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Rapamycin-resistant and torin-sensitive mTOR signaling 
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The serine/threonine kinase mTOR is essential for the phos-
phoinositide 3-kinases (PI3K) signaling pathway, and regulates 
the development and function of immune cells. Aberrant acti-
vation of mTOR signaling pathway is associated with many 
cancers including leukemia. Here, we report the contributions 
of mTOR signaling to growth of human leukemic cell lines and 
mouse T-cell acute leukemia (T-ALL) cells. Torin, an ATP-com-
petitive mTOR inhibitor, was found to have both cytotoxic and 
cytostatic effects on U-937, THP-1, and RPMI-8226 cells, but 
not on Jurkat or K-562 cells. All cells were relatively resistant 
to rapamycin even with suppressed activity of mTOR complex 
1. Growth of T-ALL cells induced by Notch1 was profoundly 
affected by torin partially due to increased expression of 
Bcl2l11 and Bbc3. Of note, activation of Akt or knockdown of 
FoxO1 mitigated the effect of mTOR inhibition on T-ALL cells. 
Our data provide insight on the effect of mTOR inhibitors on 
the survival and proliferation of leukemic cells, thus further im-
proving our understanding on cell-context-dependent impacts 
of mTOR signaling. [BMB Reports 2016; 49(1): 63-68]

INTRODUCTION

The serine/threonine kinase mTOR plays a central role in the 
phosphoinositide 3-kinases (PI3K) signaling pathway, and reg-
ulates the development and function of immune cells (1). 
mTOR exists in two multiprotein complexes: mTORC1 and 
mTORC2. They have distinct regulatory subunits with different 
substrate specificities (2). Rapamycin-sensitive mTORC1 is es-
sential for the growth and proliferation of lymphoid cells by 
upregulating the translation, lipid synthesis, and metabolism 
while suppressing autophagy (2, 3). On the other hand, 
mTORC2 is largely insensitive to rapamycin. It phosphorylates 
hydrophobic motifs (HM) of Akt, SGK1, and PKC isoforms, 

which is important for the proliferation, cytoskeletal organiza-
tion, and differentiation (2, 4, 5). Recent studies using tissue- 
specific conditional KO mice have revealed distinct roles of 
mTOR complexes in the development and function of immune 
cells, including T cells, B cells, macrophages, and dendritic 
cells (1, 5-8).

Malignant transformation and progression of cancer depend 
on sustained activation of trophic signaling pathways. Aberrant 
activation of PI3K/Akt/mTOR signaling pathway is closely asso-
ciated with many types of cancers, including hematologic ma-
lignancies (9, 10). For example, constitutive activation of Akt 
has been reported in more than 60% of acute myelogenous 
leukemia and up to 88% of acute lymphoblastic leukemia 
(ALL) (11, 12). Tumor suppressor Pten negatively controls PI3K 
signaling. Conditional deletion of Pten from mouse hema-
topoietic compartment is sufficient to cause acute T cell leuke-
mia and myeloid proliferative disorder (13). Intriguingly, deple-
tion of a regulatory subunit from either mTORC1 or mTORC2 
can dramatically attenuate mouse leukemogenesis triggered by 
Pten loss (13, 14). Furthermore, inactivation of either mTORC1 
or mTORC2 can reduce mouse mortality of T-cell acute lym-
phoblastic leukemia (T-ALL) evoked by constitutive activation 
of Notch1 (6, 8). These evidences suggest that mTOR is an at-
tractive target for leukemia treatment. Allosteric mTOR in-
hibitor rapamycin and its analogues have been clinically tested 
for several types of cancers (10). In contrast to the impact of 
genetic ablation of mTORC1 in the leukemic mouse models, 
rapamycin has relatively modest effect on the growth and pro-
liferation of B-cell precursor ALL and acute myeloid leukemia 
(AML) cells (15, 16). This might be due to increased Akt activ-
ity as a negative feedback regulation of mTORC1, and/or due 
to incomplete inhibition of rapamycin depending on cell type 
(17, 18). Prolonged treatment of rapamycin can suppress Akt 
activation by inhibiting mTORC2 in some cell lines and pri-
mary T cells (4, 19). A new class of ATP competitive mTOR in-
hibitors has been developed to overcome the limitation of ra-
pamycin by potentially targeting both mTOR complexes. For 
example, torin, an active-site mTOR inhibitor, is potent in sup-
pressing both mTORC1 and mTORC2 activities, and effective 
in inhibiting the growth of several ALL cell lines (16, 20). 

