ) Lysosomal recruitment of mTOR, analyzed by immunoflu-
orescence againstmTORand the lysomalmarker LAMP2.MEFswere
cultured in ±leucine medium for 24 h. Bars, 10 µm.
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phosphorylation even after 24 h of leucine starvation, in-
dicating that long-term mTORC1 suppression is depen-
dent on the Rag GTPases (Fig. 2B).
Since ATF4 is a transcription factor, we next examined

whether ATF4 up-regulates Sestrin2 transcriptionally. In-
deed, Sestrin2 mRNA was significantly induced during
leucine deprivation in a time-dependent manner in wild-
type MEFs but not in Gcn2−/− or Atf4−/− MEFs (Fig. 2C).
The kinetics of Sestrin2 induction resembled those of an
establishedATF4 target, phosphoserine amino transferase
1 (PSAT1) (Ye et al. 2012). In contrast to Sestrin2, the
mRNA and/or protein levels of Sestrin1 and Sestrin3
were not induced in response to AAD. Sestrin1 and Ses-
trin3 protein levels were similar between wild-type and
Atf4−/− MEFs despite lower levels of mRNA (Fig. 2A,C).
To confirm that ATF4 played a direct role in Sestrin2

induction, we examined a publicly available data set of
genome-wide sequencing of ATF4 chromatin immuno-
precipitation (ChIP) (Han et al. 2013). ATF4 was potently
enriched at the Sesn2 promoter at regions that contained
multiple ATF4 consensus binding sequences (Supplemen-
tal Fig. S2B). We tested whether these regions were bound

in response to leucine deprivation by performing ATF4-
specific ChIP. We found that ATF4 was highly enriched
at a site located 3.6 kb upstream of the Sesn2 transcrip-
tion start site upon leucine deprivation (Supplemental
Fig. S2B). In contrast, ATF4 was not enriched at the
Sesn1 promoter.
To determine whether mTORC1 suppression and Ses-

trin2 inductionby theGCN2–ATF4pathwaywere specific
to leucine deprivation or general consequences of AAD,
we next examined mTORC1 activity during isoleucine,
lysine, or arginine withdrawal. Similar to leucine depri-
vation, isoleucine, lysine, and arginine deprivation all
reduced mTORC1 activity significantly in wild-type
MEFs. In contrast,Gcn2−/− andAtf4−/− MEFsmaintained
mTORC1 activity under these starvation conditions (Fig.
2D).Withdrawal of eachof these three amino acids (isoleu-
cine, lysine, or arginine) increased Sestrin2 protein and
mRNA levels in wild-type MEFs but not in Gcn2−/− or
Atf4−/− MEFs (Fig. 2D,E). These data suggest that GCN2–
ATF4-dependent Sestrin2 induction and mTORC1 sup-
pression are general consequences of AAD and are not
caused by the absence of a specific amino acid. In contrast,
the endoplasmic reticulum (ER) stress-inducing agent
thapsigargin induced Sestrin2 and inhibited mTORC1 in
wild-type and Gcn2−/− cells but not in Atf4−/− cells (Sup-
plemental Fig. S2C), indicating thatGCN2-dependent Ses-
trin2 induction specifically responds toAADbut not other
stress conditions that induce ATF4. Furthermore, using
two human cancer cell lines (HT1080 andDLD1)with sta-
ble expression of anATF4 shRNA (Ye et al. 2010), we dem-
onstrated that the induction of Sestrin2 upon amino acid
starvation in these human cell lines also depended on
ATF4 (Supplemental Fig. S3A,B).

