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The mammalian target of rapamycin complex 1(mTORC1) integrates diverse signals to control cell growth,
proliferation, survival, and metabolism. Role of reactive oxygen species (ROS) on mTORC1 signaling remains
obscure andmechanisms throughwhich ROSmodulate mTORC1 are not known.We demonstrate that low doses
ROS exposure stimulate mTORC1 while high concentrations or long-term ROS treatment decrease mTORC1
activity in vivo and in a variety of cell lines. The dose/time needed for inhibition or activation are cell type-
dependent. In HEK293 cells hydrogen peroxide (H2O2) stimulates phosphorylation of AMP-activated kinase
(AMPK) (T172) and Raptor (S792), enhances association of activated AMPK with Raptor. Furthermore, AMPK
inhibitor compound c inhibits H2O2-induced Raptor (S792) phosphorylation and reverses H2O2-induced de-
phosphorylation of mTORC1 downstream targets p70-S6K1 (T389), S6 (S235/236) and 4E-BP1 (T37/46). H2O2

also stimulates association of endogenous protein phosphatase 2A catalytic subunit (PP2Ac) with p70-S6K1. Like
compound c, inhibitor of PP2A, okadaic acid partially reverses inactivation ofmTORC1 substrates inducedbyH2O2.
Moreover, inhibition of PP2A and AMPK partially rescued cells from H2O2-induced cell death. High doses of H2O2

inhibitwhile low doses of H2O2 activatemTORC1 both in TSC2−/− P53−/− and TSC2+/+ P53−/−MEFs. These data
suggest that PP2A and AMPK-mediated phosphorylation of Raptor mediate H2O2-induced inhibition of mTORC1
signaling.
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1. Introduction

The mammalian target of rapamycin (mTOR) is a conserved
serine/threonine protein kinase that plays a central role in controlling
cell growth, size and metabolism [1–3]. It elicits its pleiotropic
functions in the context of two functionally distinct signaling
complexes termed as mTOR complex 1 (mTORC1) and complex 2
(mTORC2). mTORC1, which contains mTOR, mLST8/GβL, Raptor, and
PRAS40, is sensitive to immunosuppressive drug rapamycin [4,5].
mTORC2 shares mTOR and mLST8/GβL with mTORC1, but processes
three unique components, rictor, mSin1, and PRR5/Protor [6–10].
Despite presence of mTOR, mTORC2 is not inhibited by acute
treatment of rapamycin.

mTORC1 activity is regulated by a wide range of intracellular and
extracellular cues, including growth factors, nutrient conditions,
energy levels and stresses. Signaling activities triggered by these
cues are channeled to mTORC1 by the TSC1–TSC2 complex, which
functions as a GTPase activating protein (GAP) for the small GTPase
Rheb, an activator of mTORC1. The TSC1–TSC2 complex stimulates the
GTPase activity of Rheb and downregulates its activity, thus
negatively regulates mTORC1 function. In response to insulin
stimulation, TSC2 is phosphorylated by Akt, which reduces the GAP
activity of the TSC1–TSC2 complex. In contrast, glucose deprivation
promotes AMP-activated kinase (AMPK)-mediated phosphorylation
of TSC2, which enhances the GAP activity [11–14].AMPK is a negative
regulator of mTORC1. It elicits its inhibitory effect onmTORC1 through
two different mechanisms. Activation under condition of low
intracellular ATP (energy stress) by phosphorylating and activation
of TSC2 leading to mTOR inhibition [15,16]. However, TSC2-deficient
cells remain responsive to energy stress. Recent studies revealed that
the phosphorylation of mTOR binding partner Raptor on S792 by
AMPK is required for the inhibition of mTORC1 and cell-cycle arrest
induced by energy stress [17,18].
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mTORC1 exerts its role in cell size control mainly through
controlling 4E binding protein 1 (4E-BP1) and the p70 ribosomal
protein S6 kinase (p70-S6K), two key factors involved in translation
initiation. mTORC1 phosphorylates and inactivates 4E-BP1, a transla-
tion repressor that binds to and inhibits the translation initiation
factor 4E (eIF-4E). In contrast, mTORC1-directed phosphorylation
activates p70-S6K1, which in turn phosphorylates and activates S6
protein, a component of the S40 ribosome subunit, thus facilitating
protein translation [19,20].

Reactive oxygen species (ROS) are generated in the cells as a
consequence of oxygen-based metabolism. ROS molecules such as
hydroxyl radicals, superoxide anions and singlet oxygen are extreme-
ly reactive and can cause irreversible damage to intracellular
molecules such as nucleic acids and proteins unless they are
detoxified by antioxidant enzymes [21]. Growing evidence has
demonstrated that ROS can act as secondary messengers in signaling
processes. Although low levels of ROS produced by the mitochondria
are usually detoxified quickly, an excessive accumulation of ROS
caused by UV, ionizing irradiation, chemical insults, or aging may
trigger various cellular responses. Depending on concentration of ROS,
duration of the cell exposed to these agents and cell types, the
responses may range from cell growth and proliferation to apoptosis
or necrosis. In human, ROS-mediated signaling pathways have been
linked to many diseases, including cancer, cardiac failure, arthero-
sclerosis, diabetes, hypertension and osteoporosis [22–26].

ROS have been found to either activate or inhibit mTORC1 [27–33].
However, the molecular mechanisms by which ROS modulate
mTORC1 signaling remain obscure. In this paper, we demonstrate
that low doses and short-term ROS exposure stimulate mTORC1while
high concentrations or long-term ROS treatment inhibit mTORC1
activity, and most importantly, we found that protein phosphatase 2A
and AMPK-mediated phosphorylation of Raptor (S792) contribute to
ROS-induced inhibition of mTORC1 signaling.

