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Sestrins represent a family of stress-inducible proteins that
prevent the progression of many age- and obesity-associated
disorders. Endogenous Sestrins maintain insulin-dependent
AKT Ser/Thr kinase (AKT) activation during high-fat diet–
induced obesity, and overexpressed Sestrins activate AKT in
various cell types, including liver and skeletal muscle cells.
Although Sestrin-mediated AKT activation improves metabolic
parameters, the mechanistic details underlying such improve-
ment remain elusive. Here, we investigated how Sestrin2, the
Sestrin homolog highly expressed in liver, induces strong AKT
activation. We found that two known targets of Sestrin2,
mTOR complex (mTORC) 1 and AMP-activated protein
kinase, are not required for Sestrin2-induced AKT activation.
Rather, phosphoinositol 3-kinase and mTORC2, kinases
upstream of AKT, were essential for Sestrin2-induced AKT
activation. Among these kinases, mTORC2 catalytic activity
was strongly up-regulated upon Sestrin2 overexpression in
an in vitro kinase assay, indicating that mTORC2 may repre-
sent the major link between Sestrin2 and AKT. As reported
previously, Sestrin2 interacted with mTORC2; however, we
found here that this interaction occurs indirectly through
GATOR2, a pentameric protein complex that directly inter-
acts with Sestrin2. Deleting or silencing WDR24 (WD repeat
domain 24), the GATOR2 component essential for the
Sestrin2–GATOR2 interaction, or WDR59, the GATOR2
component essential for the GATOR2–mTORC2 interaction,
completely ablated Sestrin2-induced AKT activation. We

also noted that Sestrin2 also directly binds to the pleckstrin
homology domain of AKT and induces AKT translocation to
the plasma membrane. These results uncover a signaling
mechanism whereby Sestrin2 activates AKT through GATOR2
and mTORC2.

Sestrins are highly conserved, stress-induced proteins with
antiaging properties in model organisms such as worms and
flies (1, 2). In the mammalian genome, three Sestrin paralogs
(Sestrin1–3) exist (3). Sestrin proteins have two important
functions: reducing reactive oxygen species (4, 5) and inhibiting
mTOR complex 1 (mTORC1)3 (1, 6). Many studies have also
shown that Sestrin2 is important for metabolic homeostasis,
especially during nutritional overload. For example, Sestrin2
was required to maintain insulin sensitivity in the liver upon
high-fat diet (HFD)–induced dietary obesity and Lepob muta-
tion-induced genetic obesity (7). Under lipotoxic conditions,
Sestrin2 was selectively up-regulated in the liver to alleviate
endoplasmic reticulum (ER) stress by inhibiting mTORC1,
thereby attenuating the development of steatohepatitis (8).
Likewise, Sestrin3, another Sestrin paralog, is also expressed in
the liver and up-regulates the insulin-AKT signaling pathway
during HFD and obesity (9). These metabolic studies revealed
that, in addition to oxidative stress reduction and mTORC1
down-regulation, Sestrins also up-regulate AKT signaling (7,
9). Sestrin-induced AKT activation was also observed in Dro-
sophila (7).

The molecular structure of Sestrin2 revealed a structural
basis for Sestrin2’s formerly characterized biochemical func-
tions (5, 10). A helix–turn– helix motif, composed of a proton
relay system and reactive Cys-125, mediates the oxidoreductase
function of Sestrin2 in reducing alkylhydroperoxides (5). The
DD motif, composed of two adjacent Asp-406 and Asp-407
residues in a loop, was important for the interaction between
Sestrin2 and GATOR2, a pentameric protein complex regulat-
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ing mTORC1 signaling (5, 10). Mutation in either of these two
Asp residues nullifies Sestrin2’s ability to down-regulate
mTORC1 (5). Through the DD motif, Sestrin2 directly inter-
acts with GATOR2 and releases it from inhibiting GATOR1, a
trimeric protein complex with GTPase activity on the
mTORC1-activating Rag proteins (5, 11–13). Therefore, Ses-
trin2 inhibits mTORC1 by inhibiting GATOR2 and allowing
GATOR1 to inhibit the Rag proteins (11–13). Although the
detailed mechanism is yet to be elucidated, the Sestrin2–
GATOR2 interaction was also critical for AMPK activation (5),
which is also critical for Sestrin2-mediated mTORC1 down-
regulation in many different cell types and physiological con-
texts (1, 6, 14 –18). Therefore, it is possible that GATOR2 has
functions outside of mTORC1 regulation, mediating Sestrin2
output to other effector molecules and target pathways. GATOR2
consists of five proteins: WDR24, WDR59, MIOS, SEH1L, and
SEC13 (19). Among these components, WDR24 and SEH1L are
critical for physically interacting with Sestrin2 (12).

AKT is a major regulatory protein downstream of the insulin
receptor that is responsible for many glucose- and lipid-regu-
lating functions (20). Upon insulin stimulation, AKT is acti-
vated and phosphorylates a wide range of protein substrates to
inhibit gluconeogenesis and up-regulate glycogenesis and lipo-
genesis. In addition to its metabolic regulation, AKT also pro-
motes cell growth and proliferation and is implicated in many
cancers. AKT has two active phosphorylation sites, Thr-308
and Ser-473, which are phosphorylated by phosphoinositide-
dependent kinase 1 (PDK1) and mTORC2, respectively. Upon
activation of the insulin signaling cascade leading to phosphoi-
nositol 3-kinase (PI3K) activation, a second messenger, phos-
phatidylinositol 3,4,5-triphosphate, accumulates in the plasma
membrane, which recruits PDK1, mTORC2, and AKT and
induces PDK1 and mTORC2 to phosphorylate and activate AKT
(20).