Sestrin2 is required for mTORC1 suppression upon AAD

To determine whether Sestrin2 was necessary for
mTORC1 suppression during leucine withdrawal, wild-
type or Sesn2−/− MEFs were cultured in leucine-free
medium for up to 24 h. The Sesn2−/− cells displayed an at-
tenuated short-termmTORC1 suppression in response to
leucine deprivation and lacked long-term mTORC1 sup-
pression (Fig. 3A). A requirement for Sestrin2 in long-
termmTORC1suppressionuponwithdrawalof other ami-
no acids was demonstrated by culturing wild-type or
Sesn2−/− MEFs in medium lacking either leucine, isoleu-
cine, lysine, or arginine for 24 h.AlthoughATF4 induction
was not affected by Sestrin2 deletion, AAD treatment
failed to repress mTORC1 activity in Sesn2−/− MEFs (Fig.
3B), indicating that Sestrin2 is indispensable formTORC1
suppression during amino acidwithdrawal. The phosphor-
ylation of anothermTORC1 target, ULK1 (S757), was also
reduced in wild-type cells but not in Sesn2−/− cells upon
AAD (Fig. 3B). Moreover, similar to what was observed in
Gcn2−/− MEFs, mTOR remained in punctate structures
in Sesn2−/− MEFs after 24 h of leucine starvation, indicat-
ing that Sestrin2 induction is also required for inhibition
of mTORC1 lysosomal localization (Fig. 3C). Together,
these data indicate that Sestrin2 is essential for GCN2–
ATF4-mediated mTORC1 suppression upon AAD.

Sestrin2-dependent mTORC1 suppression is necessary
for cell survival during glutamine withdrawal

Glutamine is a nonessential amino acid that can activate
mTORC1 through mechanisms that are distinct from

Figure 2. ATF4 is necessary for the transcriptional up-regulation of
Sestrin2 under AAD. (A) Immunoblots of lysates from wild-type and
Atf4−/− MEFs that were cultured in leucine-free medium for 0, 8, and
16 h. (B) Immunoblots of lysates from control and Rag A/B knockout
HEK293T cells that were cultured in leucine-free medium for up to
24 h. (C ) Quantitative PCR (qPCR) measuring mRNA expression in
wild-type, Gcn2−/−, and Atf4−/− MEFs cultured in leucine-free medi-
um for 0, 8, and 16 h. Data represent mean ± SD of triplicate PCR re-
actions; a representative of two independent experiments is shown.
(D) Immunoblots of lysates from wild-type, Gcn2−/−, and Atf4−/−

MEFs that were cultured in media lacking individual amino acids
as indicated for 24 h. (E) qPCR for measuring mRNA expression in
wild-type, Gcn2−/−, and Atf4−/− MEFs that were cultured in media
lacking individual amino acids as indicated for 24 h. Data represent
mean ± SD of triplicate PCR reactions; a representative of two inde-
pendent experiments is shown.

GCN2 inhibits mTORC1 by inducing Sestrin2
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mTORC1 activation by essential amino acids (Nicklin
et al. 2009; Kim et al. 2013; Jewell et al. 2015). Interest-
ingly, unlike leucine deprivation, glutamine starvation
only repressed mTORC1 after long-term treatment
(24 h), and no acute repression was observed (Fig. 4A).
To determine whether glutamine starvation could repress
mTORC1 activity through Sestrin2 induction, wild-type,
Gcn2−/−, orAtf4−/−MEFswere cultured in glutamine-free
medium for 24 h. Similar towithdrawal of essential amino
acids, glutamine deprivation significantly induced Ses-
trin2 expression in a GCN2/ATF4-dependent manner
(Fig. 4B). In addition, mTORC1 suppression in the context
of glutamine depletion required GCN2, ATF4, and Ses-
trin2 (Fig. 4B,D). SinceGCN2–ATF4 signaling has been re-
ported to promote cell survival during glutamine
starvation (Ye et al. 2010), we investigated whether Ses-
trin2 also contributes to cell survival during glutamine
starvation. Strikingly, Sesn2−/− MEFs were particularly
sensitive to glutamine starvation-induced cell death. Ap-
proximately 80% of Sesn2−/− cells died after 48 h of gluta-
mine depletion, compared with 30% of wild-type MEFs
(Fig. 4C). Immunoblotting for the apoptosis marker
cleaved caspase3 confirmed that cell death was due to ap-
optosis (Fig. 4D). To confirm that repressingmTORC1 is a
critical downstream function of Sestrin2, we next exam-
ined whether mTORC1 repression could suppress death
of Sesn2−/− cells upon glutamine starvation. Indeed, the
mTORC1 inhibitor rapamycin significantly reduced cas-
pase3/7 activity and rescued the survival of Sesn2−/− cells
upon glutamine starvation (Fig. 5; Supplemental Fig. S4A).
Moreover, rapamycin also rescued the survival ofGcn2−/−