The objective of this study was to determine the suscepti-
bility of several leukemic cell lines to rapamycin and torin, 
and assess the contribution of mTOR signaling to the growth of 
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Fig. 1. Effect of mTOR inhibitors on the survival and proliferation 
of leukemic cells. (A) Human leukemic cell lines were cultured 
for 18 h in the presence of 50 nM rapamycin or 250 nM torin and 
stained with Annexin-V and 7-AAD. Representative FACS profiles 
from four independent experiments are shown. Numbers denote the 
percentage of 7-AAD+ Annexin-V+ and 7-AAD− Annexin-V+ cells, 
respectively. (B) Cells were cultured as described in (A) and assayed 
for BrdU uptake as described in “MATERIALS AND METHODS”.
Histograms for the signal of no BrdU controls (gray) or BrdU-pulsed 
samples (line) representing three independent experiments are 
shown. Numbers indicate the percentage of BrdU+ cells. Experi-
mental results are summarized in the bottom panels as mean (±
SEM) percentages of Annexin-V+ (A) and BrdU+ (B) cells, re-
spectively: *P ＜ 0.05; **P ＜ 0.01.

leukemic cells using mTOR inhibitors. The survival and pro-
liferation of human leukemic cell lines were markedly affected 
by dual mTOR inhibitor torin, although some cells were less 
sensitive. On the other hand, rapamycin exhibited relative 
modest cytostatic effects on leukemic cell lines without induc-
ing apoptosis. Using Notch1-driven mouse primary T-ALL cells, 
we demonstrated that rapamycin-resistant and torin-sensitive 
mTOR activity was crucial for the persistence of T-ALL cells. 
Furthermore, using modification of mTOR signaling compo-
nents, our results suggest that targeting mTORC2/Akt/FoxO sig-
naling pathway could be a promising strategy for treating 
T-ALL.

RESULTS

Effect of mTOR inhibitors on the survival and proliferation of 
human leukemic cell lines
mTOR signaling regulates the growth, proliferation, and func-
tion of normal immune cells in a cell-dependent manner (1, 4, 
5). To define the roles of mTOR activity on the growth and 
maintenance of leukemic cells, we compared the impact of 
two mTOR inhibitors: mTOR allosteric inhibitor rapamycin 
and active-site inhibitor torin. Human leukemic cell lines were 
cultured in the presence of these inhibitors and cell death was 

examined by staining cell surface Annexin-V (Fig. 1A). Torin 
treatment resulted in apoptosis of monocyte-derived leukemic 
cell lines U-937 and THP-1. However, rapamycin exhibited no 
cytotoxic activity against these leukemic cells. Interestingly, 
myeloma-derived RPMI-8226 cells were highly sensitive to tor-
in, whereas Jurkat (Pten mutant T-ALL cell line) and K-562 
(Bcr-Abl+ AML cell line) cells were resistant to torin (Fig. 1A). 
It is known that the progression and maintenance of leukemia 
depend on sustained proliferative signaling (9). When cells 
were pulsed with bromodeoxyuridine (BrdU) for 8 h, 11-25% 
of leukemic cells were BrdU+ cells, indicating the progression 
of S phase of the cell cycle (Fig. 1B). Torin treatment sub-
stantially decreased BrdU uptake in all cell lines tested. 
However, rapamycin had relatively modest but significant cyto-
static effects on U-937, THP-1, and RPMI-8226 cells, but not 
on Jurkat or K-562 cells (Fig. 1B). These results indicated that 
mTOR activity was important for the survival and proliferation 
of leukemic cells, illustrating a leukemic cell-dependent func-
tion of mTOR signaling.

To determine the impact of torin and rapamycin on mTOR 
signaling, we measured the phosphorylation levels of proteins 
downstream of mTORC1 and mTORC2. The activity of 
mTORC1 was highly sensitive to both inhibitors based on im-
paired phosphorylation of S6K and S6, although the phosphor-
ylation of 4E-BP1 was only partially suppressed by rapamycin 
(Supplemental Fig. S1a). Treatment with rapamycin for 18 h 
was not sufficient enough to inhibit the activity of mTORC2 
that it did not affect the HM phosphorylation of Akt (S473) in 
all leukemic cell lines except Jurkat cells. In accordance with 
results of previous studies (19), prolonged treatment of rapa-
mycin was able to suppress HM phosphorylation of Akt in 
Jurkat cells without affecting the survival or proliferation sig-
naling (Fig. 1 & Supplemental Fig. S1a). In contrast, torin effi-
ciently inhibited the HM phosphorylation of Akt in all cell 
lines tested. mTORC2 is reported to be able to phosphorylate 
the HM of PKC isoforms and SGK1 (2, 5). When cells were 
treated with torin, HM phosphorylation of PKC (βIIS660) was 
decreased in Jurkat cells but not in U-937 cells. In addition, 
HM phosphorylation of NDRG1, a downstream target of 
SGK1, was partially decreased in U-937 cells but not in Jurkat 
cells (Supplemental Fig. S1a).