2. Material and methods

2.1. Materials

Reagents, antibodies and plasmids were obtained from the
following sources. Rose Park Memorial Institute (RPMI)1640, Dulbec-
co's modified Eagle's medium-high glucose (DMEM), alpha modified
Eagle's medium (α-MEM), DPBS and fetal bovine serum (FBS) were
from Gibco BRL Technology (Gaithersburg, MD, USA); Lipofectamine
2000 from Invitrogen (Carlsbad, CA); Compound c from MERK; 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA), okadaic acid (OKA),
dimethyl sulphoxide (DMSO) and the antibody against flag from
Sigma-Aldrich (St. Louis, MO); LY294002 and antibodies against
phospho-p70-S6K1 (T389), phospho-p70-S6K (T421/S424), 4E-BP1,
phospho-4E-BP1 (T37/46), phospho-4E-BP1 (T70), phospho-4E-BP1
(S65), phospho-S6 (S235/236), Raptor, phospho-Raptor (S792) and
phospho-AMPKα1/2 (T172) from Cell Signaling Inc (Beverly, MA);
anti-S6, p70-S6K and AMPKα1/2 antibodies from Santa Cruz Biotech
(Santa Cruz, CA); The PP2Ac antibody from Upstate. pcDNA3.1-flag-
Rheb Q64L, pcDNA3.1-flag-Rheb wt and pcDNA3.1-flag were de-
scribed previously [34]. pCMV-flag-TSC2 and PRK-7-HA-S6K1 were
purchased from Addgene.

2.2. Cell culture and transient transfection

Mouse monocyte cell line RAW264.7 was cultured in RPMI 1640.
Human breast cancer cell lineMCF-7, human uterine cervix cancer cell
line Hela, human osteosarcoma cell line MG63 , mouse embryo
fibroblast cells (MEFs) TSC2+/+P53−/−, TSC2−/− P53−/− and human
embryo kidney cell line HEK293 cells were cultured in high glucose
DMEM. Mouse osteoblast cell line MC3T3-E1 and primary culture
bonemarrow stroma cell (BMSC)were cultured inα-MEM. Themedia
were all supplemented with 10% fetal bovine serum (FBS), 50 units/
mL penicillin and 50 μg perstreptomycin in a humidified atmosphere
of 5% CO2. Cultures were trypsinized upon confluence and subcultured
into 12-, 6-, or 96-well plates for further experiments. For transient
transfection, HEK293 cells were seeded into 24-well plates or 6 cm
dishes 24 h prior to transfection with plasmids of Rheb Q64L, Rheb wt
and flag or flag-TSC2 and myc-Raptor using Lipofectamine 2000.

2.3. UV radiation and cellular H2O2 staining assays

Raw264.7 cells were cultured in 35 mm dishes until 90%
confluence and treated with UVB radiation (25 mj/cm2) for different
intervals (0, 5, 15, 30 and 60 min). Cells were thenwashed three times
with phosphate-buffered saline (PBS) and incubated in PBS contain-
ing DCFH-DA(10 μM) for 20 min at 37 °C. Cells were trypsinized,
washed twice with PBS and subjected to FCM to detect the DCF
fluorescent signals at 488 nm.

2.4. Alloxan treatment and detection of MDA and H2O2

One month old Kunming mice were intraperitoneally injected
with alloxan (150 mg/kg) and normal saline after starvation for 24 h.
72 h after the injection, animals were sacrificed and brain, heart,
kidney, liver and skeletal muscle were homogenized and ultrasoni-
cated in ice-cold normal saline. After centrifugation at 12,000×g for
10 min, the supernatant were collected and stored at −70 °C. Protein
concentration was determined by Protein Concentation Detection Kit
(SHEN NENG BO CAI, Shanghai, China) and H2O2 and MDA
concentrations were measured with the H2O2 and MDA detection
kit from JIAN CHENG (Nanjing, China) following manufacturer's
instruction.

2.5. Immunoprecipitation

To detect the association of Raptor with AMPK, HEK293 cells
(3×106) grown in 6 cm dishes were rinsed once with PBS, lysed in
300 μl of ice-cold buffer A containing 40 mM HEPES, pH 7.5, 120 mM
NaCl, 1 mM EDTA, 10 mM pyrophosphate, 10 mM glycerophosphate,
50 mM NaF, 1.5 mM Na3VO4, 1% Triton X-100, and 1×EDTA-free
protease inhibitors from Roche. Cell lysates were incubated on ice for
30 min followed by centrifugation at 12,000×g for 10 min. Super-
natants were incubated with 4 μg of anti-PP2A antibody for 3 h at 4 °C
on a nutator followed by addition of 30 μl of a 50% slurry of protein G-
Sepharose beads addition and incubation on nutator for another 2 h at
4 °C. Beads were washed four times with lysis buffer A and boiled in
SDS sample buffer. Precipitated proteins were then subjected to SDS-
PAGE and western blotting.

To detect the association of Raptor with P-AMPK, HEK293 cells
were grown in 6 cm dishes and transfected with myc-Raptor
plasmids. 24 h later, cells were treated with 1 mM H2O2 for 20 min,
then harvested and lysed by incubating on ice for 30 min in the lysis
buffer B (Buffer A containing 0.3% chaps instead of 1% Triton X-100).
Lysates were precipitated with anti-myc antibody (4 μg) as described
above.