Sestrin-induced AKT activation was observed in a variety of
cellular and physiological contexts, in addition to the insulin
resistance and obesity contexts (7, 9). For instance, Sestrins
have been shown to positively regulate AKT in cancer cells to
protect against environmental stress, such as UV irradiation,
energetic stress, and chemical stress (21–25). Sestrins are also
important for muscle AKT activation, and the Sestrin-depen-
dent AKT regulation is critical for producing exercise benefits
and preventing age- and disuse-associated atrophy (26, 27).
There have been several mechanisms proposed to explain Ses-
trin-induced AKT activation. The first is that Sestrin-induced
mTORC1 inhibition releases the insulin receptor signaling
pathway from mTORC1/S6K-mediated negative feedback
inhibition (28). In this model, chronic mTORC1 activation
induces S6K-dependent insulin receptor substrate serine phos-
phorylation, which attenuates signal transduction from the
insulin receptor to PI3K (29). Therefore, Sestrin-mediated
mTORC1 inhibition can indirectly up-regulate PI3K-AKT sig-
naling (28). Consistent with this model, loss of Sestrin2 up-reg-
ulated S6K-mediated inhibitory serine phosphorylation of
insulin receptor substrate while down-regulating insulin recep-
tor-mediated activatory tyrosine phosphorylation (7). In addi-
tion to the S6K-mediated feedback, Sestrin may also down-
regulate additional pathways that lead to insulin resistance,

such as ER stress (8) and inflammation pathways (30). Further-
more, several recent studies also suggested that Sestrin-depen-
dent AKT activation could be independent of mTORC1 and
directly through mTORC2 (9, 23). Still, the mechanistic details
of how Sestrin2 regulates AKT remain incompletely understood.

In this study, we investigated the molecular mechanism by
which Sestrin2 induces AKT activation in liver cells. We found
that GATOR2 and mTORC2 link Sestrin2 to AKT activation.
This new mechanism explains, at least in part, how Sestrin2
promotes metabolic homeostasis through increased AKT
activity.

Results

Sestrin2 overexpression improves glucose and lipid regulation
in HFD mice

Extensive studies have established that endogenous Sestrins
protect against obesity-associated fatty liver and insulin resis-
tance (7–9, 28). Based on these findings, we tested whether
Sestrin2 overexpression could improve metabolic regulation in
obese WT mice under HFD conditions. For this, adenoviruses
expressing GFP (Ad-GFP) or Sestrin2 (Ad-SESN2) were
administered to weight and age-matched mice through tail vein
injections. Strikingly, after adenoviral expression of Sestrin2,
both basal and insulin-reduced blood glucose levels were
strongly decreased (Fig. 1A), and HFD-induced lipid accumu-
lation in the liver tissue was also strongly decreased (Fig. 1B).
Nevertheless, Ad-SESN2 transduction did not substantially
change overall body weight (Fig. 1C). Consistent with reduction
in blood glucose (Fig. 1A) and liver fat levels (Fig. 1B), mRNA
expression of gluconeogenic and lipogenic genes were strongly
decreased by Sestrin2 overexpression (Fig. 1D). Therefore, the
evidence suggests that Sestrin2 overexpression in liver was suf-
ficient to alter hepatic transcription of metabolic genes and
subsequently restore glucose and lipid homeostasis in obese,
insulin-resistant mice.

Sestrin2 overexpression induces strong AKT activation in
mouse liver and HepG2 cells

Upon examining liver lysates obtained from HFD-fed mice,
we found that overexpression of Sestrin2 increased AKT phos-
phorylation on both the PDK1-mediated activation loop site
(Thr-308) and the mTORC2-mediated hydrophobic motif site
(Ser-473) relative to control livers, indicating strong AKT acti-
vation. In fact, Sestrin2 increased phosphorylation on these
sites to a level higher than that mediated by acute insulin treat-
ment of control mice (Fig. 2A). Moreover, Sestrin2 overexpres-
sion increased basal liver AKT phosphorylation strongly in
HFD-fed mice (Fig. 2A) and consistently increased AKT phos-
phorylation in HepG2 cells (Fig. 2B). However, unlike in the
liver, where the effect of Sestrin2 on AKT phosphorylation was
stronger than insulin (Fig. 2A), the effects of Sestrin2 and insu-
lin on AKT phosphorylation were additive in HepG2 cells (Fig.
2B). Sestrin2 overexpression also rescued AKT phosphoryla-
tion in the presence of inhibitory palmitic acid (PA) treatment,
a saturated fatty acid that produces strong cellular insulin resis-
tance (31) (Fig. 2, B and C). Conversely, silencing Sestrin2 in
HepG2 cells decreased AKT phosphorylation in both normal
and PA-treated conditions (Fig. 2C).
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Figure 1. Sestrin2 overexpression improves glucose and lipid homeostasis in HFD mice. 2-month-old C57BL/6J mice were fed a HFD for at least 2
additional months. The mice were then administered tail vein injections of adenoviruses (109 pfu) that express GFP (Ad-GFP; n � 13) or Sestrin2
(Ad-SESN2; n � 12). A, 4 –10 days after adenovirus administration, the mice were fasted for 6 h and then subjected to ITTs (0.65 unit/kg). B, fresh frozen
liver sections were stained with Oil Red O (ORO) and quantified (n � 6) to determine fat accumulation in liver tissue. Scale bar, 200 �m. C, body weights
of animals at 10 days after adenovirus administration. D, liver lysates were analyzed by quantitative RT-PCR to examine expression of metabolism-
regulating genes in the liver tissue (n � 6). The data are presented as means � S.D. with individual data points (bar graphs) or means � S.E. (line graphs).
The p values were calculated between Ad-GFP and Ad-SESN2 groups from a two-tailed Student’s t test: *, p � 0.05; **, p � 0.01.

Figure 2. Sestrin2 activates AKT independently of mTORC1 and AMPK. A, at 10 days after Ad-GFP or Ad-SESN2 administration, mouse livers were
collected before (�) and 10 min after (�) an injection of insulin (0.8 unit/kg). Liver lysates were analyzed by immunoblotting. B and C, HepG2 cells were
treated with BSA loaded with PA (500 �M) for 9 h and then treated with insulin (�, 50 nmol) for 20 min. BSA-only and water-only (�) samples were used
as controls. B, HepG2 cells were acutely infected with control or Sestrin2-overexpressing adenoviruses before BSA and PA treatments. C, HepG2 cells
were stably infected with control (shRNA–Luciferase) and shRNA-SESN2 lentiviruses before BSA and PA treatments. All samples were analyzed by
immunoblotting. D, schematic of potential molecular mechanisms that can account for Sestrin2-induced AKT activation. E, HepG2 cells were infected
with Ad-GFP or Ad-SESN2 for 12 h, serum-starved with or without rapamycin (Rapa, 10 nM) for 24 h, and subjected to immunoblotting. F, WT and
Ampk�1