Akt/mTOR signaling regulates the expression of Bcl-2 family 
genes, which determines cell viability in a mitochondria-de-
pendent manner (5). The expression levels of pro-survival 
genes such as Bcl2 and Bcl2l1 (encoding Bcl-XL) were not de-
creased by the two mTOR inhibitors (Supplemental Fig. S1b). 
Instead, torin treatment significantly upregulated the expression 
of pro-apoptotic genes such as Bcl2l11 (Bim) and Cdkn1b 
(p27Kip1) in U-937, THP-1, and RPMI-8226 cells, but not in 
K-562 cells. Together with different cytotoxicity of torin on leu-
kemic cell lines, these results imply that rapamycin-resistant 
and torin-sensitive mTOR signaling is associated with Bcl-2-de-
pendent apoptosis in leukemic cells. 
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Fig. 2. Effect of mTOR inhibitors on Notch-driven mouse leukemic
cells. (A) Primary T-ALL cells were generated by transducing bone 
marrow cells with a constitutively-active form of Notch1 as de-
scribed in “MATERIALS AND METHODS” and examined by flow 
cytometry (left) as a quality control. Cells were treated with 
mTOR inhibitors in the presence of OP9 stromal cells. Viable 
lymphoblastic cells were counted by trypan-blue dye exclusion. 
Means (± SEM) for T-ALL cell expansion in the culture (fold in-
crease = cells recovered / input cells) are shown in the right. (B & 
C) T-ALL cells were treated with rapamacyin or torin for 18 h and 
assayed for apoptosis and proliferation as in Fig. 1. Representative
FACS profiles (left panels) from four independent experiments are 
shown. Mean (± SEM) percentages of Annexin-V+ or BrdU+ cells 
are shown in the right panels. (D) Histograms of forward scatter-
ing with mean light intensity (MLI) values. Shaded: vehicle treat-
ed; solid line: torin-treated; dashed line: rapamycin-treated.

Fig. 3. mTOR modulates signaling and expression of genes asso-
ciated with survival and proliferation of T-ALL cells. (A) Mouse 
T-ALL cells were cultured on OP9 cells in the presence or absence
of mTOR inhibitors for 18 h as described in Fig. 2 and analyzed 
by immunoblots with the indicated antibodies. This is a repre-
sentative of two or three independent experiments. Arrowheads 
indicate P-FoxO1. Lines indicate P-FoxO3a. -actin and -tubulin 
were used as loading controls. (B) T-ALL cells were treated with 
rapamycin or torin for 8 h and subjected to real-time reverse 
transcriptional PCR. Means (± SEM) of expression for the indicated
mRNA relative to that of untreated control sample (media) were 
obtained from three or four independent experiments. 

Effect of mTOR inhibitors on the survival and proliferation of 
Notch-driven mouse leukemic cells
Although mTORC1-restricted inhibition with rapamycin had a 
marginal effect, dual mTOR inhibitor torin efficiently sup-
pressed the proliferation and/or the survival of human leuke-
mic cells. To test the impact of the two mTOR inhibitors on 
primary leukemic cells, we employed a Notch1-driven mouse 
T-ALL. Bone marrow cells were retrovirally transduced with 
ICN1, a constitutively-active form of Notch1, and transplanted 
into irradiated recipient mice. Primary T-ALL cells were iso-
lated from leukemic mice and maintained on OP9 stromal 
cells in the presence of IL-7. As shown in Fig. 2A, at 6 days af-
ter co-culturing with OP9 cells, all cells expressed T-lineage 
marker Thy1.2, with more than 95% GFP+ as a surrogate for 
ICN1 expression. When cells were cultured in the presence of 
mTOR inhibitors, the persistence of T-ALL cells was severely 
impaired (Fig. 2A, right). Torin treatment resulted in increased 
cell surface expression of Annexin-V but suppressed BrdU up-
take (Fig. 2B & C), revealing that torin was cytotoxic and cyto-
static to T-ALL cells. Intriguingly, treatment with rapamycin al-

so impaired the persistence of T-ALL cells due to impaired pro-
liferation instead of survival defect of T-ALL cells. Although 
mTORC1 was known to be able to regulate cell growth and 
metabolism in lymphocytes (3), rapamycin-treated T-ALL cells 
and vehicle-treated cells were comparable in cell sizes 
(forward scattering), whereas torin-treated cells were smaller 
(Fig. 2D).