To detect the association of TSC2 with AMPK, HEK 293 cells were
transfected with flag-TSC2. After 30 h, transfected cells were treated
with 1 mM H2O2 for 20 min and harvested. Cells were lysated in the
buffer I (20 mM Tris-HCl [pH 7.5], 20 mM NaCl, 1 mM EDTA, 5 mM
EGTA, 20 mM b-glycerophosphate, 1 mM DTT, 1 mM PMSF, 10 μg/ml
leupeptin, and 10 μg/ml aprotinin) and sonicated. The cell lysates
were immunoprecipitated with the anti-flag antibodies and protein
G-Sepharose beads. Immunocomplexes were washed twice with
buffer I containing 0.5 M NaCl, twice with buffer II (10 mMHEPES [pH
7.4], 50 mM NaCl, 20 mM b-glycerophosphate, and 20 mM NaF) and
then subjected to SDS-PAGE.
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2.6. Western blot analysis

After treatment, cells were lysed immediately incubating in SDS
sample buffer for 5 min at 95 °C. Cell lysates were subjected to SDS-
PAGE followed by western blot analysis.
2.7. Detection and quantification of dead cells by PI staining

HEK 293 cells grown in 24 well plates were pretreated with
compound c, OKA or drug vehicle for 30 min, and then incubated with
300 μM H2O2 for 12 h. At the end of treatment the cells were rinsed
once with PBS and stained with PI using the Apoptosis/Death
Detection Kit (JIAN CHENG, Nanjing, China).
Fig. 1. Activation ofmTORC1 in vivo and in cells. A)MCF-7 orMC3T3-E1 cells were incubated
S6K1(T389) and p70-S6K1. B) Raw264.7 cells were treated with UVB radiation (25 mj/cm2)
at 488 nm by FCM. Data were analyzed by OneWay ANOVA. Con, control; *significant differen
Blotting for P-p70-S6K1(T389) and p70-S6K1. D) The mice were treated with alloxan as desc
were analyzed by T-test and * is significant differences compared to controls (pb0.05). F) Th
sacrifice and subjected to SDS-PAGE beforeWestern Blotting for P-p70-S6K1(T389), p70-S6K
of control, Ahe, heart of alloxan treatment, Cli, liver of control, Ali, liver of alloxan treatment,
Amu, skeletal muscle of alloxan treatment.
2.8. Statistical analysis

Statistical analyses were performed by T-test(Fig. 1D and E) and one
way ANOVA (Figs. 1B, 6A, B), and pb0.05 was considered statistically
significant.
3. Results

3.1. ROS activates mTORC1 in vivo and in cells

Hydrogen peroxide (H2O2) represents an important type of ROS.
Its effect on mTORC1 activity has been documented in many studies.
Depending on cell types and concentrations of H2O2, the effect may
with 0–200 μMH2O2 for 30 min, then lysed and subjected toWestern Blotting for P-p70-
for 0–60 min, incubated with DCF-DA (10 μM) and detected the DCF fluorescent signals
ces compared to controls (pb0.05). C) lysed and subjected to SDS-PAGE beforeWestern
ribed in Materials and methods, Levels of H2O2 and, E) MDA were determined. The data
e tissues of brain, heart, kidney, liver and skeletal muscle were lysed immediately after
1, P-S6(S235/236) and S6.Cbr, brain of control, A br, brain of alloxan treatment, Che, heart
Cki, kidney of control, A ki, kidney of alloxan treatment, Cmu, skeletal muscle of control,

image of Fig.�1
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vary from activation to inhibition [28–30,35,36]. We found that at low
dose (5–200 μM), H2O2 increased phosphorylation of p70-S6K1
(T389) and S6 (S235/236) in multiple cell lines, including MCF-7,
Raw264.7, MC3T3-E1, MEF, (Fig. 1A, and Supplemental Table A1).

Short term UV irradiation or arsenite exposure has been shown to
increase the mTORC1-dependent phosphorylation of S6K and 4E-BP1
in several cell lines [31,32,37–39]. However, the underlying mecha-
nism was unclear. Because ultraviolet (UV) irradiation or arsenite
exposure is known to increase the amounts of ROS in cells [37], we
surmised that the increased ROS in UV or arsenite treated cells is
responsible for the increased mTORC1 activity. Indeed, we found that
ROS levels increased from 2–4 fold in mouse macrophage RAW264.7
cells upon exposure to UV irradiation (Fig. 1B). Accompanying the
elevated concentrations of ROS was an enhanced phosphorylation
levels of p70-S6K1 (T389). (Fig. 1C). This finding is consistent with the
notion that low dose ROS is stimulatory for mTORC1 activity.

While the effect of ROS on mTORC1 activity has been extensively
studied in culture cells, how ROS affect mTORC1 activity in vivo is
largely unknown. To investigate the effect of ROS in vivo, we
employed an animal diabetes model induced by alloxan, a toxic
glucose analogue which causes an insulin-dependent diabetes
mellitus (called “Alloxan Diabetes”) in animals. In the presence of
intracellular thiols, alloxan generates ROS in a cyclic reaction with its
reduction product, dialuric acid. We found that the levels of H2O2 and
malondialdehyde (MDA) in homogenates of liver, kidney, brain, heart
and skeletal muscle of the mice treated with alloxan monohydrate
were significantly higher than those from animals treated with
vehicle control (Fig. 1Dand E). Accompanied with the increased ROS
levels was an enhanced phosphorylation of p70-S6K1 (T389) and S6
(S235/236) in the tissues (Fig. 1F). These observations suggest that
increased ROS levels stimulate mTORC1 activity in vivo.
3.2. High doses of ROS inhibit mTORC1

H2O2, at high concentrations, has been shown to inhibit mTORC1
[4,29,30]. Consistent with previous findings, we found that at
concentrations higher than 200 μM, H2O2 inhibited mTORC1 activity
in many types of cells, although the dose and treatment time needed
Fig. 2. Inhibition of mTORC1 in HEK293 cells. HEK 293 cells were treated with 1 mM H2O2

Western Blotting for levels of P-p70-S6K1 (T389), p70-S6K1 (T421/424), p70-S6K1, P-S6 (S
to incur the inhibition varied from cell to cell (Fig. 2 and Supplemental
Table A1). These results are summarized in Supplemental Table A1.