�/�/Ampk�2
�/� MEFs were serum-starved in DMEM with 0.1% FBS, treated with Ad-GFP or Ad-SESN2 overnight, and then analyzed by

immunoblotting.
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Sestrin2 overexpression up-regulates AKT independently of
mTORC1 and AMPK

Because Sestrin2 inhibits mTORC1 and thus suppresses
mTORC1/S6K1-meditated negative feedback on insulin sig-
naling and PI3K flux, it was possible that Sestrin2 activates AKT
indirectly through this negative feedback mechanism (29) (Fig.
2D). To test whether mTORC1 inhibition mediates Sestrin2-
induced AKT activation, we transduced HepG2 cells with
increasing dosages of Sestrin2 and co-treated the cells with ra-
pamycin, an mTORC1-specific inhibitor. As expected, Sestrin2
dose-dependently activated AKT in HepG2 cells (Fig. 2E).
Interestingly, Sestrin2-induced AKT activation was still
observed in rapamycin-treated cells, in which mTORC1-de-
pendent S6K1 phosphorylation was completely blocked (Fig.
2E), indicating that Sestrin2 activates AKT independently of
the mTORC1/S6K1-mediated negative feedback loop (Fig. 2D).
More recently, it was reported that AMPK promotes mTORC2
signaling in response to acute energetic stress through phos-
phorylation of mTOR and mTORC2 partner proteins (32).
Because Sestrin2 activates AMPK, it was possible that Sestrin2
increases mTORC2-mediated AKT phosphorylation and acti-
vation through AMPK (Fig. 2D). To determine whether Ses-
trin2-induced AKT activation was occurring through AMPK,
we treated WT and Ampk-null mouse embryonic fibroblasts
(WT and Ampk�1

�/�/Ampk�2
�/� DKO MEFs) with

Ad-SESN2. As observed in HepG2 cells, Sestrin2 still activated
AKT in both WT and Ampk�1⁄2 DKO MEFs, indicating that this
regulation was independent of AMPK (Fig. 2F). These results

reveal a novel mechanism by which Sestrin2 induces AKT acti-
vation independently of mTORC1 and AMPK, two established
effectors of Sestrin2.

PI3K and mTORC2 are required for Sestrin2-induced AKT
activation

To further investigate the mechanism by which Sestrin2 acti-
vates AKT, we treated HepG2 cells with a panel of chemical
inhibitors specific for signaling components that regulate AKT
(Fig. 3A). BYL719, a PI3K-specific inhibitor, and Torin1, an
active site mTOR inhibitor (inhibits both mTORC1 and
mTORC2), completely ablated Sestrin2-induced AKT activa-
tion (Fig. 3B), indicating that both PI3K and mTOR, specifically
mTORC2, are required for Sestrin2-induced AKT activation.
Consistent with this, LY294002, an inhibitor of both PI3K and
mTOR, and PP242, another active site mTOR inhibitor, also
blocked Sestrin2-induced AKT activation (Fig. 3C). Therefore,
these data suggest that both PI3K and mTORC2 activities are
required for Sestrin2-induced AKT activation.

Sestrin2 up-regulates the catalytic activity of mTORC2 but not
PI3K

Because both PI3K and mTORC2 were required for Sestrin2-
induced AKT activation, we assessed the effect of Sestrin2 on
these signaling components through in vitro kinase assays.
Although the established PI3K activator insulin was able to
prominently increase the lipid kinase activity of PI3K, Sestrin2
did not have a measurable effect on PI3K activity in basal

Figure 3. Sestrin2 up-regulates mTORC2. A, schematic of AKT-regulating pathways and drugs targeting the pathway. B and C, HepG2 cells were treated with
Ad-GFP or Ad-SESN2; serum-starved; treated with DMSO (control), BYL719 (10 nM), Torin1 (200 nM), LY294002 (20 �M), or PP242 (5 �M); and then analyzed by
immunoblotting. D and E, HepG2 cells infected with Ad-GFP or Ad-SESN2 were stimulated with or without insulin (100 nM). D, lysates were subjected to p-Tyr
immunoprecipitation (IP), subjected to a lipid kinase assay with [�-32P]ATP and phosphatidylinositol, and then subjected to TLC and autoradiography to
visualize radiolabeled PI3P. E, lysates were subjected to anti-Rictor immunoprecipitation, and subjected to an in vitro kinase assay using ATP and recombinant
full-length inactive His-AKT. The reaction mixtures, as well as original whole cell lysates (WCL), were subjected to subsequent immunoblot analyses for
examining protein amounts and phosphorylation.
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serum-starved conditions (Fig. 3D). In contrast, both insulin
and Sestrin2 had a strong positive effect on the catalytic activity
of mTORC2 in phosphorylating AKT (Fig. 3E). Sestrin2-in-
duced mTORC2 activation can lead to AKT Ser-473 phosphor-
ylation, which can subsequently facilitate PDK1-mediated AKT
T308 phosphorylation (33). Therefore, our data suggest that
Sestrin2 acts through mTORC2 to activate AKT.

The GATOR2-binding function of Sestrin2 is required for AKT
activation

We next investigated the biochemical basis of how Sestrin2
up-regulates mTORC2 and AKT. To address this problem, we
utilized point mutants of Sestrin2 that specifically eliminate
either its redox-regulating or GATOR2-binding functions (34).
Like WT Sestrin2, Cys-125–mutated Sestrin2 with no oxi-
doreductase activity (5) strongly up-regulated mTORC2-de-
pendentAKTphosphorylation,aswellasAKT-dependentphos-
phorylation of its substrates FOXO1 and SIN1 (Fig. 4A). In
contrast, Asp-406 – and Asp-407–mutated Sestrin2, which
cannot bind to the GATOR2 complex (5), was unable to up-reg-
ulate the AKT signaling pathway (Fig. 4A). These results sug-
gest that the GATOR2-binding motif of Sestrin2, but not the
redox-regulating motif, is critical for activating AKT.