When T-ALL cells were treated with rapamycin for 18 h, the 
phosphorylation levels of S6K and S6 were substantially im-
paired and that of 4E-BP1 was modestly decreased (Fig. 3A). 
Similar to results obtained from human leukemic cell lines ex-
cept Jurkat cells, prolonged treatment with rapamycin was not 
sufficient enough to inhibit mTORC2 activities based on HM 
phosphorylation of Akt. On the other hand, torin efficiently in-
hibited both mTORC1 and mTORC2 activities in mouse T-ALL 
cells (Fig. 3A). For the downstream targets of mTORC2, torin 
exerted a potent inhibitory effect on HM phosphorylation of 
Akt, but not on that of PKC. Consistent with reduced HM 
phosphorylation of Akt, the phosphorylation of Akt substrate 
FoxO1/3a was decreased in torin-treated T-ALL cells (Fig. 3A). 
Moreover, the phosphorylation of NDRG1, a downstream tar-
get of SGK1, was also affected by torin treatment. These results 
revealed that torin and rapamycin had different effects on 
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Fig. 4. Activation of Akt and knockdown of FoxO1 mitigates the 
effect of torin on T-ALL cells. Mouse T-ALL cells were retrovirally 
transduced with Akt(DD), shFoxO1, or control vectors (MiT-vector 
or hCD2-vector) and cultured on OP9 stromal cells in the presence 
or absence of mTOR inhibitors. Cells were stained with anti-Thy1.1 
or anti-hCD2 antibodies (upper panels in A). Apoptosis and pro-
liferation were measured by Annexin-V staining (A) and BrdU in-
corporation assay (B), respectively. Representative histograms of 
Annexin-V (bottom panels in A) or BrdU uptake (B) in the trans-
duced cell (Thy1.1+ or hCD2+) gates are shown. Mean (± SEM) 
percentages of Annexin-V+ or BrdU+ cells were obtained from 
three independent experiments and summarized in the right panels.

mTOR activities, indicating the importance of rapamycin-re-
sistant and torin-sensitive mTOR signaling in the persistence of 
T-ALL cells.

Transcription factor NF-B can regulate the expression of a 
wide array of genes associated with cell survival and cell 
cycling. Previously, we and other groups have reported that 
mTOR signaling can promote NF-B activation via Akt or IKK 
(6, 21). In this study, our results revealed that mTOR inhibition 
by torin and rapamycin resulted in impaired phosphorylation 
of NF-B p65 in T-ALL cells (Fig. 3A). Although mTOR in-
hibition reduced the expression of Nfkb2, a well-known target 
gene of NF-B, it did not alter the expression of NF-B-de-
pendent pro-survival genes such as Bcl2 and Bcl2l1 (Fig. 3B). 
Instead, NF-B-responsive pro-apoptotic gene Bbc3 (encoding 
PUMA) (22) was highly expressed in torin-treated T-ALL cells 
compared to that in the controls. In accordance with impaired 
phosphorylation of FoxO1/3a, the expression of FoxO target 
gene Bcl2l11 (encoding Bim) was augmented in torin-treated 
cells. In addition, the expression of Cdkn1b, a target gene of 
p53, was also increased in torin-treated cells (Fig. 3B). These 
results suggest that torin-dependent mTOR signaling can neg-
atively regulates the induction of pro-apoptotic genes such as 
Bbc3 and Bcl2l11 possibly by modulating NF-B and FoxO 
transcription factors, respectively. As we supplemented T-ALL 
cell with IL-7 and measured the mRNA expression of IL-7 re-
ceptor, we did not observe diminished expression of Il7r in 

torin-treated cells (Fig. 3B). 

