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Abstract

Purpose: Aberrant PI3K/AKT/mTOR signaling has been linked to oncogenesis and therapy resistance in various
malignancies including leukemias. In Philadelphia chromosome (Ph) positive leukemias, activation of PI3K by
dysregulated BCR-ABL tyrosine kinase (TK) contributes to the pathogenesis and development of resistance to ABL-
TK inhibitors (TKI). The PI3K pathway thus is an attractive therapeutic target in BCR-ABL positive leukemias, but its
role in BCR-ABL negative ALL is conjectural. Moreover, the functional contribution of individual components of the
PI3K pathway in ALL has not been established.
Experimental Design: We compared the activity of the ATP-competitive pan-PI3K inhibitor NVP-BKM120, the
allosteric mTORC1 inhibitor RAD001, the ATP-competitive dual PI3K/mTORC1/C2 inhibitors NVP-BEZ235 and NVP-
BGT226 and the combined mTORC1 and mTORC2 inhibitors Torin 1, PP242 and KU-0063794 using long-term
cultures of ALL cells (ALL-LTC) from patients with B-precursor ALL that expressed the BCR-ABL or TEL-ABL
oncoproteins or were BCR-ABL negative.
Results: Dual PI3K/mTOR inhibitors profoundly inhibited growth and survival of ALL cells irrespective of their genetic
subtype and their responsiveness to ABL-TKI. Combined suppression of PI3K, mTORC1 and mTORC2 displayed
greater antileukemic activity than selective inhibitors of PI3K, mTORC1 or mTORC1 and mTORC2.
Conclusions: Inhibition of the PI3K/mTOR pathway is a promising therapeutic approach in patients with ALL.
Greater antileukemic activity of dual PI3K/mTORC1/C2 inhibitors appears to be due to the redundant function of PI3K
and mTOR. Clinical trials examining dual PI3K/mTORC1/C2 inhibitors in patients with B-precursor ALL are
warranted, and should not be restricted to particular genetic subtypes.

Citation: Badura S, Tesanovic T, Pfeifer H, Wystub S, Nijmeijer BA, et al. (2013) Differential Effects of Selective Inhibitors Targeting the PI3K/AKT/mTOR
Pathway in Acute Lymphoblastic Leukemia . PLoS ONE 8(11): e80070. doi:10.1371/journal.pone.0080070

Editor: Linda Bendall, Westmead Millennium Institute, University of Sydney, Australia

Received June 28, 2013; Accepted October 9, 2013; Published November 14, 2013

Copyright: © 2013 Badura et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This research was funded and supported by the Deutsche Krebshilfe Verbundprojekt 108690. OGO holds an endowed professorship of the
DJCLS (H06/06). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing interests: The authors have declared that no competing interests exist.

* E-mail: ottmann@em.uni-frankfurt.de

Introduction

The Phosphatidylinositol 3-kinase (PI3K) signaling pathway
plays an important role in many physiological functions,
including cell cycle progression, differentiation, survival,
apoptosis and protein synthesis [1,2]. Dysregulated PI3K
signaling has been linked to oncogenesis and disease
progression in a variety of solid tumors and hematologic
malignancies and appears to enhance resistance to
antineoplastic therapy, resulting in a poor prognosis [1–4].
Aberrant PI3K/AKT activation has been reported in 50% to
80% of acute myeloid leukemias (AML), up to 88% of acute T-

lymphoblastic leukemias (ALL), and in chronic myeloid
leukemia (CML) [5–7]. In CML, activation of the PI3K pathway
has been linked to the BCR-ABL tyrosine kinase, the hallmark
of CML which is also present in approximately 25% of adult
ALL patients, coinciding with the presence of the Philadelphia
(Ph) chromosome [3,8,9]. The prognosis of patients with Ph+
ALL remains poor and is limited by the development of
secondary resistance to ABL-directed tyrosine kinase inhibitors
(TKI), caused predominantly by BCR-ABL tyrosine kinase
domain (TKD) mutations that prevent the TKI-induced inhibition
of BCR-ABL activity [8,10–12]. This results in continued
activation of multiple signaling pathways downstream of BCR-
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ABL, of which PI3K/AKT plays a pivotal role due to its widely
accepted involvement in BCR-ABL mediated leukemogenesis
[3,6,13,14]. Activation of the PI3K/AKT/mTOR pathway has
also been shown to be involved in non-mutational resistance of
BCR-ABL expressing cells to the ABL-directed tyrosine kinase
inhibitor imatinib [15,16]. While these data make a compelling
case for targeting the PI3K pathway as a therapeutic strategy
for Ph+ ALL, its potential pathophysiologic role and value as a
therapeutic target in BCR-ABL negative B-lineage ALL remain
largely unexplored.