GATOR2 is required for Sestrin2-induced AKT activation

WDR24 is a GATOR2 component that is essential for the
Sestrin2-GATOR2 interaction (12). To directly assess the
requirement of GATOR2 in Sestrin2-induced AKT activation,
we ablated WDR24 function through both gene-silencing and
knockout methods. In HepG2 cells, shRNA-mediated WDR24

silencing (Fig. 4B) and CRISPR/Cas9-mediated WDR24 knock-
out (Fig. 4C) eliminated Sestrin2-induced AKT activation.
Likewise, hepatocytes isolated from liver-specific Wdr24-
knockout (Wdr24 LKO) mice failed to increase AKT activation
after Sestrin2 overexpression (Fig. 4D). Consistent with the
requirement for WDR24 in Sestrin2-induced AKT activation,
HFD-fed obese Wdr24 LKO mice did not reduce blood glucose
levels (Fig. 4, E and F) or increase hepatic AKT signaling (Fig.
4G) in response to Ad-SESN2 transduction, unlike HFD-fed
obese WT mice (Figs. 1A, 2A, and 4G). Notably, Wdr24 LKO
mice retained insulin-induced AKT up-regulation (Fig. 4G),
indicating that WDR24 is not required for insulin signaling to
AKT but is required for Sestrin2-induced AKT activation.
Taken together, these data indicate that Sestrin2 requires
GATOR2 to activate AKT and improve metabolic phenotypes
in HFD mice.

GATOR2 physically bridges Sestrin2 and mTORC2

To identify Sestrin2 targets in HepG2 cells, we performed
proteomic analysis of Sestrin2-interacting proteins in HepG2
cells. Consistent with previous studies of the Sestrin2 interac-
tome analyzed from MCF10A cells (12, 13) and HEK293T cells
(11), the GATOR2 components appeared among the top Ses-
trin2 interacting proteins in HepG2 cells (Table S1). Based on
the genetic requirement of GATOR2 in Sestrin2-induced AKT
activation (Fig. 4), and the physical association between Ses-
trin2 and GATOR2 in HepG2 cells (Table S1), we hypothesized
that GATOR2 may be the molecular conduit for Sestrin2-me-
diated up-regulation of mTORC2 and subsequent AKT activa-
tion. Recent reports showed that Sestrin2 physically associates

Figure 4. Sestrin2 requires GATOR2 to activate AKT. A, HepG2 cells were infected with lentiviruses (LV) that express control (Con, GFP), WT, or single-residue
mutant forms of Sestrin2 (D406A, D407A, and C125S), serum-starved, and subjected to immunoblotting. B, HepG2 cells expressing control (pLKO-Con) or
WDR24 (pLKO-WDR24) shRNA were treated with Ad-GFP or Ad-SESN2, serum-starved, and then subjected to immunoblotting. C, HepG2 cells were subjected
to control (EGFP) or WDR24 gene knockout targeting using CRISPR/Cas9. Cells with confirmed knockouts were then treated with Ad-GFP or Ad-SESN2,
serum-starved, and then subjected to immunoblotting. D, primary hepatocytes were isolated from contol (Wdr24f/f) or liver-specific Wdr24-knockout (Wdr24
LKO; Wdr24f/f/Alb-Cre) livers, treated with Ad-GFP or Ad-SESN2, serum-starved for 3 h, and then subjected to immunoblotting. E–G, 2-month-old Wdr24 LKO
mice were fed a HFD for 2 additional months and administered tail vein injections of Ad-GFP (n � 5) or Ad-SESN2 (n � 7). E, Wdr24 LKO mice were subjected to
an ITT 7 days after adenovirus administration. F, area under curve (AUC) was calculated for the ITT. The WT data are from Fig. 1A. G, livers were collected before
(�) or 5 min after (�) an injection of insulin (0.8 unit/kg), and their lysates were analyzed by immunoblotting. The data are presented as means � S.D. with
individual data points (bar graphs) or means � S.E. (line graphs). The p values were calculated between control (Ad-GFP) and Sestrin2-overexpressing (Ad-
SESN2) groups from a two-tailed Student’s t test: n.s., not significant; *, p � 0.05.
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with mTORC2 (9, 23), and consistent with this, we were able to
replicate the interaction between Sestrin2 and Rictor, an
mTORC2-specific protein (Fig. 5A). Interestingly, however,
Sestrin2 mutants that cannot bind GATOR2 (e.g. D406A and
D407A) lost the ability to bind Rictor (Fig. 5A). In contrast, the
Cys-125–mutated Sestrin2 fully retained Rictor binding, indi-
cating that the redox-regulating function of Sestrin2 is not
required for the Sestrin2–mTORC2 interaction.

These findings raised the possibility that GATOR2 bridges
Sestrin2 and mTORC2. We therefore examined whether
mTORC2 associates with GATOR2 through co-immunopre-
cipitation assays between Rictor and GATOR2 components. In
addition to testing the interaction with the full complex, we
systematically deleted subcomponents of GATOR2 or system-
atically expressed single components of GATOR2 to identify
the GATOR2 subcomponent(s) that are responsible for the
GATOR2–Rictor interaction. Interestingly, we found that
GATOR2 and Rictor interact (Fig. 5B, blue boxes), and more-

over, the WDR59 subcomponent of GATOR2 was critical and
sufficient for this interaction. When WDR59 was not
expressed, the interaction between Rictor and GATOR2 was
very weak (Fig. 5B, red box in left panel), and WDR59 alone
pulled down Rictor (Fig. 5B, red box in right panel). Previous
work showed that WDR24 is critical for the Sestrin2–GATOR2
interaction (12), and our current work identifies WDR59 as a
critical component for the GATOR2–Rictor interaction (Fig.
5C). These data suggest that Sestrin2 and Rictor interact
through GATOR2, containing both WDR24 and WDR59.
Indeed, like WDR24, WDR59 was also required for Sestrin2-
induced AKT activation; Sestrin2 failed to up-regulate AKT in
WDR59 KO HepG2 cells generated through CRISPR targeting
(Fig. 5D). In addition, we confirmed the GATOR2–mTORC2
interaction by showing that Sin1, another critical mTORC2-
specific subcomponent, also interacted with the full
GATOR2 complex (Fig. 5E). Finally, we also observed
Rictor–Sestrin2 and Rictor–WDR59 interactions at the