Akt/FoxO signaling promotes the growth of T-ALL cells
Torin treatment inhibited mTORC2-induced activation of Akt 
and the resulting phosphorylation of its downstream target 
FoxO transcription factors in T-ALL cells. To further explore 
the functional implication of Akt/FoxO signaling in the survival 
and proliferation of T-ALL cells, we transduced cells with 
Akt(DD) [Akt T308D, S473D], an active mutant of Akt, or 
shFoxO1. Ectopic expression of Akt(DD) rescued torin-treated 
T-ALL cells from apoptosis and cell cycle inhibition, rendering 
them similar to vehicle-treated cells transduced with control 
vector (Fig. 4A, B). Transduction with Akt(DD) also signifi-
cantly increased the proliferation of rapamycin-treated T-ALL 
cells (Fig. 4B). Akt-dependent phosphorylation of FoxO tran-
scription factors can lead to the translocation of FoxO out of 
nucleus, thus promoting cell survival and cell cycling (23). 
Knockdown of FoxO1 using shFoxO1 transduction partially re-
stored BrdU uptake of T-ALL cells treated with mTOR 
inhibitors. However, it failed to rescue them from apoptosis 
(Fig. 4A, B). Overall, our results suggest that Akt/FoxO signal-
ing downstream from mTORC2 is crucial for the survival and 
proliferation of T-ALL cells. This signaling pathway provides a 
potent therapeutic strategy with better efficacy for leukemia 
treatment. 

DISCUSSION

Conditional deletion of mTOR subunits in hematopoietic com-
partment causes significant thymic atrophy due to impaired 
growth and proliferation of pre-T cells (6, 8). In particular, both 
mTORC1 and mTORC2 are vital for the development of 
mouse T-cell leukemia induced by Notch1, whose mutations 
have been identified in more than 50% of T-ALL patients (10). 
In this study, we determined the effect of mTOR inhibitors on 
the persistence of leukemic cells and investigated a relative 
contribution of mTOR signaling components to the survival 
and proliferation of T-ALL cells. Using human leukemic cell 
lines, we observed cell-dependent sensitivity to torin and 
rapamycin. A further study is required to clarify what can 
cause different sensitivity of leukemic cells to mTOR 
inhibition. While mTORC1-restricted inhibition using rapamy-
cin modestly attenuated cell proliferation without affecting cell 
survival, torin exhibited cytotoxic and cytostatic effect via sup-
pressing both mTORC1 and mTORC2 activities. We re-
capitulated this distinct impact of mTOR inhibitors on mouse 
T-ALL cells was driven by Notch1 and found that rapamy-
cin-resistant and torin-sensitive mTOR signaling was crucial for 
the survival of T-ALL cells.

Of note, the expression levels of pro-apoptotic genes such as 
Bcl2l11 and Bbc3 as well as p53 target gene Cdkn1b were 
markedly upregulated by torin treatment. Based on these re-
sults, mTORC2 signaling and/or rapamycin-resistant mTORC1 
activity may have a role in the regulation of genes associated 
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with apoptosis and cell cycle arrest via modulating FoxOs and 
NF-B. Transduction of T-ALL cells with Akt (DD) accelerated 
the proliferation of torin-treated T-ALL cells but suppressed 
apoptosis induced by torin treatment (Fig. 4). However, the 
connection between Akt and NF-B is still under debate. 
Although knockdown of FoxO1 alone was not sufficient 
enough to suppress apoptosis, treatment with torin rescued 
cells from cell cycle arrest, suggesting that Akt/FoxO signaling 
components is associated with the proliferation of T-ALL cells. 
Central challenges facing targeted therapy for T-ALL include 
toxicities to hematopoietic stem cells (HSCs). In fact, in-
activation of mTORC1 can severely impair the maintenance 
and function of HSCs, whereas mTORC2 appears to be dis-
pensable (13, 14). Thus, targeting rapamycin-resistance and 
torin-sensitive mTOR signaling components might offer a nov-
el therapeutic approach with lower inherent side effects for 
leukemia treatment.

MATERIALS AND METHODS

Cell lines and reagents 
U-937, THP-1, K-562, and RPMI-8226 cells were obtained 
from Hyung-Joo Kwon (Hallym University). Jurkat cells were 
obtained from Mark Boothby (Vanderbilt University). Human 
leukemic cell lines were maintained with complete RPMI1640 
medium containing 10% fetal bovine serum (FBS) at 37oC sup-
plied with 5% CO2. Torin-2 and rapamycin were purchased 
from Tocris Bioscience. Recombinant murine IL-3, IL-6, IL-7, 
and SCF were obtained from Peprotech Inc.. 5-fluorouracil 
(5-FU) was purchased from Sigma-Aldrich. PE-conjugated 
Annexin-V and fluorophore-conjugated antibodies were pur-
chased from BD Bioscience or eBioscience.