cells upon glutaminewithdrawal (Supplemental Fig. S4B).
Together, these data show that mTORC1 suppression by
the GCN2–ATF4–Sestrin2 pathway is required for main-

taining cellular homeostasis and survival during gluta-
mine starvation.

GCN2 is an evolutionarily conserved sensor of AAD in
eukaryotes (Hinnebusch 1994; Baird and Wek 2012).
Upon activation by uncharged tRNAs, GCN2 phosphory-
lates eIF2α to repress global protein translation, which is
one of the most energy-consuming processes in the cell.
By conserving amino acids and energy, cells aremore like-
ly to survive starvation. In addition, eIF2αphosphorylation
causes a selective translational up-regulation of a group of
stress-responsive transcripts with a unique 5′ UTR struc-
ture. Among them, ATF4 is critical for increasing nones-
sential amino acid synthesis (Harding et al. 2003). For
instance, the GCN2–ATF4 pathway up-regulates all three
enzymes in the serine biosynthetic pathway (PHGDH,
PSAT1, and PSPH), which are essential for cell prolifera-
tion under serine depletion (Ye et al. 2012). Additionally,
upon glutamine withdrawal, ATF4 up-regulates aspara-
gine synthetase (ASNS), which increases asparagine syn-
thesis to support cell survival (Ye et al. 2010). Here, we
identify a novel mechanism by which GCN2 signaling
maintains the viability of cells under AAD through sus-
tained repression of mTORC1 (Fig. 5D). It was reported
that leucine, arginine, and glutamine are major amino ac-
ids that are required formTORC1 activation, although via
differentmechanisms (Nicklin et al. 2009; Kim et al. 2013;
Jewell et al. 2015; Jung et al. 2015; Rebsamen et al. 2015;
Wang et al. 2015). Our results demonstrate that with-
drawal of any of these amino acids also results in GCN2-
dependent induction of Sestrin2 to maintain long-term

Figure 3. Sestrin2 is necessary formTORC1 repression during AAD.
(A) Immunoblots of lysates from wild-type and Sesn2−/− MEFs cul-
tured in leucine-freemedium forup to24h. (B) Immunoblots of lysates
fromwild-type and Sesn2−/− MEFs cultured in amino acid-free media
as indicated for 24 h. (C ) Immunofluorescence against mTOR and the
lysosomal marker LAMP2 in wild-type, Gcn2−/−, and Sesn2−/− MEFs
cultured in ±leucine medium for 24 h. Bars, 10 µm.