Activation of PI3K leads to the phosphorylation of AKT on
Thr308, which in turn induces activation of mammalian target of
rapamycin (mTOR), a distal element of the PI3K/AKT/mTOR
pathway [2,17,18]. mTOR is a serine/threonine kinase that
encompasses two distinct complexes, mTORC1 and mTORC2,
which differ structurally, in their substrate specificity and
functionally [18,19]. mTORC1 is known to induce cell growth in
response to nutrients and growth factors by regulating the
translational regulators S6K1 and 4E-BP1, whereas mTORC2
mediates cell proliferation and survival by phosphorylating AKT
on Ser473 to facilitate its full activation [17,18,20–24].

The relative contributions of the individual components of the
PI3K/AKT/mTOR signaling pathway for proliferation and
survival in the cellular context of ALL remain to be resolved.
Combined inhibition of PI3K and the mTOR complexes 1 and 2
may have the advantage to inhibit feedback loops and may be
more efficient than targeting PI3K and mTORC1 alone.

A number of inhibitors of PI3K/AKT/mTOR signaling have
been developed that selectively interfere with different
components of this pathway, and thus differ in their biological
effects. The allosteric mTORC1 inhibitors rapamycin and
RAD001 display primarily antiproliferative effects in vitro and in
vivo, with slowing of tumor growth and delayed progression,
but are poor inducers of apoptosis. One reason for this appears
to be the simultaneous activation of feedback loops in
conjunction with inhibition of mTORC1, resulting in survival of
cells [25–33].

As PI3K signaling is considered to be one of the decisive
pathways for the transformation potential of BCR-ABL, and
may play a role in causing imatinib-resistance, we investigated
the antileukemic effects of PI3K, mTORC1 and combined PI3K,
mTORC1 and mTORC2 inhibition in BCR-ABL/TEL-ABL
positive and negative LTCs.

We utilized several inhibitors that are currently in clinical
testing, including the ATP-competitive selective pan-PI3K
inhibitor NVP-BKM120, the dual PI3K and mTOR inhibitors
NVP-BEZ235 and NVP-BGT226, and the allosteric mTORC1
inhibitor RAD001[34–37]. We examined the following issues
related to the potential anti-leukemic activity of PI3K pathway
inhibition: i) Susceptibility of BCR-ABL positive ALL resistant to
ABL-directed TKI to PI3K pathway inhibitors ii) Comparison of
TEL-ABL positive with BCR-ABL positive ALL cells in terms of
the functional relevance of PI3K signaling, iii) Activity of PI3K
pathway inhibitors against BCR-ABL negative ALL iv)
Assessment of the relative contribution of the different
components of the PI3K pathway to leukemia growth and
survival, and v) utility of assessing the phosphorylation status

of AKT, S6 and 4E-BP1 as biomarkers for responsiveness
among different leukemic subtypes

Materials and Methods

ALL-LTCs, cells and reagents
Initiation of a LTC from a BCR-ABL positive ALL patient

