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ABSTRACT
The mTORC1 inhibitors, rapamycin and its analogs, are known to show only 

modest antitumor activity in clinic, but the underlying mechanisms remain largely 
elusive. Here, we found that activated AKT signaling is associated with rapamycin 
resistance in breast and colon cancers by sustained phosphorylation of the 
translational repressor 4E-BP1. Treatment of tumor cells with rapamycin or the AKT 
inhibitor MK2206 showed a limited activity in inhibiting 4E-BP1 phosphorylation, 
cap-dependent translation, cell growth and motility. However, treatment with both 
drugs resulted in profound effects in vitro and in vivo. Mechanistic investigation 
demonstrated that the combination treatment was required to effectively inhibit 
PRAS40 phosphorylation on both Ser183 and Thr246 mediated by mTORC1 and AKT 
respectively, and with the combined treatment, dephosphorylated PRAS40 binding to 
the raptor/mTOR complex was enhanced, leading to dramatic repression of mTORC1-
regulated 4E-BP1 phosphorylation and translation. Knockdown of PRAS40 or 4E-
BP1 expression markedly reduced the dependence of tumor cells on AKT/mTORC1 
signaling for translation and survival. Together, these findings reveal a critical role 
of PRAS40 as an integrator of mTORC1 and AKT signaling for 4E-BP1-mediated 
translational regulation of tumor cell growth and motility, and highlight PRAS40 
phosphorylation as a potential biomarker to evaluate the therapeutic response to 
mTOR/AKT inhibitors.

INTRODUCTION

The phosphatidylinositol 3-kinase (PI3K)/AKT 
signaling pathway is frequently deregulated in a majority 
of human cancers [1]. This pathway is activated by 
mutations in genes that encode multiple components of 
the pathway or upstream activation of receptor tyrosine 
kinases [2]. Activation of PI3K/AKT signaling pathway 
has long been shown to be necessary for key features of 
the transformed phenotype, suggesting that inhibition of 
the pathway could be a useful therapeutic strategy [3]. 
The mammalian target of rapamycin (mTOR) protein 
kinase is a major component of the PI3K/AKT pathway, 
which controls cell growth, proliferation, survival and 
metabolism by integrating a variety of signals from growth 

factors and nutrients [4]. mTOR exerts its biological 
functions by the formation of two distinct protein 
complexes: the mTOR complex 1 (mTORC1) and the 
mTOR complex 2 (mTORC2). mTORC1 is composed of 
mTOR, raptor, mLST8, deptor and the proline-rich AKT 
substrate of 40 kilodaltons (PRAS40). To date, protein 
synthesis is the best-characterized process controlled 
by mTORC1 [4]. mTORC1 directly phosphorylates the 
eukaryotic translation initiation factor 4E (eIF4E)-binding 
protein 1 (4E-BP1) on Thr37 and Thr46 which act as 
priming sites for its subsequent phosphorylation on Ser65 
and Thr70 [5]. The phosphorylation of 4E-BP1 prevents 
its binding to the cap-binding protein eIF4E, which 
allows eIF4E to participate in the assembly of the eIF4F 
translation initiation complex, a rate-limiting step for the 
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cap-dependent mRNA translation and protein synthesis 
[6]. We and others have shown that inhibition of mTORC1 
downregulates a number of certain key oncogenic mRNAs 
encoding proteins involved in cell-cycle progression, cell 
survival, angiogenesis and metastasis [7-10], and that 
dephosphorylated 4E-BP1 is an important biomarker for 
predicting a response to AKT/mTOR inhibitors [9-14].

PRAS40, first reported as substrate for AKT 
[15], is an inhibitory component of mTORC1 [16, 17]. 
Upon activation, mTORC1 can phosphorylate PRAS40 
on Ser183 [18], which is in addition to the AKT-
phosphorylated PRAS40 on Thr246 [15]. Phosphorylation 
of PRAS40 by AKT and mTORC1 results in disassociation 
of PRAS40 from mTORC1 and relieves its inhibitory 
constraint on mTORC1 activity [16-18]. Recent studies 
have shown that increased phosphorylation of PRAS40 is 
associated with malignant progression and poor prognosis 
in patients [19-21]. 

Rapamycin and its analogs (rapalogs) are allosteric 
inhibitors of mTORC1 via their binding to FKBP12, and 
were among the first mTOR-targeted therapeutics to enter 
the clinic [22]. However, patients whose tumors harbor a 
mutational activation of PI3K/AKT signaling, such as in 
breast, colon and prostate cancer and glioblastoma, exhibit 
a low response rate with rapalogs [22, 23]. It is widely 
believed that this inadequate therapeutic response may 
result from incomplete inhibition of mTORC1-mediated 
phosphorylation of 4E-BP1 and a concomitant activation 
of AKT via loss of a negative feedback mechanism [4, 
22, 24, 25]. However, the molecular basis of incomplete 
inhibition of 4E-BP1 phosphorylation by rapamycin and 
how activated AKT signaling contributes to rapalogs 
resistance remain largely unknown. 

In the present study, we demonstrate that the 
redundant phosphorylation of PRAS40 by both AKT 
and mTORC1 signaling is a novel mechanistic basis 
for the acquired resistance to rapamycin in cancer cells. 
Combined inhibition of AKT and mTORC1 is required 
for effective inhibition of PRAS40 phosphorylation on 
both Ser183 and Thr246 sites, which in turn increases 
the ability of PRAS40 to inhibit mTORC1-mediated 4E-
BP1 phosphorylation and translation concomitant with 
suppression of tumor growth and cell motility. Our data 
uncover an important role of PRAS40 in the translational 
control of tumor progression and therapeutic response to 
mTORC1 inhibitors.

RESULTS

AKT inhibition profoundly enhances the 
inhibitory effect of rapamycin on cap-dependent 
translation by dephosphorylation of 4E-BP1

We and others have previously shown that the 
phosphorylation status of 4E-BP1 and its regulated cap-
dependent translation activity are linked with cancer 
progression and therapeutic responses in tumors such as in 
breast and colon cancers with mutational activation of the 
PI3K/AKT signaling pathway [9-13, 26-29]. To determine 
whether the deregulated cap-dependent translation and 
feedback activation of AKT contribute to rapamycin 
resistance, we first examined the effects of rapamycin and 
the AKT inhibitor MK2206, alone and in combination, 
on 4E-BP1-regulated cap-dependent translation activity. 
In a panel of breast (MCF7, BT474, MDA-MB-453) and 
colon (HCT116) cancer cell lines, all with mutations in 
the gene that encodes the catalytic subunit of PI3K p110α 
(PIK3CA), rapamycin at 50 nM effectively inhibited 
phosphorylation of the mTORC1 substrate p70S6 kinase 
(p70S6K) and its downstream target S6 (Figure 1A). 
Nonetheless, rapamycin induced feedback activation of 
AKT, as indicated by phosphorylation on both Ser473 
and Thr308 of AKT, and showed only weak inhibition 
on the phosphorylation of 4E-BP1 at its four mTORC1-
regulated phosphorylation sites (Thr37, Thr46, Ser65, 
Thr70). MK2206 is a highly selective, allosteric inhibitor 
of AKT1, 2, and 3 that inhibits the phosphorylation of 
these kinases by preventing their association with the 
membrane [26, 30]. Treatment with MK2206 at 1 µM 
effectively inhibited AKT phosphorylation on both Ser473 
and Thr308, but similar to rapamycin, had only a marginal 
effect on 4E-BP1 phosphorylation. However, MK2206 
blunted the feedback activation of AKT by rapamycin and 
profoundly blocked phosphorylation of 4E-BP1 at all four 
of its phosphorylation sites in the four PIK3CA mutant cell 
lines (Figure 1A). Dephosphorylation of 4E-BP1 allows 
it to bind to the eIF4E-mRNA cap complex and prevents 
cap-dependent translation [6]. In MCF7 and HCT116 
cells, treatment with either rapamycin or MK2206 
slightly induced 4E-BP1 binding to the eIF4E-mRNA cap 
complex. However, the combination of both drugs caused 
marked recruitment of 4E-BP1 to the mRNA cap-complex 
(Figure 1B). As a result, cap-dependent translation was 
inhibited markedly by combination of rapamycin and 
MK2206 compared with either agent alone in all the four 
tested cancer cell lines (Figure 1C). These results suggest 
that in tumor cells with mutational activation of PI3K/
AKT signaling pathway, combined inhibition of both AKT 
and mTORC1 signaling is required to effectively inhibit 
phosphorylation of 4E-BP1, which in turn, represses cap-
dependent translation.
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4E-BP1 mediates the effects of AKT and 
mTORC1 signaling on cell proliferation, survival 
and motility