Figure 5. GATOR2 physically bridges Sestrin2 and mTORC2. A and B, HEK293 cells were transfected with the indicated constructs for 48 h and then
subjected to co-immunoprecipitation (IP) with the indicated antibodies. Immunoprecipitation complexes and whole cell lysates (WCL) were examined through
immunoblotting. C, schematic of how GATOR2 interacts with Sestrin2 and mTORC2. WDR24 was critical for the Sestrin2–GATOR2 interaction, whereas WDR59
was critical for the GATOR2–Rictor interaction. D, HepG2 cells stably expressing control (WT) or WDR59-targeting CRISPR/Cas9 constructs were infected with
Ad-GFP or Ad-SESN2, serum-starved overnight, and then subjected to immunoblotting. E, HEK293 cells were transfected with the indicated constructs for 48 h
and then subjected to immunoprecipitation with the indicated antibodies. Immunoprecipitation complexes and WCL were examined through immunoblot-
ting. F, HepG2 cells were subjected to control or anti-Rictor immunoprecipitation overnight. Immunoprecipitation complexes and WCL were examined
through immunoblotting of endogenous proteins. WB, Western blotting.
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endogenous level in HepG2 cells (Fig. 5F). These data collec-
tively suggest that GATOR2 bridges Sestrin2 and mTORC2
to enable Sestrin2-mediated activation of mTORC2 and
AKT (Fig. 5C).

Sestrin2 directly binds to the PH domain of AKT

While examining the physical interaction between Sestrin2
and other proteins, we serendipitously found that overex-
pressed FLAG-tagged Sestrin2 pulls down endogenous AKT in
liver tissue (Fig. 6A). The Sestrin2-interacting AKT proteins
were phosphorylated at both Thr-308 and Ser-473 (Fig. 6A),
suggesting that these are active AKT proteins. The Sestrin2–
AKT interaction was also observable in HEK293A cells (Fig.

6B); interestingly, Sestrin2 mutants that cannot bind GATOR2
were still able to interact with AKT (Fig. 6B). Therefore, it
seems that the Sestrin2-AKT interaction is independent of the
interactions we observed above for the Sestrin2–GATOR2–
mTORC2 complexes.

To dissect the interaction between Sestrin2 and AKT further,
we transfected Sestrin2 with three different forms of AKT: full-
length, PH domain only (F-AKT_PH: residues 1–149), or
kinase domain only (F-AKT_KD: residues 150 – 480) truncated
forms (Fig. 6C). Using an immunoprecipitation assay, we con-
firmed that Sestrin2 physically interacted with full-length AKT.
Sestrin2 also slightly interacted with AKT_KD, but we found
the strongest association with AKT_PH, the truncated form of

Figure 6. Sestrin2 induces AKT translocation to the plasma membrane. A, liver lysates from Ad-GFP– and Ad-SESN2–infected mice, described in the legend
to Fig. 1, were subjected to anti-FLAG immunoprecipitation (IP). Immunoprecipitation complexes and whole cell lysates (WCL) were examined through
immunoblotting. B and C, HEK293 cells were transfected with the indicated constructs for 24 h and then subjected to immunoprecipitation with the indicated
antibodies. Immunoprecipitation complexes and WCL were examined through immunoblotting. D, HepG2 cells were infected with Ad-GFP or Ad-SESN2,
serum-starved overnight, and then analyzed by immunocytochemistry using the indicated antibodies. E–H, HepG2 cells were infected with Ad-GFP or
Ad-SESN2, serum-starved overnight, and then subjected to membrane fractionation experiments and subsequent immunoblotting. F, membrane fractions for
the indicated proteins were quantified by densitometry (n � 3). G, WDR24 and WDR59 were targeted using CRISPR/Cas9 in HepG2 cells. The cells with confirmed
knockouts were subjected to the indicated treatments, membrane fractionation, and then immunoblotting. H, relative AKT protein expression was quantified
by densitometry for membrane fractions (n � 3). The data are presented as means � S.D. with individual data points. The p values were calculated between
control (Ad-GFP) and Sestrin2-overexpressing (Ad-SESN2) membrane fractions from a two-tailed Student’s t test: *, p � 0.05; **, p � 0.01. cyt, cytosol fraction;
mem, membrane protein fraction.
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AKT that includes the PH domain only (Fig. 6C). Therefore,
independently of GATOR2 and mTORC2, Sestrin2 binds the
AKT PH domain, a domain important for AKT translocation to
the plasma membrane through binding 3�-phosphorylated
phosphoinositide lipids generated by PI3K (20).

Sestrin2 induces AKT plasma membrane translocation
through GATOR2

We were curious whether the interaction between Sestrin2
and the PH domain of AKT could alter the subcellular localiza-
tion of AKT. In serum-starved HepG2 cells, Sestrin2 overex-
pression through adenoviral transduction induced strong AKT
activation at the plasma membrane (Fig. 6D). Total AKT was
also generally translocated to the plasma membrane in Ses-
trin2-overexpressing cells (Fig. 6D). The Sestrin2-induced
membrane localization of AKT also occurred in cell fraction-
ation experiments; Sestrin2 overexpression increased the pres-
ence of both p-AKT and AKT in total membrane fractions (Fig.
6, E and F). Interestingly, the GATOR2 components WDR24
and WDR59 were also targeted to the membrane fraction upon
Sestrin2 overexpression (Fig. 6, E and F). Therefore, we tested
whether Sestrin2-induced AKT membrane translocation
required GATOR2. WDR24 KO and WDR59 KO HepG2 cells,
in which GATOR2 function is compromised, did not target
AKT to the membrane fraction in response to Sestrin2 overex-
pression (Fig. 6, G and H). Therefore, even though Sestrin2
binding to AKT may not require GATOR2, GATOR2 is
required for Sestrin2-induced AKT activation and its translo-
cation to the plasma membrane.