3.3. AMPK-mediated Raptor (S792) phosphorylation is involved in
hydrogen peroxide-induced mTORC1 inhibition

It has been reported recently that AMPK is involved in H2O2-
induced inhibition of mTORC1 in neuronal cells [30]. Previous studies
have demonstrated that AMPK is able to inhibit mTORC1 through two
different mechanisms, one depending on phosphorylation of TSC2,
which increases its GAP activity toward Rheb and the other is
mediated by phosphorylation of Raptor [15–18]. We thus examined
the effect of H2O2 on these two processes.

As shown in Fig. 3A and B, we found that in HEK293 cells, H2O2

treatment increased phosphorylation of AMPK at position T172 at a
dose- and time- dependent manner. Phosphorylation at this site has
been shown to stimulate AMPK activity. Coincident with the increased
AMPK phosphorylation was an enhanced phosphorylation levels of
Raptor at position S792, a target site of AMPK in Raptor. To confirm
that the increased phosphorylation of Raptor is caused by AMPK
activation, we examined the Raptor phosphorylation in cells treated
with compound c, an AMPK-specific inhibitor and found that the drug
blocked H2O2-induced Raptor phosphorylation and reversed H2O2-
induced de-phosphorylation of p70-S6K1 (T389), S6 (S235/236) and
4E-BP1 (T37/46). (Fig. 3C). This observation indicates that H2O2

induced Raptor phosphorylation was mediated by AMPK. Further-
more, using co-immunoprecipitation assay, we observed that H2O2

treatment augmented the association of AMPK with Raptor (Fig. 3D).
Collectively, the above results suggest H2O2 inhibits mTORC1 through
AMPK-dependent phosphorylation of Raptor.

3.4. TSC2/Rheb is not required for hydrogen peroxide-induced suppression
of mTORC1

To assay the role of TSC2 inH2O2mediatedmTORC1down-regulation,
we examined the effect of H2O2 treatment on mTORC1 activity in TSC2
deficient cells.We observed thatH2O2 treatmentwas able to decrease the
phosphorylationof p70-S6K1(T389), S6 (S235/236) and4E-BP1 (T37/46)
in TSC2−/− P53−/− cells as it were in TSC2+/+ P53−/− MEFs (Fig. 4A),
for indicated times or indicated doses of H2O2 for 30 min, then lysed and subjected to
235/236), S6, P-4EBP1 (T37/46), P-4EBP1 (S65), P-4EBP1 (T70) and 4EBP1.

image of Fig.�2


Fig. 3. AMPK-mediated Raptor (S792) phosphorylation is involved inH2O2-inducedmTORC1 inhibition. A)HEK293 cells incubatedwith 0–5 mMH2O2 for 30 min or B) 1 mMH2O2 for 0–
60 min, cells were lysed and subjected toWestern Blotting for P-AMPKα (T172), AMPKα, P-Raptor (S792) and Raptor. C) HEK 293 cells were pretreated with 20 μM compound c or drug
vehicle control for 30 min, followed by exposure to 500 μMof H2O2 for 30 min. Cells were lysed and the levels of P-AMPKα (T172), AMPKα, P-Raptor (S792), Raptor, P-p70-S6K1 (T389),
p70-S6K1, P-S6 (S235/236), S6 and P-4EBP1(T37/46)weredetermined bywesternblotting. D)HEK293 cells transfectedwithmyc-Raptorwere treatedwith 1 mMH2O2 or vehicle control
for 30 min and lysed. Cell lysates were immunoprecipitated with anti-myc antibody, and the levels of P-AMPKα (T172) and AMPKα in the precipitates were determined by Western
Blotting.
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suggesting that TSC2 is not required for the inhibitory effect of H2O2 on
mTORC1. In addition, it has been reported that 2-deoxy-glucose (2-DG)
activates AMPK and enhances interaction of AMPK with TSC2, leading to
phosphorylation of TSC2 on S1345 and inhibition ofmTORC1 [15,16].We
found that the association of AMPK with TSC2 was decreased but not
increased by H2O2 treatment (Fig. 4B).

To examine the role of Rheb in regulation of mTORC1 by H2O2, wild
type or active mutant (Q64L) of Rheb were transfected into HEK293
cells. As shown in Fig. 4C, although Rheb wt or Q64L overexpression
partially reversed amino acid starvation-induced reduction of mTORC1
activity, theywere unable to prevent H2O2-inducedmTORC1 inhibition.
These data suggest that TSC2/Rheb dependent mechanism is not
involved in H2O2-induced mTORC1 inhibition.

3.5. Involvement of protein phosphatase 2A in hydrogen peroxide-induced
inhibition of p70-S6K1, S6 and 4E-BP1.

Published studies have demonstrated the important role of protein
phosphatase 2A (PP2A) in de-phosphorylation of p70-S6K1 [40]. In
response to rapamycin treatment or amino acid-deprivation, PP2A
interacts with p70-S6K1 and mediates mTORC1 inhibition-induced
p70-S6K1 de-phosphorylation [40]. The possible role of PP2A in H2O2-
induced suppression of p70-S6K1, S6 and 4E-BP1 are not known. As
expected, H2O2 treatment stimulated the association of endogenous
PP2A catalytic subunit (PP2Ac) with p70-S6K1 (Fig. 5A). Furthermore,
OKA, an inhibitor of PP2A prevented the H2O2-induced de-phosphor-
ylation of p70-S6K1(T389), S6(S235/236) and 4E-BP1(T37/46)
(Fig. 5B). It is suggested that PP2A is involved in inhibition of
mTORC1 downstream targets induced by H2O2.