To examine the functional consequences of 
mTORC1 and AKT cooperation on 4E-BP1-regulated 
translation, the effects of rapamycin and MK2206, 
alone and in combination, on cell proliferation were 
first determined. As shown in Figure 2A, simultaneous 
administration of MK2206 and rapamycin to MCF7, 
BT474, MDA-MB-453 and HCT116 cells for 72 h 
resulted in a marked inhibitory effect on cell proliferation 

compared with either agent alone. Cell cycle analysis 
revealed a dramatic increase of G1 phase in the MCF7 
and BT474 cell lines after 24 h of treatment with the 
combination of AKT and mTORC1 inhibitors when 
compared with cells treated with either agent alone or with 
DMSO as control (Figure 2B and Supplementary Figure 
1A). Apoptosis was assessed by staining cells with the 
apoptotic marker annexin V followed by FACS analysis. 
In BT474 and MCF7 cells, rapamycin or MK2206 
alone had little or modest increase (3%-7% in MCF7 
and 10%-27% in BT474) in induction of apoptosis as 
compared with control at 72 h after drug exposure, but the 
combination induced a marked induction (30% and 46% 

Figure 1: AKT inhibition profoundly enhances the inhibitory effects of rapamycin on 4E-BP1 phosphorylation and 
cap-dependent translation in breast and colon cancer cells. A. The indicated cells were treated with 50 nM rapamycin (Rap) and 
1 µM MK2206, alone or in combination, or DMSO as control for 12 h. Cell lysates were subjected to Western blot analysis for the indicated 
proteins. B. MCF7 and HCT116 cell lysates from (A) were precipitated with m7GTP sepharose beads followed by Western blot analysis for 
the indicated proteins. C. The indicated cells were transfected with a bicistronic luciferase reporter that detects cap-dependent translation 
of the Renilla luciferase gene and cap-independent poliovirus IRES-mediated translation of the firefly luciferase gene. The transfected cells 
were treated with the drugs as indicated in (A) for 12 h. The cap-dependent translation activity was determined as described in the Material 
and Methods. The results are expressed as the inhibition of cap-dependent translation relative to the DMSO-treated controls and presented 
as means ± S.E.M. (n = 3). *P < 0.05 for combination of Rap and MK2206 versus Rap or MK2206.
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Figure 2: 4E-BP1 integrates the effects of AKT and mTORC1 signaling on cell proliferation and survival. A. The growth 
of the indicated cells was assessed after 3 days of treatment with 50 nM rapamycin (Rap) and 1 µM MK2206, alone or in combination 
or DMSO as control (Ctrl). The results are shown as a percentage of cell number relative to DMSO-treated control cells. *P < 0.03 for 
combination of Rap and MK2206 versus DMSO Ctrl, Rap or MK2206. B, C. Cell cycle distribution (B) and induction of apoptosis (C) in 
MCF7 and BT474 cells treated with 50 nM rapamycin (Rap) and 1 µM MK2206, alone or in combination or DMSO as control for 24 h 
(B) and 72 h (C), respectively, were analyzed by flow cytometry. The results are expressed as the increased levels of G1 (B) and apoptosis 
(C) by subtracting each of the DMSO-treated controls. #P < 0.02 for combination of Rap and MK2206 versus Rap or MK2206. D. BT474 
and MDA-MB-453 cells were treated with the drugs as indicated in Figure 1a for 12 h followed by Western blot analysis for the indicated 
proteins. E. Inhibition of cap-dependent translation activity by the indicated drugs in MCF7 and HCT116 cells with stable expression 
of control shRNA or 4E-BP1 shRNA was determined and analyzed as in Figure 1C. F, G. The increased levels of G1 (F) and apoptosis 
(G) by the indicated drugs in MCF7 cells with stable expression of control shRNA or 4E-BP1 shRNA were determined as in (B) and 
(C), respectively. **P < 0.02 for combination of Rap and MK2206 in Sh 4E-BP1 cells versus that in Sh Ctrl cells. Data shown in graphs 
represent the mean ± S.E.M. (n = 3).
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in MCF7 and BT474, respectively) of apoptosis (Figure 
2C and Supplementary Figure 1B). Western blot analysis 
further showed that combination treatment with rapamycin 
and MK2206 was more effective than either agent alone 
in downregulating D-cyclin expression, activation of 
caspase-3 and/or caspase-7, key effectors of apoptosis, and 
increasing levels of cleaved PARP, a caspase substrate, in 
BT474 and MDA-MB-453 cells (Figure 2D). Collectively, 
these data demonstrate that AKT inhibition sensitizes 
tumor cells to rapamycin by enhancing G1 arrest and 
induction of apoptosis.

To determine whether 4E-BP1-regulated translation 
is directly involved in the anti-proliferative and apoptotic 
responses to combined inhibition of AKT and mTORC1 
signaling, 4E-BP1 gene was knocked down in HCT116 
and MCF7 cells (Supplementary Figure 2) using a specific 
shRNA target sequence as we have verified previously [9]. 
Combined treatment with rapamycin and MK2206 caused 
a 35% and 40% inhibition of cap-dependent translation 
in HCT116 and MCF7 control cells respectively, but had 
much less effect in 4E-BP1 knockdown HCT116 (12%) 
or MCF7 (22%) cells (Figure 2E). Furthermore, silencing 

Figure 3: The effects of AKT and mTORC1 activation on cell migration and invasion are mediated by 4E-BP1. A, B. 
Transwell migration A. and invasion B. analyses of MCF7 and HCT116 cells were performed in the presence of 50 nM rapamycin (Rap) 
and 1 µM MK2206, alone or in combination, or DMSO as control for 6 h (A) and 30 h (B), respectively. The results represent the mean 
number of migrated (A) or invaded (B) cells per field ± S.E.M. (n = 3). *P < 0.03 for combination of Rap and MK2206 versus DMSO Ctrl, 
Rap or MK2206. C. Migration analysis of HCT116 cells with stable expression of control shRNA or 4E-BP1 shRNA was performed in 
the presence of the drugs as indicated in (A) for 6 h. The results are expressed as the inhibition of migration relative to the DMSO-treated 
controls. **P < 0.02 for combination of Rap and MK2206 in Sh 4E-BP1 cells versus that in Sh Ctrl cells. Data shown in graphs represent 
the mean ± S.E.M. (n = 3).
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4E-BP1 expression in MCF7 and BT474 cells markedly 
reversed the inhibitory effects of the combination on 
G1 arrest and induction of apoptosis (Figure 2F, 2G and 
Supplementary Figures 2 and 3).

Our recent studies show that 4E-BP1-regulated 
cap-dependent translation also plays an important role 
in controlling cancer cell motility and metastasis [9, 
10]. Using Boyden chamber assays described previously 
[9], treatment with rapamycin or MK2206 alone for 6 
h had only a modest effect on MCF7 and HCT116 cell 

migration. However, a combination of both drugs was 
effective in inhibiting their migration (Figure 3A). Similar 
results were observed in the ability of HCT116 cells that 
invade through Matrigel 30 h after drug exposure (Figure 
3B). Notably, knockdown of 4E-BP1 expression in 
HCT116 cells profoundly reduced the inhibitory effect of 
combined treatment on cell migration compared with that 
in the control cells (Figure 3C). 