Discussion

Insulin resistance represents one of the most prominent phe-
notypes exhibited by Sestrin-deficient animals (28). Sesn2-
knockout mice (7) and Sesn3-knockout mice (9, 35), as well as
dSesn-null flies (7), are all prone to developing insulin resis-
tance and subsequent dysregulation of blood glucose homeo-
stasis. Hypoactivity of insulin receptor-AKT signaling is com-
monly observed in these models, whereas mTORC1 signaling
was aberrantly activated through a mechanism independent of
insulin signaling regulation. Because Sestrins down-regulate
mTORC1, it was thought that mTORC1 inhibition was the
major cause of AKT up-regulation (28). However, Sestrin-in-
duced AKT activation was observed when mTORC1 compo-
nents were silenced or ablated (9, 23), suggesting that Sestrins
may regulate AKT independently of mTORC1. Consistent with
these reports, we confirmed that Sestrin2-induced AKT activa-
tion did not require mTORC1. Instead, Sestrin2 activated AKT
by up-regulating mTORC2, a kinase upstream of AKT. There-
fore, our results indicate that Sestrin2 not only suppresses
mTORC1 but concurrently activates mTORC2, a finding that
aligns with other work indicating that tuberous sclerosis com-
plex and AMPK inhibit mTORC1 but activate mTORC2 (32,
36, 37).

We also defined the molecular mechanism by which Sestrin2
up-regulates mTORC2. AMPK was recently shown to up-
regulate mTORC2 activity and signaling independently of
mTORC1/S6K1-mediated negative feedback through direct
phosphorylation of mTORC2 subunits (32). Because Sestrin2

represents an established AMPK activator (3), it was possible
that Sestrin2/AMPK signaling mediates Sestrin2-induced
mTORC2 activation. However, we found that Sestrin2 acti-
vated mTORC2 and AKT similarly in WT and Ampk-null cells,
indicating that Sestrin2-induced mTORC2 activation could
occur independently of AMPK.

Utilizing mutational studies, we showed that Sestrin2’s
GATOR2-binding residues were required for its activation of
mTORC2 and AKT. Consistent with former studies reporting a
direct interaction between Sestrin2 and mTORC2 (9, 23), we
found a physical association between Sestrin2 and Rictor, an
mTORC2-specific subunit. However, Sestrin2 mutants that
lost GATOR2 binding were not able to interact with Rictor.
Subsequent experiments suggested that GATOR2 acted as a
bridge between Sestrin2 and mTORC2; GATOR2 interacts
with Sestrin2 through WDR24 (12) and with mTORC2 through
WDR59. Indeed, Sestrin2 was unable to up-regulate mTORC2
and AKT in cells with genetic deletion of either WDR24 or
WDR59. These experiments showed that GATOR2 mediates
Sestrin2-induced activation of mTORC2 and AKT. Finally, our
data suggested that Sestrin2 affects AKT subcellular localiza-
tion. Through both immunocytochemistry and fractionation
experiments, we found that Sestrin2 overexpression enriched
both pAKT and AKT at the membrane. Because Sestrin2,
WDR24/WDR59, and AKT are all enriched in the membrane
fraction in conditions of Sesn2 overexpression, it is possible
that Sesn2–GATOR2 complexes somehow physically direct
AKT translocation. However, it is also possible that Ser-473
phosphorylation, which depends on GATOR2–mTORC2,
somehow promotes membrane translocation and further acti-
vation of AKT. The exact mechanism of how Sesn2–GATOR2
induces membrane translocation and activation of AKT needs
to be further clarified in future studies.

Importantly, the unique ability of Sestrin2 to inhibit
mTORC1, activate AMPK, and activate mTORC2 makes it an
ideal candidate for extending an organism’s life and health
span. Although the mTORC1 inhibitor rapamycin extended
lifespan in multiple animal models (38), it also coincided with
serious side effects such as insulin resistance caused by suppres-
sion of mTORC2 assembly and thus function (39). Although
chronic mTORC1 up-regulation is detrimental and accelerates
aging, mTORC2 activity is required to maintain metabolic
homeostasis because it is essential for insulin-dependent signal
transduction. Therefore, many aging researchers have searched
for genetic and pharmacological agents that specifically inhibit
mTORC1 while preserving mTORC2 activity (40). Sestrin2 or
its chemical mimetics may be candidates for such agents.

In addition, unlike other pathways that activate AKT (i.e.
insulin), Sestrin2-induced AKT activation did not concurrently
activate mTORC1. AKT typically up-regulates mTORC1
through inhibitory phosphorylation of the mTORC1 inhibitors
tuberous sclerosis complex 2 (41) and PRAS40 (42, 43). There-
fore, although forced AKT activation in the liver through PTEN
inactivation (44) or constitutively active AKT (myr-AKT)
expression (45) up-regulated insulin signaling, it also detrimen-
tally hyperactivated mTORC1, resulting in hepatomegaly and
hepatic fat accumulation. Even though Sestrin2 activated AKT,
it did not up-regulate mTORC1 because it has an independent
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inhibitory function on mTORC1. Therefore, unlike other mod-
els of AKT activation, Sestrin2 reduced liver fat accumulation
while up-regulating insulin signaling. Consistent with these
functional outcomes, Sestrin2 inhibited mRNA expression of
both gluconeogenic and lipogenic genes.

In summary, we show that Sestrin2 up-regulates the
mTORC2/AKT pathway through a novel mechanism involving
the GATOR2 complex. Further investigation into this signaling
axis may reveal a novel mechanism for improving insulin sig-
naling and normalizing metabolism during obesity and insulin
resistance.

Experimental procedures

Mice and diets

The Wdr24f/f (Wdr24tm1c)/Alb-Cre strain was generated
from the Wdr24tm1a(KOMP)Mbp mouse line obtained from the
University of California, Davis Mouse Biology program by
breeding with the FLPo strain, backcrossed into the C57BL/6J
background, and then crossed with the Alb-Cre line. 2-month-
old WT or Wdr24f/f/Alb-Cre mice of the C57BL/6J background
were kept on a HFD (Bioserv S3282) for an additional 2 months.
Insulin tolerance tests were performed on 25 WT mice and 12
Wdr24f/f/Alb-Cre mice. In each cohort, littermate mice were
divided into two groups and injected with adenoviruses
through the tail vein. The insulin tolerance test (ITT) was per-
formed at 4 –10 days after adenoviral injection. For the ITT, the
mice were fasted for 4 – 6 h in the morning and then injected
with insulin (0.65 unit/kg body weight intraperitoneally). Blood
glucose was measured 0, 20, 40, 60, and 120 min after insulin
injection using a OneTouch Ultra glucose meter. At 10 days
after adenoviral injection, livers were harvested under a surgical
plane of isoflurane anesthesia before and after an injection of
insulin (0.8 unit/kg) through the inferior vena cava. All mice
were housed at the Unit for Laboratory Animal Medicine, and
all procedures were approved by the Institutional Animal Care
and Use Committee at the University of Michigan.