3.6. Inhibition of PP2A and AMPK rescue hydrogen peroxide-induced cell
death

We next examined the possible role of PP2A and AMPK in
functional results of H2O2-treated cells. mTORC1 may play an
important role in regulation of cell survival. Thus the effects of PP2A
and AMPK on H2O2-induced cell death were determined in this study.
As shown in Fig. 6A and B, long-term H2O2 exposure inhibits mTORC1
and induces cell death in HEK293 cells. Pre-treatment of OKA and
compound c, reagents that inhibit PP2A and AMPK respectively,
decreases H2O2-induced cell death significantly (Pb0.05). It is
suggested that inhibition mTORC1 signaling by PP2A and AMPK is
involved in ROS-induced cell death.

3.7. PI-3K, butnot TSC2, is required, for hydrogenperoxide-inducedmTORC1
activation

The data above show some mechanisms through which ROS
negatively regulate mTORC1. However, the cellular signals involved in
ROS-induced mTORC1 activation are not fully studied. Previous
studies using human skin keratinocytes and TSC2 knock-out MEFs
(TSC2−/−) have revealed important role of EGFR/PI-3K and TSC2 in
UV and H2O2-induced p70-S6K1 activation [37]. However, in this
study, we observed that 0–200 μM H2O2 treatment for 30 min dose-

image of Fig.�3


Fig. 4. TSC2/Rheb is not required for H2O2 inactivation of mTORC1. A) MEF TSC2+/+ P53–/– andMEF TSC2–/– P53–/– cells were treated with 1 mMH2O2 for 30 min, lysed and subjected
to Western Blotting for P-p70 S6K1(T389), S6K1, P-S6 (S235/236), S6 and 4EBP1. B) HEK293 cells transfected with flag-TSC2 were treated with 1 mM H2O2 or vehicle control for
30 min, and lysed. Lysates were immunoprecipitated with anti-flag antibody, and the levels of flag-TSC2 and AMPKα were determined by Western Blotting. C) HEK293 cells
transfected with flag-Rheb wt and Q64L were starved for amino acid or treated with 1 mMH2O2 for 30 min. Cells were lysed and the levels of P-S6K1 (T389), S6K1, P-S6 (S235/236),
S6 and P-4EBP1(T37/46) and 4EBP1 in the lysates were determined by western blotting.

1474 M. Li et al. / Cellular Signalling 22 (2010) 1469–1476
dependently stimulated p70-S6K1 (T389) both in TSC2+/+ P53−/−

and TSC2−/− P53−/− MEFs (Fig. 7A). For involvement of PI-3K, as
expected, we found that PI-3K specific inhibitor, Ly294002 blocked
H2O2-stimulated p70-S6K1(T389) phosphorylation both in TSC2−/−

P53−/− and TSC2+/+ P53−/− MEFs (Fig. 7B). Our results suggest that
PI-3K is required, TSC2 is not required for H2O2-induced mTORC1
activation.

4. Discussion

mTOR is regulated by a variety of stress signals, one of which is
reactive oxygen species (ROS). ROS are well recognized for playing
dual roles as both deleterious and beneficial factors. The “two-facet”
character of ROS is substantiated by growing evidence that ROS can
promote DNA, protein and lipid damage, and apoptosis but can also
activate adaptive intracellular signaling pathways [41–44]. The effects
of ROS on cellular functions are likely to depend on the location and
concentration of ROS produced [45]. It has been reported that UV
exposure stimulates p70-S6K activity, and pre-treatment with ROS
scavengers or antioxidants prevents p70-S6K activation, suggesting
that UV-induced ROS could activate mTORC1[32,37,46]. H2O2 can
either activate [28] or inhibit [4] mTORC1, varying with exposure
length, dose/concentration, and a particular cell type or mTORC1
downstream targets (readout, such as a specific phosphorylation site
of p70 S6K1 or 4EBP1) tested. Thiol oxidants diamide and pheny-
larsine oxide(PAO) stimulate mTORC1 in HEK293 cells [47], while
hypoxia-induced ROS inhibit 4EBP1 [36]. To further elucidate the
effects of ROS on mTORC1 and explore mechanisms through which
ROS regulate mTORC1, a variety of cells in vitro, different ROS origins
(H2O2 or UV), and in vivo oxidative stress models induced by alloxan
were used in our study. We provide evidence for the first time that
ROS activate mTORC1 in vivo (Fig. 1D, E, F). Our data also showed that
UV-induced ROS activate mTORC1, low doses of H2O2 stimulate
mTORC1 while high concentrations or long-term H2O2 treatment
decrease mTORC1 activity. The dose/time needed for inhibition or
activation are cell type-dependent. Intracellular levels of radical
scavenger enzymes and antioxidant vary from cell to cell. It is likely
that effect of ROS on mTORC1 activity depends on the concentrations
of antioxidant in different cells. Cells with low levels of antioxidant
may respond to low doses and short term H2O2 exposure, but those
with high concentration of antioxidant may have no reaction. as
exogenous H2O2 is quickly scavenged by antioxidants.