Taken together, these data suggest that AKT and 
mTORC1 signaling co-regulate 4E-BP1 phosphorylation, 

Figure 4: Combined inhibition of AKT and mTORC1 is required for effective inhibition of PRAS40 phosphorylation 
on both S183 and T246 and induction of PRAS40-repressive function on mTORC1. A. Cells were treated with the drugs 
as indicated in Figure 1A for 12 h followed by Western blot analysis for the indicated proteins. B. HCT116 cell lysates from A. were 
immunoprecipitated with the mouse PRAS40 antibody or control IgG followed by Western blot analysis for the indicated proteins. C. 
MCF7 and HCT116 cells were transfected with empty vector or Flag and Myc-tagged PRAS40 wild-type (WT), the PRAS40 mutants 
S183D and T246D, or the double mutant S183D/T246D for 48 hours. The cell lysates were immunoprecipitated with the anti-Flag antibody 
followed by Western blot analysis for the indicated proteins. D. Inhibition of cap-dependent translation activity in MCF7 and HCT116 cells 
transfected with the Flag and Myc-tagged PRAS40 WT, the PRAS40 mutants S183D and T246D, or the double mutant S183D/T246D, was 
determined and analyzed as in Figure 1C. Data shown in graphs represent the mean ± S.E.M. (n = 3). *P < 0.02 for PRAS40 S183D/T246D 
versus PRAS40 WT, PRAS40 S183D or PRAS40 T246D. 
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and that 4E-BP1 integrates the effects of AKT and 
mTORC1 activation on cap-dependent translation, cell 
proliferation, survival and motility in tumor cells with 
mutational activation of the PI3K/AKT signaling pathway.

Phosphorylation of PRAS40 is a key effector of 
translational activation by AKT and mTORC1 
signaling for cell proliferation, survival and 
motility

PRAS40 is a negative regulator of mTORC1 
activity by competing with p70S6K and 4E-BP1 for 
binding to raptor [16, 18]. However, post-translational 
phosphorylation can inhibit the PRAS40 activity. AKT 
phosphorylates PRAS40 on Thr246 [15], whereas 
mTORC1 phosphorylates PRAS40 on Ser183 [18]. When 
phosphorylated, PRAS40 binding to raptor is reduced, so 
its ability to inhibit mTORC1 is affected as well [16, 18]. In 
a panel of cancer cell lines, shown in Figure 1A, inhibition 
of AKT with MK2206 clearly inhibited phosphorylation 
of PRAS40 at Thr246, whereas inhibition of mTORC1 
with rapamycin did not affect the Thr246 phosphorylation 
(Figure 4A). However, this phosphorylation showed more 
inhibition with rapamycin in combination with MK2206 
than with MK2206 alone. Similarly, combined treatment 
with rapamycin and MK2206 was required to inhibit 
phosphorylation of PRAS40 at Ser183 in a significant 
manner, whereas inhibition with either agent alone caused 
only modest or no effect. As such, the combination of 
rapamycin and MK2206 induced a greater level PRAS40 
binding to raptor than did either agent alone in HCT116 
cells (Figure 4B). 

To establish that effective inhibition of PRAS40 
activity requires both mTORC1 and AKT signaling 
for PRAS40 phosphorylation, we generated PRAS40 
phosphorylation-mimicking mutants in which Ser183 
and/or Thr246 phosphorylation sites were replaced 
with aspartic acids. We transfected wild-type PRAS40, 
the PRAS40 mutants S183D and T246D, or the double 
mutants S183D/T246D into MCF7 and HCT116 cells 
(Figure 4C, 4D). As compared to wild-type PRAS40, the 
S183D mutant exhibited a marked reduction in its ability 
to bind to raptor and mTOR, whereas the binding with the 
T246D mutant resembled that of the wild type. However, 
the greatest reduction in PRAS40 bound to the raptor/
mTOR complex occurred with the double mutant (Figure 
4C). In addition, the degree of PRAS40 mutant binding to 
the raptor/mTOR complex correlated with the extent of 
inhibition of cap-dependent translation (Figure 4D). The 
double mutant significantly attenuated the inhibitory effect 
on cap-dependent translation more than that induced by 
either S183D or T246D.

Disabling the inhibitory effects of PRAS40 by 
phosphorylation may exert important biologic effects in 
transformed cells. Knockdown of PRAS40 expression 

with two different sets of shRNAs in MCF7 and HCT116 
cells upregulated phosphorylation of 4E-BP1, p70S6K 
and S6 (Figure 5A) and enhanced cap-dependent 
translation activity (Figure 5B), suggesting that mTORC1 
was activated by PRAS40 knockdown. Furthermore, 
silencing PRAS40 expression in these two cell lines also 
promoted cell growth (Figure 5C), and exhibited a two- 
to five-fold increase in cell migration and invasion as 
compared with the control cells (Figure 5D, 5E and 5F). In 
addition, BT474 cells with stable knockdown of PRAS40 
expression provided similar results (Figure 5D, 5E). 

Our data suggest that in cancer cells, AKT and 
mTORC1 cooperate to maintain phosphorylation of 
PRAS40, which in turn, relieves PRAS40-inhibitory 
constraint on mTORC1 activity; the activated mTORC1 
supports cap-dependent translation by phosphorylation of 
4E-BP1 and promotes cell growth and motility. To confirm 
this assertion, we examined the effects of AKT and 
mTORC1 inhibitors, alone and in combination, in control 
and PRAS40 knockdown MCF7 and HCT116 cells (Figure 
6). Rapamycin alone effectively inhibited phosphorylation 
of p70S6K and S6 in both control and PRAS40 
knockdown cells (Figure 6A). In contrast, treatment with 
the combination of rapamycin and MK2206 was required 
for effective inhibition of 4E-BP1 phosphorylation and 
cap-dependent translation in control cells (Figure 6A, 6B). 
However, knockdown of PRAS40 expression markedly 
reversed the inhibitory effects seen with the combination 
treatment. Similar to findings obtained with knockdown of 
4E-BP1 expression (Figures 2 and 3), silencing PRAS40 
expression abrogated G1 arrest, induction of apoptosis 
and inhibition of cell migration induced by combined 
treatment with rapamycin and MK2206 when compared 
with results obtained in control cells (Figure 6C, 6D 
and 6E). Collectively, these data indicate that PRAS40 
integrates the effects of AKT and mTORC1 activation 
on 4E-BP1-mediated translational regulation of cell 
proliferation, survival and motility.

AKT inhibition enhances the antitumor activity of 
rapamycin in vivo

The profound anti-proliferative and apoptotic effects 
of the combination of AKT and mTORC1 inhibitors 
in vitro suggest that targeting both AKT and mTORC1 
signaling may be a rational strategy for the treatment of 
tumors with PIK3CA mutation. To explore the feasibility 
of this therapeutic strategy, we tested the safety and 
efficacy of inhibiting mTORC1 and AKT in PIK3CA 
mutant MCF7 tumor xenografts in vivo. As we and others 
have previously shown, the AKT inhibitor MK2206 at 100 
mg/kg and the mTORC1 inhibitor rapamycin at 4 mg/kg 
effectively inhibit the phosphorylation of AKT and S6, 
respectively, in PIK3CA or PTEN mutant xenografts [26, 
31, 32]. Nude mice bearing established MCF7 xenografts 
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Figure 5: Silencing PRAS40 expression upregulates mTORC1 activity and promotes cell growth and motility. A. Cell 
lysates were prepared from MCF7 and HCT116 cells with stable expression of control shRNA or two different sets of PRAS40 shRNAs, 
Western blot analysis was used to detect the indicated proteins. B. Cap-dependent translation activity in MCF7 and HCT116 cells with 
stable expression of control shRNA or PRAS40 shRNA was determined and analyzed as in Figure 1C. C. Cell proliferation analysis 
was performed in MCF7 and HCT116 cells with stable expression of control shRNA or PRAS40 shRNA. D, E. Migration analysis was 
performed in the indicated cell lines with stable expression of control shRNA or PRAS40 shRNA. The results are expressed as the fold 
change of cell migration in Sh PRAS40 cells relative to the Sh Ctrl cells. Scale bar = 500 µm. F. Invasion analysis of HCT116 cells with 
stable expression of control shRNA or PRAS40 shRNA was performed as in Figure 3B. Data shown in graphs represent the mean ± S.E.M. 
(n = 3). *P < 0.02 for Sh PRAS40 versus Sh Ctrl.
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were treated with rapamycin (5 times/week at 4 mg/kg), 
MK2206 (3 times/week at 100 mg/kg), a combination of 
both drugs, or vehicle control for 3 weeks. Administration 
of rapamycin or MK2206 alone slowed growth of tumors, 
but they still grew significantly. In contrast, treatment 
with both drugs led to a complete suppression of tumor 
growth, along with modest tumor regression (Figure 7A, 
7B). In addition, chronic administration of both drugs at 
the indicated dose and schedule was well tolerated with 
no weight loss in the animals (Supplementary Figure 
4). Western blot analysis of tumor extracts revealed that 
rapamycin potently repressed phosphorylation of p70S6K 
and S6, but induced feedback activation of AKT (Figure 
7C). MK2206 effectively inhibited AKT phosphorylation, 
but had no effect on the levels of phosphorylation of 