Figure 4. Sestrin2 is necessary for mTORC1 repression and cell sur-
vival upon glutamine deprivation. (A) Immunoblots of lysates from
wild-type MEFs that were cultured in glutamine-free medium for
up to 24 h. (B, left panel) Immunoblots of lysates from wild-type,
Gcn2−/−, and Atf4−/− MEFs cultured in ±glutamine medium for
24 h. (Right panel) qPCR for Sestrin2 mRNA expression in wild-type,
Gcn2−/−, and Atf4−/− MEFs cultured in ±glutamine medium for
24 h. Data represent mean ± SD of triplicate PCR reactions; a represen-
tative of two independent experiments is shown. (∗∗∗) P < 0.001, deter-
mined by Student’s two-tailed t-test. (C ) Percentage cell survival
measured byTrypan Blue staining ofwild-type and Sesn2−/−MEFs cul-
tured in ±glutamine medium for 1 or 2 d. (D) Immunoblots of lysates
from wild-type and Sesn2−/− MEFs cultured in ±glutamine medium
for up to 20 h.
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repression of mTORC1. The established ability of GCN2
to become activated as a general response to uncharged
tRNAs therefore links single amino acid deficiencies
tomTORC1-dependent translation.Thus,GCN2-induced
Sestrin2 expression constitutes a unifying mechanism
through which mTORC1 activity is suppressed during
long-term starvation of individual amino acids.

Materials and methods

Cell culture

AllMEFs used in this study were immortalized with SV40 large T antigen.
MEF, HEK293T, DLD1, and HT1080 cells were cultured in DMEM/F12
supplemented with penicillin, streptomycin, 10% FBS, 1× nonessential
amino acids (Gibco), and 55 µM β-mercaptoethanol (β-ME). The gluta-
mine-freemediumwasDMEM.To generate theHEK293TRagA/B knock-
out cells, the following primers were used for cloning gRNA targeting of
RagA/B into LenticripsrV2 (Addgene #52961): sgRRAGA-F (caccgG
GATGGCCTCCAGACACGAC), sgRRAGA-R (aaacGTCGTGTCTGG
AGGCCATCCc), sgRRAGB-F (caccgTTGTCCTTAGGTGCTGTTGA),
and sgRRAGB-R (aaacTCAACAGCACCTAAGGACAAc).
All of the amino acid-free special media were produced by the Media

Preparation Core Facility at Memorial Sloan Kettering Cancer Center.

Immunoblots

Antibodieswerepurchased fromCellSignaling (p-S6K1,#9234;S6K,#2708;
p-eIF2α, #9271; eIF2α, #9722;RagA, #4357; p-Ulk1, #14202; andCaspase-3,

#9662), Santa Cruz Biotechnology (ATF4, sc-200), ProteinTech (Sestrin2,
10795-1-AP), and Abgent (Sestrin1, AP7650a; Sestrin3, AP12471c).

Reverse transcription and real-time PCR

Total RNAwas extracted following the TRIzol reagent (Invitrogen) proto-
col. Three micrograms of total RNAwas used in reverse transcription fol-
lowing the iScript cDNA synthesis kit (Bio-Rad) protocol. Quantitative
PCR (qPCR) was performed on a 7900HT sequence detection system (Ap-
plied Biosystems). Expression of the Sestrins was measured using SYBR
Green master mix. Primers used were Sesn1-F (GCCATTACCCCTCCAT
TATCG), Sesn1-R (GCATTCTCTAAACCATTGAGCC), Sesn2-F (CAG
CCTCACCTATAACACCATC), Sesn2-R (CTCGCCGTAATCATAGT
CATCG), Sesn3-F (TTACTTGAACGGAGCCTGAAG), and Sesn3-R
(TCCATCAGAAGCAGATTCACG).
Expression of other genes was measured using TaqMan gene expression

assays (Applied Biosystems). Gene expression datawere normalized to 18S
rRNA. All of the values were normalized to wild-type cell samples in full
medium.

Cell death and caspase activity assay

To measure cell death, cells were stained with Trypan Blue. Stained/un-
stained cells were counted, and cell death percentages were calculated.
Caspase3/7 activity was determined using the Caspase-Glo 3/7 assay kit
(Promega). The luminescence signal was normalized to the protein con-
centration of the lysate.