How do high doses or long-term ROS inhibit mTORC1? TSC2 is an
upstream negative regulator, which suppresses mTORC1 through
inactivating GTP-bound Rheb when stimulated by insulin or growth
factors [1,48–51]. The data presented here clearly show that TSC2 is
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Fig. 5. Protein phosphatase 2A mediates H2O2 de-phosphorylation of S6K1, S6 and 4E-
BP1. A) HEK293 cells were treated with 2 mM H2O2 for indicated times and lysed.
Lysates were immunoprecipitated with anti-p70 S6K1 antibody, and the amounts of
PP2Ac and S6K1 were determined by western blotting. B) HEK293 cells were treated
with 50 nM OKA for 30 min, followed by 1 mM H2O2 exposure for 30 min. Cells were
lysed and the levels of P-p70-S6K1 (T389), p70-S6K1, P-S6 (S235/236), S6 and P-4EBP1
(T37/46) and 4EBP1 in the lysates were determined by western blotting.

Fig. 6. Inhibition of PP2A and AMPK rescue hydrogen peroxide-induced cell death. HEK
293 cells were treated with 20 μM compound c A) or 10 nM OKA B) or drug vehicle
control for 30 min, followed by exposure to 300 μMH2O2 for 12 h. The ratio of dead cells
was determined. Data were analyzed by One Way ANOVA. Con, control; *significant
differences compared to H2O2 treatment (Pb0.05).

Fig. 7. PI-3K, but not TSC2, is required for H2O2-induced mTORC1 activation. A) MEF
TSC2+/+ P53−/− and MEF TSC2−/− P53−/− cells were treated with 100 μM LY294002
or vehicle control for 30 min , followed by exposure to 500 μM H2O2 for 30 min. Cells
were lysed and the levels of P-p70-S6K1 (T389) and p70-S6K1 were determined by
western blotting. B) MEF TSC2+/+ P53−/− and MEF TSC2−/− P53−/− cells were treated
with indicated concentrations of H2O2 for 30 min. Cells were lysed and lysates were
subjected to Western Blotting to detect the levels of p70-S6K1(T389) and p70-S6K1.
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not required for the effects of H2O2 on mTORC1 activity. Because we
find that H2O2 still impairs mTORC1 signaling in cells that are devoid
of TSC2. Moreover, AMPK has been shown to phosphorylate and
activate TSC2, thus leading to mTORC1 inhibition under condition of
low intracellular ATP (energy stress). 2-DG, an AMPK agonist, can
enhance the interaction of TSC2 and AMPK and then phosphorylate
TSC2 [15,16]. We observed that H2O2 stimulated AMPK and
attenuated the interaction of AMPK and TSC2 instead of promoting
the interaction, indicating that H2O2 do not exert their effects on
mTORC1 signaling by activating TSC2. Our data substantially con-
firmed those of Smith et al. [33], who observed impairment of
mTORC1 signaling in response to amino acid withdrawal and certain
stresses in TSC2−/− cells. An active mutant of Rheb (Q64L) was also
unable to prevent H2O2-induced mTORC1 inhibition. It is suggested
that H2O2 inhibits mTORC1 in TSC/Rheb-independent pathway.

Recently, it has been reported that the phosphorylation of mTOR
binding partner Raptor on S792 by AMPK is required for the inhibition
of mTORC1 and cell-cycle arrest induced by energy stress [17]. We
found that H2O2 stimulates both AMPK on T172 and Raptor on S792 in
a dose- and time-dependant manner (Fig. 3A and B), indicating
AMPK-mediated phosphorylation of Raptor (S792) may be involved
in H2O2-induced mTORC1 inhibition. This notion was supported by
further studies that AMPK inhibitor suppressed the phosphorylation
of AMPK(T172) and Raptor(S792) by H2O2, and at the same time
reversed H2O2-induced mTORC1 inhibition (Fig. 3C). Moreover, the
association of P-AMPK(T172) with Raptor (S792) was also enhanced
by H2O2 (Fig. 3D).

PP2A is composed of a catalytic subunit (PP2Ac), a structural subunit
and one of many possible regulatory subunits that determine substrate
specificity and cellular localization. PP2A has been shown to act in
opposition to the mTORC1 and both enzymes control the phosphory-
lation status and, thereby, the activity of p70-S6K1 and 4E-BP1 [40,52].
In this study we revealed that H2O2 induced the association of PP2Ac
with p70-S6K1 (Fig. 5A), and PP2A inhibitor reversed H2O2-induced
dephoshorylation of p70-S6K1, S6 and 4E-BP1 (Fig. 5B), suggesting that
PP2A is involved in this process. How does H2O2 stimulate PP2A
activity? An early study by Peterson et al [40] has shown that mTOR
controls 4E-BP1 andp70-S6k1phosphorylation indirectly by restraining
PP2A in Jurkat cells. Theydemonstrated thatmTORcould phosphorylate
and inhibit PP2A. Rapamycin or amino acid withdraw inactivate mTOR,
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stimulate PP2A and induce its interaction with p70-S6K1 [40]. It is
possible that H2O2 stimulates PP2A activity toward p70-S6K1 and 4E-
BP1 by inhibiting mTORC1 and that PP2Amediates the inhibitory effect
of H2O2 on mTORC1 downstream substrates.

Many studies have revealed that mTOR plays an important role in
cell survival [53–55].Indeed, blockage of PP2A or AMPK signaling not
only reversed high doses of H2O2 induced mTORC1 inhibition but also
prevented high doses of H2O2 induced cell death (Fig.6). These results
further support the important role of the two factors in regulation of
mTORC1 activity in oxidative stress.