p70S6K and S6 (Figure 7C), which was different from 
what we observed in vitro (Figure 1A). The reason for 
this inconsistency is not clear but may be due to mTOR 
activation independent of AKT by 17β-estradiol [33] 
that was used for the maintenance of estrogen-dependent 
MCF7 xenograft tumor growth in vivo. Nevertheless, 
neither rapamycin nor MK2206 alone inhibited 
phosphorylation of PRAS40 and 4E-BP1 effectively, and 
neither drug alone induced significant PARP cleavage. In 
contrast, treatment with both drugs resulted in a dramatic 
inhibition of PRAS40 and 4E-BP1 phosphorylation and 
increase in PARP cleavage. These data highlight the 
effectiveness of concomitant inhibition of mTORC1 and 
AKT. 

Figure 6: PRAS40 integrates the effects of AKT and mTORC1 signaling on 4E-BP1-regulated translation, cell 
proliferation, survival and motility. A. MCF7 cells with stable expression of control shRNA or PRAS40 shRNA were treated with 
50 nM rapamycin (Rap) and 1 µM MK2206, alone or in combination, or DMSO as control for 12 h. Cell lysates were subjected to Western 
blot analysis for the indicated proteins. B. Inhibition of cap-dependent translation activity by the indicated drugs in MCF7 and HCT116 
cells with stable expression of control shRNA or PRAS40 shRNA, was determined and analyzed as in Figure 1C. C, D. The increased 
levels of G1 C. and apoptosis D. by the indicated drugs in MCF7 cells with stable expression of control shRNA or PRAS40 shRNA, were 
determined as in Figure 2B and 2C, respectively. E. Inhibition of migration by the indicated drugs in MCF7 cells with stable expression of 
control shRNA or PRAS40 shRNA, was determined and analyzed as in Figure 3C. Data shown in graphs represent the mean ± S.E.M. (n = 
3). *P < 0.02 for combination of Rap and MK2206 in Sh PRAS40 cells versus that in Sh Ctrl cells.
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DISCUSSION

A number of studies have shown that rapamycin 
and rapalogs induce feedback activation of AKT and 
the combination of rapamycin (or rapalogs) and AKT 
inhibitors results in additive or synergistic antitumor 
effects [34-38]. However, the molecular mechanism 
underlying the biological significance of the crosstalk 
between mTORC1 and AKT signaling during malignant 
transformation and therapeutic response to AKT/mTOR 
inhibitors has remained largely undetermined. In this 
study, we provide evidence to demonstrate that the 
convergent phosphorylation of PRAS40 (or inhibition 
of PRAS40 function) by activated AKT and mTORC1 

signaling plays a crucial role in maintaining a transformed 
phenotype through 4E-BP1-regulated translation. This 
concept is supported by the following findings: (i) 
inhibition of either mTORC1 by rapamycin or AKT by 
MK2206 is insufficient to inhibit phosphorylation of 4E-
BP1 and cap-dependent translation (Figure 1), which 
is associated with incomplete inhibition of PRAS40 
phosphorylation on both Ser183 and Thr246 sites (Figure 
4); (ii) inhibition of both mTORC1 and AKT is required 
for effective dephosphorylation of PRAS40 at these 
two sites, thereby enhancing the ability of PRAS40 to 
inhibit mTORC1-mediated 4E-BP1 phosphorylation and 
cap-dependent translation concomitant with profound 
suppression of cell proliferation, survival and motility as 
well as tumor growth; and (iii) knockdown of PRAS40 

Figure 7: Combined inhibition of AKT and mTORC1 is required to dephosphorylate PRAS40 and 4E-BP1 and 
suppress tumor growth in vivo. A, B. Mice bearing MCF7 xenograft tumors were treated with rapamycin (Rap) (4 mg/kg five times/
week), MK2206 (100 mg/kg three times/week), combination of both drugs, or vehicle control, and tumor size was measured by caliper 
two times per week. The results are presented as the mean tumor volume ± S.E.M. (n = 5 mice/group). *P < 0.05; **P < 0.02; ***P < 
0.01 for combination of Rap and MK2206 versus Rap, MK2206 or vehicle control. C. Representative tumors from mice in A. were lysed 
6 h after the final treatment with the indicated drugs. Tumor lysates were subjected to Western blot analysis for the indicated proteins. 
D. A proposed model to illustrate the role of PRAS40 in integrating the effects of AKT and mTORC1 signaling on 4E-BP1-mediated 
translational regulation of tumor growth and therapeutic response to AKT/mTOR inhibitors. RTK, receptor tyrosine kinase.
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or 4E-BP1 markedly rescues these inhibitory effects 
induced by combined inhibition of mTORC1 and AKT. 
Our findings reveal a novel PRAS40/4E-BP1 axis at the 
crossroads of AKT and mTORC1 signaling and present 
a potential avenue for therapeutic control of cancer 
progression (Figure 7D).

The p70S6K is another well-known substrate of 
mTORC1. Although p70S6K and its substrate ribosomal 
protein S6 are also known as regulators of mRNA 
biogenesis and translation, a growing body of evidence, 
including our studies, indicate that the deregulation of cap-
dependent translation downstream of mTORC1 at the level 
of 4E-BP1/eIF4E plays a central role in tumor formation 
and metastatic progression; the contribution of p70S6K1 
and S6 to the oncogenic action of the mTORC1 upstream 
activators, AKT and/or extracellular signal-regulated 
kinase, appears limited [12, 27, 39, 40]. Consistent with 
previous studies [11, 12, 27, 39, 41], our findings support 
the notion that the phosphorylation status of S6 may not 
be a relevant biomarker to predict treatment efficacy for 
mTORC1 inhibitors, because loss of S6 phosphorylation 
by rapamycin does not always correlate with inhibition 
of all mTORC1 substrates such as 4E-BP1 and PRAS40. 