ICN1-transduced mouse T-ALL cells
C57BL/6 mice were purchased from Orient Bio and housed in 
specific pathogen-free conditions. Experimental protocols were 
approved by the Institutional Animal Care and Use Committee 
of Hallym University. Mouse T-ALL cells were prepared as de-
scribed previously (6). Briefly, bone marrow cells were iso-
lated from mice at 4 d after treatment with 150 mg/Kg 5-FU 
and incubated in complete IMDM containing 15% FBS, 10 
ng/ml IL-3, 10 ng/ml IL-6, and 50 ng/ml SCF for 2 d. Cells were 
retrovirally transduced with MSCV-ICN1-IRES-GFP and in-
jected intravenously into a lethally irradiated syngeneic recipi-
ent along with equal amount (5 × 105 cells) of unmanipulated 
bone marrow cells. Leukemic cells were obtained from lymph 
nodes of leukemic mice at 4 weeks post-transplantation and 
maintained on OP9 stromal cells in IMDM containing 10% 
FBS supplemented with 5 ng/ml IL-7.

Annexin-V staining 
Cells were cultured in the presence or absence of mTOR in-
hibitors for 18 h and stained with PE-conjugated Annexin-V 
and 7-AAD (Invitrogen) in 20 mM HEPES (pH 7.4), 140 mM 

NaCl, and 2.5 mM CaCl2. Retrovirally transduced cells were 
stained with surface markers (PE-conjugated anti-Thy1.1 or 
PerCP-conjugated anti-hCD2) along with Annexin-V and 
7-AAD. Data was acquired using a BD FACSCanto-2 or 
FACSCalibur. The incidence of Annexin-V+ apoptotic cells 
was analyzed using FlowJo (Treestar).

BrdU incorporation assay
For cell proliferation assays, cells were cultured with vehicle 
(0.001% DMSO), 250 nM torin, or 50 nM rapamycin for 10 h, 
followed with the addition of 10 M 5-bromo-2-deoxyuridine 
(BrdU) to the culture and cultured for 8 h. S phase entry rates 
were determined with anti-BrdU staining and flow cytometry 
as described previously (5). Briefly, cells were fixed and per-
meabilized using BrdU staining buffer set (eBioscience), treated 
with DNase (Sigma-Aldrich) for 1 h at 37oC, and then stained 
with APC-conjugated anti-BrdU antibody. Retrovirally trans-
duced cells were stained with surface markers followed by 
BrdU staining.

Retroviral transduction
Retroviral constructs of MSCV-Akt(DD)-IRES-Thy1.1 [MiT-Akt 
(DD)], MSCV-shFoxO1-IRES-hCD2 [hCD2-shFoxO1], and con-
trol vectors (MiT-vector and hCD2-vector) were used as de-
scribed previously (6). Retrovirions were collected from cul-
ture supernatant of phoenix packaging cells transfected with 
indicated plasmids and centrifuged (2,500 g) with mouse 
T-ALL cells for spinfection. After 1 h of spinfection, T-ALL cells 
were co-cultured on OP9 stromal cells supplemented with 5 
ng/ml of IL-7.

Western blotting and measurement of RNA levels 
Cells were lysed in 20 mM HEPES (pH 7.4), 150 mM NaCl, 
1% Triton X-100, 1 mM EDTA, protease, and phosphatase in-
hibitors (GenDEPOT). Proteins were extracted and subjected 
to SDS-PAGE. Immunoblotting was performed using antibodies 
against P-AktS473, P-PKC(II S660), P-NDRG1T346, P-S6KT389, 
P-S6S240/244, P-4E-BP1T70, P-FoxO1T24/3aT32, Akt, FoxO1, -tubulin, 
and -actin. All antibodies were purchased from Cell Signaling 
Technologies except S6K (Santa Cruz Biotechnology) and -ac-
tin (Sigma-Aldrich). Total RNAs were isolated using Trizol 
(Invitrogen). cDNAs were synthesized with MMLV reverse 
transcriptase (Promega) using random nonamers. RNA levels 
were measured with quantitative real-time PCR using gene 
specific prime pairs (Supplemental Table S1) and a CFX 
Real-Time PCR Detection System (Bio-Rad). 

Statistics 
All experiments were performed in duplicates or triplicates. 
Data were presented as mean ± SEM from three independent 
experiments. Difference between samples were analyzed stat-
istically using unpaired two-tailed nonparametric t-test. Symbols 
* and ** indicated statistical significance at p values less than 
0.05 and 0.01, respectively.
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