How do low doses of ROS stimulate mTORC1? We observed
activation of p70-S6K (T389) by H2O2 in TSC2−/− MEFs, suggesting
that TSC2 is not required for the process. This result is consistent with
that of Smith et al. [33] using the same cell line (TSC2−/− P53−/−

MEFs). But another study [37] using TSC2−/−MEFs demonstrated that
TSC2 is required for H2O2-stimulated phosphorylation of p70 S6K1
(T389). The reasons behind this difference remain unclear. PI-3K
specific inhibitor blocked H2O2-stimulated p70-S6K1(T389) in both
TSC2−/− P53−/− and TSC2+/+ P53−/− MEFs (Fig. 7). Cao et al [37] got
the same results in human skin keratinocytes, which demonstrate that
PI-3K is required for H2O2-induced mTORC1 activation. How PI-3K is
activated and mediates the positive effect of H2O2 on mTORC1?
Previous studies using skin keratinocytes have revealed an important
role of EGFR in UV and H2O2-induced cellular signals [37,56]. It is
possible that low doses of H2O2 stimulate EGFR and PI-3K, which may
subsequently activate mTORC1 by PDK1, Akt or unknown mechan-
isms independent of TSC2/Rheb.

In conclusion, this study provides evidence that ROS from
extracellular or intracellular may either inhibit or activate mTORC1
in vivo and in cells. Low doses of ROS exposure stimulate mTORC1
while high concentrations or long-term ROS treatment decrease
mTORC1 activity. The dose/time needed for inhibition or activation
are cell type-dependent. PP2A and AMPK-mediated phosphorylation
of Raptor but not TSC2 or Rheb are involved in the inhibition of
mTORC1 by high doses H2O2. PI3K is required, and TSC2 is not
required for the activation of mTORC1 by low doses H2O2.

Acknowledgements

Wegreatly appreciate thegift of TSC2+/+P53−/−andTSC2−/−P53−/−

MEFs from Dr. David J. Kwiatkowski (Brigham and Women's Hospital).
This work was supported by National Natural Sciences Foundation of
China 30771027, 30870955 and Program for New Century Excellent
Talents in University NCET-08-0646.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.cellsig.2010.05.015.

References

[1] S. Wullschleger, R. Loewith, M.N. Hall, Cell 124 (2006) 471.
[2] E.A. Dunlop, A.R. Tee, Cell. Signal. 21 (2009) 827.
[3] D.M. Sabatini, Nat. Rev. Cancer 6 (2006) 729.
[4] D.H. Kim, D.D. Sarbassov, S.M. Ali, J.E. King, R.R. Latek, H. Erdjument-Bromage, P.

Tempst, D.M. Sabatini, Cell 110 (2002) 163.
[5] S.G. Dann, A. Selvaraj, G. Thomas, Trends Mol. Med. 13 (2007) 252.
[6] D.D. Sarbassov, S.M. Ali, D.H. Kim, D.A. Guertin, R.R. Latek, H. Erdjument-Bromage,

P. Tempst, D.M. Sabatini, Curr. Biol. 14 (2004) 1296.
[7] D.D. Sarbassov, D.A. Guertin, S.M. Ali, D.M. Sabatini, Science 307 (2005) 1098.
[8] E. Jacinto, V. Facchinetti, D. Liu, N. Soto, S. Wei, S.Y. Jung, Q. Huang, J. Qin, B. Su, Cell

127 (2006) 125.
[9] L.R. Pearce, X. Huang, J. Boudeau, R. Pawlowski, S. Wullschleger, M. Deak, A.F.

Ibrahim, R. Gourlay, M.A. Magnuson, D.R. Alessi, Biochem. J. 405 (2007) 513.
[10] P.T. Bhaskar, N. Hay, Dev. Cell 12 (2007) 487.
[11] P. Polak, M.N. Hall, Curr. Opin. Cell Biol. 21 (2009) 209.
[12] R.M. Memmott, P.A. Dennis, Cell. Signal. 21 (2009) 656.
[13] M.N. Corradetti, K.L. Guan, Oncogene 25 (2006) 6347.
[14] A.W. Thomson, H.R. Turnquist, G. Raimondi, Nat. Rev. Immunol. 9 (2009) 324.
[15] K. Inoki, T. Zhu, K.L. Guan, Cell 115 (2003) 577.
[16] M.N. Corradetti, K. Inoki, N. Bardeesy, R.A. DePinho, K.L. Guan, Genes Dev. 18

(2004) 1533.
[17] D.M. Gwinn, D.B. Shackelford, D.F. Egan, M.M. Mihaylova, A. Mery, D.S. Vasquez, B.E.

Turk, R.J. Shaw, Mol. Cell 30 (2008) 214.
[18] P. Vijayaraj, C. Kröger, U. Reuter, R. Windoffer, R.E. Leube, T.M. Magin, J. Cell Biol.

187 (2009) 175.
[19] D.C. Fingar, S. Salama, C. Tsou, E. Harlow, J. Blenis, Genes Dev. 16 (2002) 1472.
[20] Q. Yang, K.L. Guan, Cell Res. 17 (2007) 666.
[21] C.C. Winterbourn, Nat. Chem. Biol. 4 (2008) 278.
[22] A.A. Starkov, Ann. NY Acad. Sci. 1147 (2008) 37.
[23] N. Bashan, J. Kovsan, I. Kachko, H. Ovadia, A. Rudich, Physiol. Rev. 89 (2009) 27.
[24] M. Nishikawa, Cancer Lett. 266 (2008) 53.
[25] C. Bertram, R. Hass, Biol. Chem. 389 (2008) 211.
[26] V. Temkin, M. Karin, Immunol. Rev. 220 (2007) 8.
[27] L. Zhang, S.R. Kimball, L.S. Jefferson, J.S. Shenberger, Free Radic. Biol. Med. 46

(2009) 1500.
[28] J.H. Reiling, D.M. Sabatini, Oncogene 25 (2006) 6373.
[29] P.H. Patel, N. Thapar, L. Guo, M. Martinez, J. Maris, C.L. Gau, J.A. Lengyel, F.