Oil Red O staining

Optimum cutting temperature compound– embedded fro-
zen liver sections were air-dried and rinsed with 60% isopropa-
nol, followed by staining with fresh 0.5% Oil Red solution for 15
min. After staining, the slides were rinsed with 60% isopropa-
nol, washed with distilled water, mounted, and analyzed under
a light microscope (Olympus). For quantification, 10 randomly
chosen fields were used for each mouse liver.

Quantitative RT-PCR

Total RNA was extracted from tissues using TRIzol (Invitro-
gen), and cDNA was made using Moloney murine leukemia
virus–reverse transcriptase (Thermo Fisher catalog no.
28025013) and random hexamers (Invitrogen). Quantitative
PCR was performed in a real-time PCR detection system
(Applied Biosystems) with iQ SYBR Green Supermix (Bio-Rad)
and the primers listed in Table S2. Relative mRNA expression
was calculated from the comparative threshold cycle (Ct) values
normalized to �-actin and expressed as fold change over con-
trol values.

Antibodies and reagents

Sestrin2 (catalog no. 10795) is from Proteintech. pT308-Akt
(catalog no. 4056), pS473-Akt (catalog no. 4060), Akt (catalog
no. 4691), pT389-S6K (catalog no. 9234), pT172-AMPK (cata-
log no. 2535), AMPKɑ (catalog no. 2532), mTOR (catalog no.
2983), Rictor (catalog no. 2114), WDR59 (catalog no. 53385),
pS256-FOXO1 (catalog no. 9461), FOXO1 (catalog no. 2880),
pT86-Sin1 (catalog no. 14716), Sin1 (catalog no. 12860),
NaKATPase (catalog no. 23565), and Raptor (catalog no. 2280)
are from Cell Signaling Technology. MAPKAP-1 (catalog no.
393166), WDR24 (catalog no. 244614), p70S6 kinase � (catalog
no. 8418), and Rictor (catalog no. 271081) are from Santa Cruz
Biotechnology. FLAG (clone no. M2) is from Sigma. HA (clone
no. 3F10) is from Roche. Actin (clone no. JLA20), His (clone no.
P5A11), Tubulin (clone no. E7), and c-Myc (clone no. 9E10) are
from Developmental Studies Hybridoma Bank. Chemical
inhibitors used in this study include rapamycin (LC Labs),
BYL719 (Selleck), PP242 (Chemdea), Torin1 (Adooq), and
LY294002 (LC Labs).

Western blotting

Cells or tissues were lysed in cell lysis buffer (20 mM Tris-Cl,
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM

sodium pyrophosphate, 1 mM �-glycerophosphate, 1 mM

Na3VO4, 1% Triton X-100 or 1% NP-40 or 0.3% Chaps) con-
taining protease inhibitor mixture (Roche). After clarification
by centrifugation, lysates were boiled in SDS sample buffer,
separated by SDS-PAGE, transferred to polyvinylidene difluo-
ride membranes, and probed with the indicated antibodies. Pri-
mary antibody dilution factors were 1:200 for Santa Cruz anti-
bodies and 1:1000 for all others. After incubation with
secondary antibodies conjugated with horseradish peroxidase
at 1:2000, and chemiluminescence was detected using LAS4000
(GE) system. All protein loading was normalized to total pro-
tein concentration determined using Bio-Rad protein assay
(Bio-Rad catalog no. 5000006). Protein expression in mem-
brane fractions were normalized by the level of NaKATPase.
Primary antibodies were incubated in Western blocking re-
agent (Sigma–Aldrich catalog no. 11921681001) for phospho-
specific antibodies or 5% blotting grade blocker (Bio-Rad cata-
log no. 1706404) for all other antibodies.

Cell culture and transfection

All cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, Invitrogen) containing 10% fetal bovine
serum (Sigma), 20 units/ml penicillin, and 50 mg/ml strepto-
mycin. HepG2 is from ATCC. WDR24- and WDR59-knockout
HepG2 cell lines were made from HepG2 using the Lenti-
CRISPR v2 system (Addgene, originated from Feng Zhang’s lab
(46)) using the gRNA-encoding oligonucleotides: hWDR24
forward, CACCG TCA GGG TTG GCG CGC TCG AC;
hWDR24 reverse, AAAC GTC GAG CGC GCC AAC CCT GA
C; hWDR59 forward, CACCG ACC CGC GCA AAC GTC
GGT AA; and hWDR59 reverse, AAAC TTA CCG ACG TTT
GCG CGG GT C. After LentiCRISPR infection, multiple
HepG2 cell clones with stable loss of targeted proteins were
isolated through immunoblotting and used for the experi-
ments. Primary hepatocytes were isolated from 2-month-old
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control (Wdr24f/f) and liver-specific Wdr24-knockout (Alb-
Cre/Wdr24f/f) mice as previously described (8). WT and
Ampkɑ1/2 KO MEFs were gifts from the Ken Inoki laboratory.
Palmitic acid treatment was done as previously described (8,
47). HEK293A cells (Invitrogen) were transfected with plas-
mids expressing the indicated proteins using the polyethyleni-
mine (Sigma) method as previously described (48). Sestrin con-
structs of WT and mutant forms are described in our previous
work (5). GATOR2 constructs were originated from the David
Sabatini lab (19) and obtained through Addgene. AKT and Ric-
tor constructs were made by PCR amplification of correspond-
ing cDNA and subsequent subcloning into pLU-CMV/FLAG
or HA expression vectors. The Sin1 plasmid was a gift from the
Do-Hyung Kim lab at the University of Minnesota.

Adenoviral and lentiviral production

Adenoviruses and lentiviruses were produced at the Univer-
sity of Michigan Vector Core. For adenoviral production, full-
length human Sestrin2 coding sequence, attached to an N-ter-
minal FLAG tag, was cloned into the pACCMV shuttle vector
and incorporated into the adenoviral backbone at the Vector
Core to generate Ad-SESN2. Ad-GFP was used as the control.
For lentiviral production, pLU–CMV–SESN2 lentiviruses
expressing WT and mutant Sestrin2 were formerly described
(5). Lentiviruses expressing shRNA–Sestrin2 were also for-
merly described (8). Lentiviruses expressing shRNA–WDR24
were obtained from Sigma (The RNAi Consortium no.
TRCN0000130142).