It remains largely unknown why mTORC1 
substrates show differential sensitivities to rapamycin 
in cancer cells. The molecular nature of rapamycin as 
an mTORC1 inhibitor differs from the ATP-competitive 
kinase inhibitors in that it forms a complex with FKBP12 
and inhibits the ability of mTORC1 to phosphorylate 
its substrates through an unknown mechanism [22]. A 
recent report by Kang et al. suggests that the sequence 
composition of an mTORC1 phosphorylation site is one 
of the key determinants of whether the site is good or poor 
mTORC1 substrate within cells [42]. In this report, they 
found that mTORC1 could strongly phosphorylate 4E-BP1 
on both Thr37 and Thr46 sites, so that even the reduced 
activity of rapamycin-bound mTORC1 would be sufficient 
to keep them phosphorylated. In other words, inhibition of 
mTORC1 activity by rapamycin is insufficient to inhibit 
4E-BP1 phosphorylation, thereby resulting in it resistance 
to rapamycin. In contrast, they showed that mTORC1 
weakly phosphorylates p70S6K on Thr389, which is 
rapamycin sensitive as the reduction of mTORC1 activity 
by rapamycin is sufficient to inhibit its phosphorylation. 
These findings suggest that maximal inhibition of 
mTORC1 activity is required for effective suppression 
of phosphorylation of rapamycin-resistant mTORC1 
substrates. Interestingly, we found that inhibition of AKT 
activity markedly enhances the ability of rapamycin to 
inhibit phosphorylation of 4E-BP1 both in vitro and in 
vivo. Our data suggest that AKT inhibition can reverse 
rapamycin-resistant mTORC1 substrates being sensitive 
to rapamycin. Mechanistically, we found that this reversal 
is likely due to a more complete dephosphorylation of 
PRAS40, which leads to an increase in the formation 
of PRAS40-raptor complex by enhancing inhibition of 

mTORC1 activity for phosphorylation of 4E-BP1. We 
demonstrated that a combination of AKT and mTORC1 
inhibitors is required to effectively inhibit phosphorylation 
of PRAS40 on both Ser183 and Thr246 sites and increases 
PRAS40 binding to raptor (Figure 4A, 4B). Conversely, 
phosphorylation of both Ser183 and Thr246 is required 
to reduce PRAS40 binding to raptor/mTOR complex and 
attenuate the inhibitory effect of PRAS40 on mTORC1/4E-
BP1-mediated cap-dependent translation (Figure 4C, 4D). 
In addition, given that PRAS40 competes with p70S6K 
and 4E-BP1 for binding to raptor and inhibiting mTORC1 
activity on its substrates [16, 18], the alterations in the 
molecular interaction among p70S6K, 4E-BP1, PRAS40, 
raptor, mTOR and rapamycin may yield scenarios where 
the ability of the substrate binding to raptor/mTOR and the 
sensitivity to rapamycin-induced disassociation may differ. 
Whether the increase of PRAS40 bound to raptor by the 
combination of rapamycin and AKT inhibition is required 
for the dissociation of 4E-BP1 rather than p70S6K from 
raptor remains to be determined.

It is important to note that prolonged treatment with 
rapamycin has been shown to inhibit AKT via disruption 
of mTORC2 assembly in certain cell lines [43], but in 
many other cell types including preclinical and clinical 
specimens in our present and prior studies as well as others 
reports, chronic administration of rapamycin could induce 
substantial activation of AKT signaling [22, 24, 25, 34-38, 
43, 44]. In addition to the PIK3CA mutant tumor cells as 
we tested in this study, we and others also observed that in 
KRAS mutant and wild-type colon and lung cancer cells, 
rapamycin could also elicit AKT activation and increase 
the level of AKT-mediated phosphorylation of PRAS40 
on Thr246 (Supplementary Figure 5) [38]. Moreover, 
combined inhibition of AKT and mTORC1 is also required 
to effectively inhibit phosphorylation of both PRAS40 and 
4E-BP1 and cell growth in these cells (Supplementary 
Figure 5) [38]. These data suggest that co-targeting AKT 
and mTORC1 signaling may be a useful therapeutic 
strategy for many malignancies. However, a detailed 
analysis of different tumors with specific genotypes is 
needed to determine the role of PRAS40/mTORC1/4E-
BP1 axis in the effectiveness and therapeutic index of this 
approach. 

The implications of our findings suggest that the 
ATP-competitive mTOR kinase inhibitors (mTORKIs) that 
inhibit both mTORC1 and mTORC2 may provide better 
therapeutic outcomes when compared with rapamycin in 
the clinic. mTORC2 directly phosphorylates AKT at its 
hydrophobic motif (Ser473), which enhances the catalytic 
activity of AKT already phosphorylated on Thr308 [45]. 
In contrast to rapamycin-induced feedback activation 
of AKT with limited inhibitory activity on 4E-BP1 
phosphorylation, the mTORKIs can effectively inhibit 
AKT phosphorylation on Ser473 and show much greater 
repression on 4E-BP1 phosphorylation [46, 47]. However, 
a recent report by Rodrik-Outmezguine et al. showed that 
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phosphorylation of AKT at the Thr308 site and of the AKT 
substrates including PRAS40, GSK-3β and FOXO1/3 
are only transiently repressed by mTORKIs in PIK3CA 
mutant (MCF7, BT474) and PTEN-deficient (MDA-
MB-468) breast cancer cell lines [48]. Moreover, the 
mTORC1-mediated phosphorylation of 4E-BP1 on Thr37/
Thr46 also rebounded between 8 and 24 h after treatment 
with mTORKIs such as AZD8055 and PP242. They 
found that inhibition of mTOR kinase relieves feedback 
inhibition of receptor tyrosine kinases, which causes 
subsequent activation of PI3K and re-phosphorylation 
of AKT on Thr308 sufficient to reactivate AKT activity 
and signaling, whereas combination of mTORKIs and 
AKT inhibitors demonstrates a more stable inhibition 
of 4E-BP1 phosphorylation than mTORKIs alone and 
dramatically induces apoptosis [48]. Consistent with 
these findings, our recent study also showed that although 
knockdown of raptor expression markedly inhibits 4E-
BP1 phosphorylation, inhibition of AKT activity could 
further attenuate 4E-BP1 phosphorylation associated with 
significant antitumor effects in raptor-knockdown colon 
cancer cells [9]. Furthermore, additional experimental 
evidence has highlighted that incomplete inhibition of 4E-
BP1 phosphorylation is a mechanism of primary resistance 
to mTORKIs [13, 49]. These studies identified that 
KRAS-mutant SW620 colon cancer cells are particularly 
resistant to PP242, and PP242 cannot effectively inhibit 
4E-BP1 phosphorylation. Intriguingly, we found that AKT 
inhibition by MK2206 in combination with PP242 could 
elicit more profound inhibition of 4E-BP1 phosphorylation 
compared to the responses to PP242 alone (Supplementary 
Figure 6). Taken together, these data suggest that AKT 
kinase may be involved in the regulation of 4E-BP1 
phosphorylation and translation in mTORC1-depedent 
and -independent manners, and that combined inhibition 
of mTOR and PI3K/AKT may be a promising therapeutic 
strategy for many malignancies. Indeed, dual inhibition 
of PI3K and mTORC1/2 signaling by NVP-BEZ235 or 
rapalogs in combination with PI3K or AKT inhibitors has 
demonstrated profound efficacy in a variety of preclinical 
models of cancers [34-37, 50-56]. 

In summary, our study provides new insight into 
the biologic and therapeutic relevance of PRAS40 in 
translational regulation of tumor cell proliferation, 
survival and motility. Our findings reveal that regulation 
of PRAS40 activity through cooperative AKT and 
mTORC1 phosphorylation of both Ser183 and Thr246 
is a key process to alter the mTORC1 substrate (e.g. 4E-
BP1) specificity. In addition to the phosphorylation of 
4E-BP1, PRAS40 phosphorylation may also serve as a 
surrogate marker to evaluate the response to the PI3K/
AKT/mTOR pathway inhibitors in clinic. These findings 
could have high translational significance and enhance our 
understanding of the involvement of PRAS40 and 4E-BP1 
in the regulation of cancer progression and therapeutics.