Tamanoi, J. Cell Sci. 116 (2003) 3601.
[30] L. Chen, B. Xu, L. Liu, Y. Luo, J. Yin, H. Zhou, W. Chen, T. Shen, X. Han, S. Huang, Lab.

Invest. 90 (2010) 762.
[31] G.U. Bae, D.W. Seo, H.K. Kwon, H.Y. Lee, S. Hong, Z.W. Lee, K.S. Ha, H.W. Lee, J.W.

Han, J. Biol. Chem. 274 (1999) 32596.
[32] C. Huang, J. Li, Q. Ke, S.S. Leonard, B.H. Jiang, X.S. Zhong, M. Costa, V. Castranova, X.

Shi, Cancer Res. 62 (2002) 5689.
[33] E.M. Smith, S.G. Finn, A.R. Tee, G.J. Browne, C.G. Proud, J. Biol. Chem. 280 (2005)

18717.
[34] X. Bai, D. Ma, A. Liu, X. Shen, Q.J. Wang, Y. Liu, Y. Jiang, Science 318 (2007) 977.
[35] Q. Huang, Y.T. Wu, H.L. Tan, C.N. Ong, H.M. Shen, Cell Death Differ. 16 (2009) 264.
[36] L. Liu, D.R. Wise, J.A. Diehl, M.C. Simon, J. Biol. Chem. 283 (2008) 31153.
[37] C. Cao, S. Lu, R. Kivlin, B. Wallin, E. Card, A. Bagdasarian, T. Tamakloe, W.M. Chu, K.L.

Guan, Y. Wan, J. Biol. Chem. 283 (2008) 28897.
[38] D.K. Jung, G.U. Bae, Y.K. Kim, S.H. Han, W.S. Choi, H. Kang, D.W. Seo, H.Y. Lee, E.J.

Cho, H.W. Lee, J.W. Han, Exp. Cell Res. 290 (2003) 144.
[39] D.H. Cho, Y.J. Choi, S.A. Jo, J. Ryou, J.Y. Kim, J. Chung, I. Jo, Am. J. Physiol. Cell Physiol.

291 (2006) C317.
[40] R.T. Peterson, B.N. Desai, J.S. Hardwick, S.L. Schreiber, Proc. Natl. Acad. Sci. U. S. A.

96 (1999) 4438.
[41] T. Finkel, IUBMB Life 52 (2001) 3.
[42] M. Genestra, Cell. Signal. 19 (2007) 1807.
[43] S.G. Rhee, Exp. Mol. Med. 31 (1999) 53.
[44] S.B. Gullinan, J.A. Diehl, J. Biol. Chem. 279 (2004) 20108.
[45] J.D. Malhotra, R.J. Kaufman, Antioxid. Redox Signal. 9 (2007) 2277.
[46] M. Ding, J. Li, S.S. Leonard, X. Shi, M. Costa, V. Castranova, V. Vallyathan, C. Huang,

Mol. Cell. Biochem. 234–235 (2002) 81.
[47] D.D. Sarbassov, D.M. Sabatini, J. Biol. Chem. 280 (2005) 39505.
[48] X. Gao, Y. Zhang, P. Arrazola, O. Hino, T. Kobayashi, R.S. Yeung, B. Ru, D. Pan, Nat.

Cell Biol. 4 (2002) 699.
[49] A. Soulard, M.N. Hall, Cell 129 (2007) 434.
[50] K. Inoki, Y. Li, T. Xu, K.L., Genes Dev. 17 (2003) 1829.
[51] M. Roccio, J.L. Bos, F.J. Zwartkruis, Oncogene 25 (2006) 657.
[52] M.J. Clemens, J. Cell. Mol. Med. 5 (2001) 221.
[53] M.C. Frank, Nature 428 (2004) 267.
[54] G.M. Delgoffe, J.D. Powell, Immunology 127 (2009) 459.
[55] M.D. Pastor, I. García-Yébenes, N. Fradejas, J.M. Pérez-Ortiz, S. Mora-Lee, P.

Tranque, M.A. Moro, M. Pende, S. Calvo, J. Biol. Chem. 284 (2009) 22067.
[56] Y. Xu, J.J. Voorhees, G.J. Fisher, Am. J. Pathol. 169 (2006) 823.

http://dx.doi.org/10.1016/j.cellsig.2010.05.015

	Multi-mechanisms are involved in reactive oxygen species regulation of mTORC1 signaling
	Introduction
	Material and methods
	Materials
	Cell culture and transient transfection
	UV radiation and cellular H2O2 staining assays
	Alloxan treatment and detection of MDA and H2O2
	Immunoprecipitation
	Western blot analysis
	Detection and quantification of dead cells by PI staining
	Statistical analysis

	Results
	ROS activates mTORC1 in vivo and in cells
	High doses of ROS inhibit mTORC1
	AMPK-mediated Raptor (S792) phosphorylation is involved in hydrogen peroxide-induced mTORC1 inhibition
	TSC2/Rheb is not required for hydrogen peroxide-induced suppression of mTORC1
	Involvement of protein phosphatase 2A in hydrogen peroxide-induced inhibition of p70-S6K1, S6 and 4E-BP1.
	Inhibition of PP2A and AMPK rescue hydrogen peroxide-induced cell death
	PI-3K, but not TSC2, is required, for hydrogen peroxide-induced mTORC1 activation

	Discussion
	Acknowledgements
	Supplementary data
	References