Immunoprecipitation

The cells were lysed in cell lysis buffer with 0.3% Chaps, clar-
ified by centrifugation, and then incubated with FLAG bead
(catalog no. A2220, Sigma), HA bead (catalog no. A2095,
Sigma), mouse IgG–Sepharose bead conjugate (catalog no.
3420, Cell Signaling), or Rictor Sepharose bead conjugate (cat-
alog no. 5379, Cell Signaling) on a rotisserie at 4 °C for 2 h or
overnight. The immunocomplexes were washed six times with
the lysis buffer, and the samples were boiled with SDS sample
buffer for 5 min at 95 °C and analyzed by immunoblotting.

In vitro PI3K assay

The assay was performed as previously described (49). In
brief, HepG2 cells were incubated with Ad-GFP or Ad-SESN2
for 48 h and replaced with serum-free DMEM. After 12 h, the
cells were treated with water (control) or 100 nM insulin for 3
min and then harvested. The lysates were immunoprecipitated
with p-Tyr antibodies (catalog no. 9411, Cell Signaling) conju-
gated to a protein G/A bead, subjected to a lipid kinase assay
with [�-32P]ATP and phosphatidylinositol, and then subjected
to TLC and autoradiography to visualize PI3P.

In vitro mTORC2 kinase assay

HepG2 cells were treated with Ad-GFP or Ad-SESN2 and
serum-starved overnight. The lysates were immunoprecipi-
tated with anti-Rictor antibodies conjugated to a protein G/A
bead, subjected to a kinase assay with ATP and recombinant
full-length inactive His-AKT substrate (Millipore catalog no.

14-279), and then analyzed by immunoblotting, as previously
described (50).

Protein identification by LC–tandem MS

HepG2 cells were infected with Ad-GFP or Ad-SESN2 for
24 h. The lysates were then immunoprecipitated with anti-
FLAG bead on a rotisserie at 4 °C for 2 h, washed seven times in
cell lysis buffer (20 mM Tris, pH 7.6, 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM �-glycero-
phosphate, 1 mM Na3VO4, 0.3% Chaps), and then washed two
times in PBS. The samples were sent to the University of Mich-
igan Proteomics Resource Facility and subjected to the protein
identification service plus 3-h LC-MS/MS analysis, according
to their standardized procedure as described below.

The beads were resuspended in 50 �l of 0.1 M ammonium
bicarbonate buffer (pH �8). Cysteines were reduced by adding
50 �l of 10 mM DTT and incubating at 45 °C for 30 min. The
samples were cooled to room temperature, and alkylation of
cysteines was achieved by incubating with 65 mM 2-chloroacet-
amide, under darkness, for 30 min at room temperature. An
overnight digestion with 1 �g of sequencing grade, modified
trypsin was carried out at 37 °C with constant shaking in a
Thermomixer. Digestion was stopped by acidification, and pep-
tides were desalted using SepPak C18 cartridges, using the
manufacturer’s protocol (Waters). The samples were com-
pletely dried using a vacuum concentrator (Eppendorf). The
resulting peptides were dissolved in 8 �l of 0.1% formic acid, 2%
acetonitrile solution, and 2 �l of the peptide solution were
resolved on a nano-capillary reverse phase column (Acclaim
PepMap C18, 2 micron, 50 cm, Thermo Scientific), using a 0.1%
formic acid, 2% acetonitrile (buffer A) and 0.1% formic acid,
95% acetonitrile (buffer B) gradient at 300 nl/min over a period
of 180 min (2–22% buffer B in 110 min, 22– 40% in 25 min,
40 –90% in 5 min, followed by holding at 90% buffer B for 5 min
and re-equilibration with buffer A for 25 min). Eluent was
directly introduced into Orbitrap Fusion tribrid mass spec-
trometer (Thermo Scientific), using an EasySpray source. MS1
scans were acquired at 120 K resolution (automatic gain con-
trol target � 1 	 106; max ionization time � 50 ms). Data-de-
pendent collision-induced dissociation MS/MS spectra were
acquired using Top speed method (3 s), following each MS1
scan (normalized collision energy �32%; automatic gain con-
trol target 1 	 105; max ionization time 45 ms).

Proteins were identified by searching the MS/MS data
against the Homo sapiens database (UniProt; November 11,
2016 download with 42,054 entries) using Proteome Discoverer
(version 2.1, Thermo Scientific). Search parameters included
MS1 mass tolerance of 10 ppm and fragment tolerance of 0.2
Da; two missed cleavages were allowed; carbamidimethylation
of cysteine was considered fixed modification; and oxidation of
methionine and deamidation of asparagine and glutamine were
considered as potential modifications. The false discovery rate
was determined using Percolator, and proteins/peptides with a
false discovery rate of �1% were retained for further analysis.

Immunocytochemistry

Ad-GFP– or Ad-SESN2–treated HepG2 were grown on cov-
erslips overnight. After incubation with serum-free DMEM

EDITORS’ PICK: Sestrin2 activates AKT through GATOR2–mTORC2

1778 J. Biol. Chem. (2020) 295(7) 1769 –1780



overnight, the cells were fixed with 4% paraformaldehyde and
permeabilized with 0.2% Triton X-100. The cells were incu-
bated with 3% BSA and then with primary antibodies (1:1000)
in PBS for 2 h. After washing, the cells were incubated with
Alexa Fluor– conjugated secondary antibodies (1:1000) for 1 h,
washed with PBS, counterstained with 4�,6�-diamino-2-phe-
nylindole (Invitrogen), and mounted in Vectashield anti-fade
mounting medium (H-1000). The images were captured under
a Leica SP5X confocal microscope.

Cell fractionation

Cytosol and membrane protein fractions were isolated using
the Mem-PER Plus membrane protein extraction kit (Thermo
Scientific), according to the manufacturer’s recommendations.

Statistical analyses

The results are presented as means � S.D. with individual
data points for bar graphs or means � S.E. for line graphs.
Significance between two groups was calculated using a two-
tailed Student’s t test.
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