Immunofluorescence

For immunofluorescencestaining, cellswererinsedwith ice-coldPBS, fixed
with 4% formaldehyde in PBS for 15 min, and permeabilized with 0.05%
Triton X-100 in PBS for 5 min. After rinsing with PBS, cells were blocked
with PBG (0.5% BSA, 0.2% cold water fish gelatin in PBS) for 30min, incu-
bated with primary antibodies in PBG for 1.5 h, washed twice with PBG +
4%normal goat serum, and then incubatedwith fluorescent secondary an-
tibodies in PBG + 4% normal goat serum for 45 min. After three washes
with PBS, cells weremounted onmicroscope slides with Prolong anti-fade
+DAPI and imaged using a Leica TCS SP5-II. Antibodies were purchased
fromAbcam (LAMP2, ab13524) andCell Signaling (mTOR,#2983). Second-
ary antibodies (Alexa fluor 488 anti-rabbit,Alexa fluor 555 anti-rat) andPro-
long anti-fade +DAPI were from Life Technologies.

ChIP assay

Wild-type or Atf4−/− MEFs (2 × 107) were fixed for 10 min in 1% formalde-
hyde (Tousimis), and this reactionwas quenched by incubation for 5min in
0.125 M glycine. Nuclear pellets were lysed in 10 mM Tris (pH 8.0), 100
mMNaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% sodium deoxycholate, and
0.5% N-laurylsarcosine and sheared for 30 min (30 sec on, 30 sec off) in
TPXmicrotubes using a Bioruptor bath sonicator (Diagenode). Complexes
bearing ATF4were capturedwith 5 µg of antibody (Santa Cruz Biotechnol-
ogy, sc-200) bound to 50 µL of protein G Dynabeads (Life Technologies),
washed five times in RIPA wash buffer (50 mM HEPES-KOH at pH 7.6,
300 mM lithium chloride, 1 mM EDTA, 1% NP-40 substitute, 0.7%
sodium deoxycholate) and once in TE wash buffer (10 mM Tris at pH 8.0,
1 mM EDTA, 50 mM NaCl), and eluted in 0.1 M sodium bicarbonate/1%
SDS. Cross-links were reversed by incubation overnight at 65°C followed
by treatment with RNase A and proteinase K. DNA was isolated using
PCR purification columns (Qiagen). Enrichment of ATF4 at target loci rel-
ative to input was determined by quantitative real-time PCR using the fol-
lowing primers: Sesn2 -3kb F (AGTGTTTGGTCAGGCAAGGT), Sesn2
-3kb R (TCAGTGGCTTTAACACGGCT), Sesn1 pr F (GAT GACTGCTG
GATTGCGGG), and Sesn1 pr R (AACCCTGCCGGTT CTTGTC).
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Figure 5. Rapamycin inhibits apoptosis of Sesn2−/− MEFs upon glu-
tamine starvation. (A) Survival of Sesn2−/− MEFs cultured in ±gluta-
mine medium for 48 h with the indicated concentrations of
rapamycin, normalized to survival of wild-type cells. Data represent
mean ± SD of three biological repeats. (∗∗) P < 0.01; (∗∗∗) P < 0.001, de-
termined by Student’s two-tailed t-test. (B) Immunoblots of lysates
from wild-type and Sesn2−/− MEFs cultured in ±glutamine medium
with or without 20 nM rapamycin for 24 h. (C ) Wild-type and
Sesn2−/−MEFswere cultured in ±glutaminemediumwith or without
50 nM rapamycin for 24 h. Caspase3/7 activity was determined using
the Caspase-Glo 3/7 assay kit. Data represent mean ± SD of three
biological repeats. (∗∗∗) P < 0.001, determined by Student’s two-tailed
t-test. (D) Model of mTORC1 regulation by GCN2. Upon AAD, un-
charged tRNAs activate theGCN2/ATF4 pathway,which induces ex-
pression of Sestrin 2, which inhibits translocation of mTORC1 to
lysosomal membranes. This mechanism allows GCN2 to communi-
cate AAD to the mTORC1 pathway.

GCN2 inhibits mTORC1 by inducing Sestrin2
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