MATERIALS AND METHODS

Cell culture, inhibitors, constructs, and lentiviral 
shRNA silencing

Human breast and colon cancer cell lines were 
obtained from the American Type Culture Collection 
(ATCC, Manassas, VA) and maintained in the appropriate 
medium with supplements as suggested by ATCC. 
Rapamycin and MK2206 were obtained from LC 
Laboratories (Woburn, MA) and Selleck (Houston, TX), 
respectively. The PRK5-PRAS40 construct was from 
Addgene (Cambridge, MA). The PRAS40 cDNA was 
amplified by PCR using PRK5-PRAS40 as a template and 
the product subcloned into the Sgf I and Mlu I sites of 
pCMV6-Myc-Flag (Origene, Rockville, MD). The insert 
was mutated using a QuikChange XLII mutagenesis 
kit (Stratagene, Santa Clara, CA). Mutants with Asp at 
Ser183 (S183D), Thr246 (T246D) and both Ser183 and 
Thr246 (S183D/T246D) were generated in pCMV6-Myc-
Flag. All constructs were verified by DNA sequencing. 
Lentiviral shRNAs to human 4E-BP1 were from Open 
Biosystems (Lafayette, CO) and the specificity of the 
targeting sequences has been verified in our previous 
study [9]. Lentiviral shRNAs to human PRAS40 and the 
Non-Target Control shRNA (SHC002) were from Sigma 
(St Louis, MO). The accession numbers of PRAS40 
ShRNA_1 and PRAS40 ShRNA_2 are TRCN0000158835 
and TRCN00001666394, respectively. For establishing 
stable transfectants with knockdown of specific protein 
expression, cell lines were lentivirally infected with the 
indicated shRNA construct followed by selection with 
puromycin (2 µg/ml) for one week as described previously 
[9].

Cell proliferation assay

Cell proliferation was assessed by counting the 
number of viable cells in response to the treatment with 
the indicated drugs as described previously [9].

Cell-cycle analysis and apoptosis assay

Cells were plated in 100-mm dishes, grown 
overnight, and treated as indicated in figure legends. Both 
adherent and floating cells were harvested. For cell-cycle 
analysis, cell nuclei were prepared by the method of Nusse 
[57] and stained with ethidium bromide as described [26]. 
Cell cycle distribution was determined by flow cytometry. 
For apoptosis, cells were analyzed by flow cytometry 
using the Annexin V-FITC Apoptosis Detection Kit 
according to the manufacturer’s protocol (BD Biosciences, 
San Jose, CA, USA).
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Migration and invasion assays

Migration and invasion assays were performed 
in Boyden chambers with coated collagen or Matrigel, 
respectively, as instructed by the manufacturer (BD 
Biosciences) and described previously [9]. 

Western blot analysis

Cells were lysed in NP-40 lysis buffer, and analyzed 
by Western blot using equal total protein loading as 
described previously [12]. Phosphorylation-specific 
antibodies and antibodies for PRAS40, 4E-BP1, eIF4E, 
raptor, Myc tag, cleaved PARP, cleaved caspase-3 and 
caspase-7 were from Cell Signaling Technology (Danvers, 
MA). mTOR antibody (H-266) was from Santa Cruz 
Biotechnology (Dallas, TX) and β-actin antibody was 
from Sigma.

Immunoprecipitation

PRAS40 complexes were immunoprecipitated 
with PRAS40 antibody (Clone 73P21, EMD Millipore, 
Billerica, MA) or anti-Flag antibody (Sigma) according to 
the procedure described by Sancak et al [16]. At the end, 
the immunoprecipitates from 0.5 to 1 mg protein of cell 
lysates captured with protein G Sepharose were analyzed 
by Western blot. 

Cap-binding assay

Cell lysates as prepared above were incubated with 
m7GTP Sepharose beads (GE Healthcare Bio-Sciences, 
Pittsburgh, PA) to capture eIF4E and its binding partners. 
Precipitates were washed three times with lysis buffer and 
resuspended in 2× Laemmli sample buffer followed by 
Western blot analysis. 

Quantification of cap-dependent translation 
activity

Cells (80,000) were transfected with a bicistronic 
luciferase reporter plasmid (0.2 µg), pcDNA3-rLuc-
PolioIRES-fLuc, which directs cap-dependent translation 
of the Renilla luciferase gene and cap-independent Polio 
IRES-mediated translation of the firefly luciferase gene 
[58], in 12-well plates using X-tremeGENE Transfection 
Reagent (Roche Applied Science, Indianapolis, IN). After 
24 h transfection, cells were treated with kinase inhibitors 
for the indicated times, and cell lysates were assayed 
for renilla luciferase and firefly luciferase activities as 
described [9, 12]. Cap-dependent renilla activity was 
normalized against cap-independent firefly activity as the 

internal control. The renilla/firefly luciferase luminescence 
ratio was calculated for cap-dependent translational 
activity.

Animal studies

Female athymic nude mice (5-6 weeks old) were 
purchased from Taconic (Hudson, NY). Experiments 
were carried out under a protocol approved by the 
University of Kentucky Institutional Animal Care and 
Use Committee. MCF7 xenograft tumors were established 
by subcutaneously implanting 0.72 mg sustained release 
17β-estradiol pellets into one flank at least 3 days before 
injecting 5 × 106 cells suspended 1:1 (volume) with growth 
factor-reduced Matrigel (BD Biosciences) on the opposite 
side. For efficacy studies, mice were randomized among 
control and treated groups (n = 5 per group) when tumors 
were well-established (~150-180 mm3). Rapamycin was 
prepared in absolute ethanol at 10 mg/ml and diluted 
in 5% Tween-80 and 5% PEG-400 before injection. 
Rapamycin was administered by intraperitoneal injection 
at 4 mg/kg once per day, Mon-Fri as previously reported 
[32]. MK2206 was formulated in 30% captisol and given 
orally at 100 mg/kg once per day, Mon-Wed-Fri based 
on previous reports [31]. Control mice received a vehicle 
solution. Tumor dimensions were measured using a caliper 
and tumor volumes were calculated as mm3 = π/6 x larger 
diameter x (smaller diameter)2. Tumors were excised and 
snap frozen in liquid nitrogen, homogenized in 2% SDS 
lysis buffer and then processed for Western blot analysis 
as described previously [9, 12].

Statistical analysis

All experiments were performed at least twice. 
Results are expressed as mean ± S.E.M. where applicable. 
A two-tailed Student’s t-test was used to compare the 
intergroup. Differences between groups were considered 
statistically significant at P < 0.05.

ACKNOWLEDGMENTS

The authors thank Ms. Catherine Anthony and 
Yixia She for editorial assistance in the preparation of 
this manuscript. This work was supported by grants from 
NIH R01CA175105 and ACS IRG85-001-22 to Q.-B. She 
and a grant from Guangdong Province Universities and 
Colleges Pearl River Scholar funded scheme to S. Liu.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.



Oncotarget13975www.impactjournals.com/oncotarget

REFERENCES

1. Vivanco I, Sawyers CL. The phosphatidylinositol 3-Kinase 
AKT pathway in human cancer. Nat Rev Cancer. 2002; 2: 
489-501.

2. Chalhoub N, Baker SJ. PTEN and the PI3-kinase pathway 
in cancer. Annu Rev Pathol. 2009; 4: 127-150.

3. Engelman JA. Targeting PI3K signalling in cancer: 
opportunities, challenges and limitations. Nat Rev Cancer. 
2009; 9: 550-562.

4. Laplante M, Sabatini DM. mTOR signaling in growth 
control and disease. Cell. 2012; 149: 274-293.

5. Gingras AC, Raught B, Gygi SP, Niedzwiecka A, Miron 
M, Burley SK, Polakiewicz RD, Wyslouch-Cieszynska A, 
Aebersold R, Sonenberg N. Hierarchical phosphorylation 
of the translation inhibitor 4E-BP1. Genes Dev. 2001; 15: 
2852-2864.

6. Sonenberg N, Hinnebusch AG. Regulation of translation 
initiation in eukaryotes: mechanisms and biological targets. 
Cell. 2009; 136: 731-745.

7. Silvera D, Formenti SC, Schneider RJ. Translational control 
in cancer. Nat Rev Cancer. 2010; 10: 254-266.

8. Hsieh AC, Liu Y, Edlind MP, Ingolia NT, Janes MR, Sher 
A, Shi EY, Stumpf CR, Christensen C, Bonham MJ, Wang 
S, Ren P, Martin M, et al. The translational landscape of 
mTOR signalling steers cancer initiation and metastasis. 
Nature. 2012; 485: 55-61.

9. Ye Q, Cai W, Zheng Y, Evers BM, She QB. ERK and AKT 
signaling cooperate to translationally regulate survivin 
expression for metastatic progression of colorectal cancer. 
Oncogene. 2014; 33: 1828-1839.

10. Cai W, Ye Q, She QB. Loss of 4E-BP1 function induces 
EMT and promotes cancer cell migration and invasion via 
cap-dependent translational activation of snail. Oncotarget. 
2014; 5: 6015-6027.

11. Armengol G, Rojo F, Castellvi J, Iglesias C, Cuatrecasas 
M, Pons B, Baselga J, Ramon y Cajal S. 4E-binding protein 
1: a key molecular “funnel factor” in human cancer with 
clinical implications. Cancer Res. 2007; 67: 7551-7555.

12. She QB, Halilovic E, Ye Q, Zhen W, Shirasawa S, 
Sasazuki T, Solit DB, Rosen N. 4E-BP1 is a key effector 
of the oncogenic activation of the AKT and ERK signaling 
pathways that integrates their function in tumors. Cancer 
Cell. 2010; 18: 39-51.

13. Ducker GS, Atreya CE, Simko JP, Hom YK, Matli MR, 
Benes CH, Hann B, Nakakura EK, Bergsland EK, Donner 
DB, Settleman J, Shokat KM, Warren RS. Incomplete 
inhibition of phosphorylation of 4E-BP1 as a mechanism of 
primary resistance to ATP-competitive mTOR inhibitors. 
Oncogene. 2014; 33: 1590-1600.

14. Wang J, Ye Q, She QB. New insights into 4E-BP1-
regulated translation in cancer progression and metastasis. 
Cancer Cell Microenviron. 2014; 1: e331.

15. Kovacina KS, Park GY, Bae SS, Guzzetta AW, Schaefer E, 

Birnbaum MJ, Roth RA. Identification of a proline-rich Akt 
substrate as a 14-3-3 binding partner. J Biol Chem. 2003; 
278: 10189-10194.

16. Sancak Y, Thoreen CC, Peterson TR, Lindquist RA, Kang 
SA, Spooner E, Carr SA, Sabatini DM. PRAS40 is an 
insulin-regulated inhibitor of the mTORC1 protein kinase. 
Mol Cell. 2007; 25: 903-915.

17. Vander Haar E, Lee SI, Bandhakavi S, Griffin TJ, Kim 
DH. Insulin signalling to mTOR mediated by the Akt/PKB 
substrate PRAS40. Nat Cell Biol. 2007; 9: 316-323.

18. Oshiro N, Takahashi R, Yoshino K, Tanimura K, 
Nakashima A, Eguchi S, Miyamoto T, Hara K, Takehana K, 
Avruch J, Kikkawa U, Yonezawa K. The proline-rich Akt 
substrate of 40 kDa (PRAS40) is a physiological substrate 
of mammalian target of rapamycin complex 1. J Biol Chem. 
2007; 282: 20329-20339.

19. McBride SM, Perez DA, Polley MY, Vandenberg SR, 
Smith JS, Zheng S, Lamborn KR, Wiencke JK, Chang 
SM, Prados MD, Berger MS, Stokoe D, Haas-Kogan 
DA. Activation of PI3K/mTOR pathway occurs in most 
adult low-grade gliomas and predicts patient survival. J 
Neurooncol. 2010; 97: 33-40.

20. Wiza C, Nascimento EB, Ouwens DM. Role of PRAS40 
in Akt and mTOR signaling in health and disease. Am J 
Physiol Endocrinol Metab. 2012; 302: E1453-1460.

21. Lu YZ, Deng AM, Li LH, Liu GY, Wu GY. Prognostic role 
of phospho-PRAS40 (Thr246) expression in gastric cancer. 
Arch Med Sci. 2014; 10: 149-153.

22. Benjamin D, Colombi M, Moroni C, Hall MN. Rapamycin 
passes the torch: a new generation of mTOR inhibitors. Nat 
Rev Drug Discov. 2011; 10: 868-880.

23. Grzmil M, Hemmings BA. Overcoming resistance to 
rapalogs in gliomas by combinatory therapies. Biochim 
Biophys Acta 2013; 1834: 1371-1380.

24. Sun SY, Rosenberg LM, Wang X, Zhou Z, Yue P, Fu H, 
Khuri FR. Activation of Akt and eIF4E survival pathways 
by rapamycin-mediated mammalian target of rapamycin 
inhibition. Cancer Res. 2005; 65: 7052-7058.

25. O’Reilly KE, Rojo F, She QB, Solit D, Mills GB, Smith D, 
Lane H, Hofmann F, Hicklin DJ, Ludwig DL, Ludwig DL, 
Baselga J, Rosen N. mTOR inhibition induces upstream 
receptor tyrosine kinase signaling and activates Akt. Cancer 
Res. 2006; 66: 1500-1508.

26. She QB, Chandarlapaty S, Ye Q, Lobo J, Haskell KM, 
Leander KR, DeFeo-Jones D, Huber HE, Rosen N. Breast 
tumor cells with PI3K mutation or HER2 amplification are 
selectively addicted to Akt signaling. PLoS ONE. 2008; 3: 
e3065.

27. Hsieh AC, Costa M, Zollo O, Davis C, Feldman ME, Testa 
JR, Meyuhas O, Shokat KM, Ruggero D. Genetic dissection 
of the oncogenic mTOR pathway reveals druggable 
addiction to translational control via 4EBP-eIF4E. Cancer 
Cell. 2010; 17: 249-261.

28. Ilic N, Utermark T, Widlund HR, Roberts TM. PI3K-



Oncotarget13976www.impactjournals.com/oncotarget

targeted therapy can be evaded by gene amplification along 
the MYC-eukaryotic translation initiation factor 4E (eIF4E) 
axis. Proc Natl Acad Sci USA. 2011; 108: E699-708.

29. Cope CL, Gilley R, Balmanno K, Sale MJ, Howarth KD, 
Hampson M, Smith PD, Guichard SM, Cook SJ. Adaptation 
to mTOR kinase inhibitors by amplification of eIF4E to 
maintain cap-dependent translation. J Cell Sci. 2014; 127: 
788-800.

30. Yap TA, Yan L, Patnaik A, Fearen I, Olmos D, 
Papadopoulos K, Baird RD, Delgado L, Taylor A, 
Lupinacci L, Riisnaes R, Pope LL, Heaton SP, et al. First-
in-man clinical trial of the oral pan-AKT inhibitor MK-
2206 in patients with advanced solid tumors. J Clin Oncol. 
2011; 29: 4688-4695.

31. Hanrahan AJ, Schultz N, Westfal ML, Sakr RA, Giri DD, 
Scarperi S, Janikariman M, Olvera N, Stevens EV, She QB, 
Aghajanian C, King TA, Stanchina ED, et al. Genomic 
complexity and AKT dependence in serous ovarian cancer. 
Cancer Discov. 2012; 2: 56-67.

32. Yilmaz OH, Katajisto P, Lamming DW, Gultekin Y, Bauer-
Rowe KE, Sengupta S, Birsoy K, Dursun A, Yilmaz VO, 
Selig M, Nielsen GP, Mino-Kenudson M, Zukerberg LR, 
et al. mTORC1 in the Paneth cell niche couples intestinal 
stem-cell function to calorie intake. Nature. 2012; 486: 490-
495.

33. Wang Y, Zhu L, Kuokkanen S, Pollard JW. Activation 
of protein synthesis in mouse uterine epithelial cells by 
estradiol-17beta is mediated by a PKC-ERK1/2-mTOR 
signaling pathway. Proc Natl Acad Sci USA. 2015; 112: 
E1382-1391.

34. Li Z, Yan S, Attayan N, Ramalingam S, Thiele CJ. 
Combination of an allosteric Akt Inhibitor MK-2206 with 
etoposide or rapamycin enhances the antitumor growth 
effect in neuroblastoma. Clin Cancer Res. 2012; 18: 3603-
3615.

35. Petrich AM, Leshchenko V, Kuo PY, Xia B, Thirukonda 
VK, Ulahannan N, Gordon S, Fazzari MJ, Ye BH, Sparano 
JA, Parekh S. Akt inhibitors MK-2206 and nelfinavir 
overcome mTOR inhibitor resistance in diffuse large B-cell 
lymphoma. Clin Cancer Res. 2012; 18: 2534-2544.

36. Floc’h N, Kinkade CW, Kobayashi T, Aytes A, Lefebvre C, 
Mitrofanova A, Cardiff RD, Califano A, Shen MM, Abate-
Shen C. Dual targeting of the Akt/mTOR signaling pathway 
inhibits castration-resistant prostate cancer in a genetically 
engineered mouse model. Cancer Res. 2012; 72: 4483-
4493.

37. Xu S, Li S, Guo Z, Luo J, Ellis MJ, Ma CX. Combined 
targeting of mTOR and AKT is an effective strategy for 
basal-like breast cancer in patient-derived xenograft models. 
Mol Cancer Ther. 2013; 12: 1665-1675.

38. Wang X, Yue P, Kim YA, Fu H, Khuri FR, Sun SY. 
Enhancing mammalian target of rapamycin (mTOR)-
targeted cancer therapy by preventing mTOR/raptor 
inhibition-initiated, mTOR/rictor-independent Akt 
activation. Cancer Res. 2008; 68: 7409-7418.

39. Dowling RJ, Topisirovic I, Alain T, Bidinosti M, Fonseca 
BD, Petroulakis E, Wang X, Larsson O, Selvaraj A, Liu Y, 
Kozma SC, Thomas G, Sonenberg N. mTORC1-mediated 
cell proliferation, but not cell growth, controlled by the 
4E-BPs. Science. 2010; 328: 1172-1176.

40. Rajasekhar VK, Viale A, Socci ND, Wiedmann M, Hu X, 
Holland EC. Oncogenic Ras and Akt signaling contribute 
to glioblastoma formation by differential recruitment of 
existing mRNAs to polysomes. Mol Cell. 2003; 12: 889-
901.

41. Choo AY, Yoon SO, Kim SG, Roux PP, Blenis J. 
Rapamycin differentially inhibits S6Ks and 4E-BP1 to 
mediate cell-type-specific repression of mRNA translation. 
Proc Natl Acad Sci USA. 2008; 105: 17414-17419.

42. Kang SA, Pacold ME, Cervantes CL, Lim D, Lou HJ, Ottina 
K, Gray NS, Turk BE, Yaffe MB, Sabatini DM. mTORC1 
phosphorylation sites encode their sensitivity to starvation 
and rapamycin. Science. 2013; 341: 1236566.

43. Sarbassov DD, Ali SM, Sengupta S, Sheen JH, Hsu PP, 
Bagley AF, Markhard AL, Sabatini DM. Prolonged 
rapamycin treatment inhibits mTORC2 assembly and Akt/
PKB. Mol Cell. 2006; 22: 159-168.

44. Leontieva OV, Demidenko ZN, Blagosklonny MV. 
Rapamycin reverses insulin resistance (IR) in high-glucose 
medium without causing IR in normoglycemic medium. 
Cell Death Dis. 2014; 5: e1214.

45. Sarbassov DD, Guertin DA, Ali SM, Sabatini DM. 
Phosphorylation and regulation of Akt/PKB by the rictor-
mTOR complex. Science. 2005; 307: 1098-1101.

46. Feldman ME, Apsel B, Uotila A, Loewith R, Knight ZA, 
Ruggero D, Shokat KM. Active-site inhibitors of mTOR 
target rapamycin-resistant outputs of mTORC1 and 
mTORC2. PLoS Biol. 2009; 7: e38.

47. Thoreen CC, Kang SA, Chang JW, Liu Q, Zhang J, Gao 
Y, Reichling LJ, Sim T, Sabatini DM, Gray NS: An ATP-
competitive mammalian target of rapamycin inhibitor 
reveals rapamycin-resistant functions of mTORC1. J Biol 
Chem. 2009; 284: 8023-8032.

48. Rodrik-Outmezguine VS, Chandarlapaty S, Pagano NC, 
Poulikakos PI, Scaltriti M, Moskatel E, Baselga J, Guichard 
S, Rosen N. mTOR kinase inhibition causes feedback-
dependent biphasic regulation of AKT signaling. Cancer 
Discov. 2011; 1: 248-259.

49. Zhang Y, Zheng XF. mTOR-independent 4E-BP1 
phosphorylation is associated with cancer resistance to 
mTOR kinase inhibitors. Cell Cycle. 2012; 11: 594-603.

50. Fan QW, Knight ZA, Goldenberg DD, Yu W, Mostov KE, 
Stokoe D, Shokat KM, Weiss WA. A dual PI3 kinase/
mTOR inhibitor reveals emergent efficacy in glioma. 
Cancer Cell. 2006; 9: 341-349.

51. Brachmann SM, Hofmann I, Schnell C, Fritsch C, Wee S, 
Lane H, Wang S, Garcia-Echeverria C, Maira SM. Specific 
apoptosis induction by the dual PI3K/mTor inhibitor NVP-
BEZ235 in HER2 amplified and PIK3CA mutant breast 



Oncotarget13977www.impactjournals.com/oncotarget

cancer cells. Proc Natl Acad Sci USA. 2009; 106: 22299-
22304.

52. Serra V, Markman B, Scaltriti M, Eichhorn PJ, Valero V, 
Guzman M, Botero ML, Llonch E, Atzori F, Di Cosimo 
S, Maira M, Garcia-Echeverria C, Parra JL, et al. NVP-
BEZ235, a dual PI3K/mTOR inhibitor, prevents PI3K 
signaling and inhibits the growth of cancer cells with 
activating PI3K mutations. Cancer Res. 2008; 68: 8022-
8030.

53. Roper J, Richardson MP, Wang WV, Richard LG, Chen 
W, Coffee EM, Sinnamon MJ, Lee L, Chen PC, Bronson 
RT, Martin ES, Hung KE. The dual PI3K/mTOR inhibitor 
NVP-BEZ235 induces tumor regression in a genetically 
engineered mouse model of PIK3CA wild-type colorectal 
cancer. PLoS ONE. 2011; 6: e25132.

54. Mazzoletti M, Bortolin F, Brunelli L, Pastorelli R, 
Di Giandomenico S, Erba E, Ubezio P, Broggini M. 
Combination of PI3K/mTOR inhibitors: antitumor activity 
and molecular correlates. Cancer Res. 2011; 71: 4573-4584.

55. Elkabets M, Vora S, Juric D, Morse N, Mino-Kenudson 
M, Muranen T, Tao J, Campos AB, Rodon J, Ibrahim YH, 
Serra V, Rodrik-Outmezguine V, Hazra S, et al. mTORC1 
Inhibition Is Required for Sensitivity to PI3K p110alpha 
Inhibitors in PIK3CA-Mutant Breast Cancer. Sci Transl 
Med. 2013; 5: 196ra199.

56. Werzowa J, Koehrer S, Strommer S, Cejka D, Fuereder T, 
Zebedin E, Wacheck V. Vertical inhibition of the mTORC1/
mTORC2/PI3K pathway shows synergistic effects against 
melanoma in vitro and in vivo. J Invest Dermatol. 2011; 
131: 495-503.

57. Nusse M, Beisker W, Hoffmann C, Tarnok A. Flow 
cytometric analysis of G1- and G2/M-phase subpopulations 
in mammalian cell nuclei using side scatter and DNA 
content measurements. Cytometry. 1990; 11: 813-821.

58. Pause A, Belsham GJ, Gingras AC, Donze O, Lin TA, 
Lawrence JC, Jr., Sonenberg N. Insulin-dependent 
stimulation of protein synthesis by phosphorylation of a 
regulator of 5’-cap function. Nature. 1994; 371: 762-767.