harboring the T315I mutation was performed essentially as
previously described [38]. Briefly, leukemic blasts that had
been collected from the bone marrow of a patient following
development of resistance to dasatinib were cryopreserved
after Ficoll density centrifugation, thawed and placed into
serum-free culture medium. Viable cells were maintained at a
density ranging from 0.5 to 2x106 cells/ml. After an initial lag
phase, proliferation ensued resulting in prolonged expansion of
cultured cells. For all functional assays described herein, only
cells that had been passaged for less than 6 months were
used. All other ALL-LTCs from patients with BCR-ABL/TEL-
ABL positive and negative B-precursor ALL have been
described previously [38,39]. The LTCs showed largely stable
karyotypes and immune phenotypes after 6 months in culture
when compared to the corresponding primary cells. None of
these 6 BCR-ABL positive LTCs harbored mutations in the ABL
tyrosine kinase domain. Jurkat cells were obtained from the
German Collection of Microorganisms and Cell Cultures
(DSMZ, Braunschweig, Germany) and maintained in
RPMI-1640 medium supplemented with 10% fetal calf serum
(FCS) (Invitrogen, Karlsruhe, Germany). Imatinib, nilotinib
(BCR-ABL inhibitors), NVP-BKM120 (PI3K inhibitor), RAD001
(mTORC1 inhibitor), NVP-BGT226, and NVP-BEZ235 (PI3K/
mTORC1/2 inhibitors) were kindly provided from Novartis,
Basel, Switzerland. LY294002 and Wortmannin (PI3K
inhibitors) were obtained from Sigma, Steinheim, Germany, the
mTORC1/C2 inhibitors Torin 1, PP242 and KU-0063794 were
purchased from Selleck Chemicals (Munich, Germany) and
dasatinib (BCR-ABL inhibitor) was kindly provided from Bristol-
Myers Squibb, Munich, Germany.

Proliferation assay
Cell proliferation was assessed using the Cell Proliferation

Kit II (XTT) (Roche, Mannheim, Germany) according to the
manufacturer´s instructions. Cells were seeded at a
concentration of 0.5x106 cells/ml, and proliferation was
measured on day 4. Cell division of the LTC KÖ was
determined by trypan blue dye exclusion assay using a
Countess® Cell Counter (Invitrogen).

Assay for cell death
Cell death was quantified using the Annexin-V-FLUOS

Staining Kit (Roche, Mannheim, Germany) according to the
manufacturer´s instructions. Cells were seeded at a
concentration of 0.5x106 cells/ml and cell death was measured
on day 4. Cell death was defined as positive staining for
Annexin-V and/or propidium iodide by flow cytometry.

PI3K Pathway in Acute Lymphoblastic Leukemia
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Western blotting
Western blot analyses were performed using the NuPage

Western blotting system (Invitrogen) according to the
manufacturer´s instructions. The following antibodies were
used: anti-phosphorylated AKT specific for the phosphorylated
serine residue 473 (p-AKT-S473), anti-AKT (AKT), anti-
phosphorylated S6 protein specific for the phosphorylated
serine residues 235/236 (p-S6-S235/236) and 240/244 (p-
S6-240/244) anti-S6 (S6), anti-phosphorylated 4E-BP1, specific
for the phosphorylated threonine residues Thr37/46 (p-4EB-P1-
Thr37/46), anti-4E-BP1 (4E-BP1) and anti-β-Actin (β-Actin). All
antibodies were obtained from Cell Signaling Technology,
Danvers, MA. Membrane blocking and antibody incubation
were performed in 5% low-fat dry milk and 5% BSA,
respectively, and the membranes were washed in Tris-buffered
saline (TBS) (10mM Tris-HCl pH8, 150nM NaCl) containing
0.1% Tween-20 (TBST). The antibodies were diluted in 5%
BSA and 5% low-fat dry milk, respectively.

Statistical analysis
Differences in response rate of BCR-ABL+/TEL-ABL+ versus

BCR-ABL- LTCs towards the same concentration of single
inhibitors were analyzed by Student's t-test. Statistical analyses
were performed using the GraphPad Prism (GraphPad
Software, San Diego, CA) software package.

Results

Characterization of a newly established BCR-ABL
positive human ALL-LTC harboring the T315I mutation

After the initial lag period, blast cells in the ALL-LTC KÖ had
a doubling time of approximately 3 days. Surface marker
expression demonstrated expression of CD19, CD79a, CD22,
CD20, CD10, CD34, HLA-DR, TdT and CD13 (data not
shown). Cytogenetic analysis at diagnosis revealed the
following complex karyotype: 53,XX,del(1)(q25),+der(2)t(2;8)
(q21;?),+6,der(9)t(1;9)(?;p22)t(9;22)(q34;q11),+14,+
der(18)t(1;18)(?;p11),+21+21,der(22)t(9;22)
(q34;q11),der(22)t(9;22)(q34;q11). Mutation analysis of
leukemic cells prior to and during culture demonstrated the
presence of the BCR-ABL TKD gatekeeper mutation T315I. As
expected, KÖ cells were unresponsive to imatinib, dasatinib
and nilotinib when used at clinically achievable concentrations,
known to inhibit proliferation and induce cell death in non-
resistant BCR-ABL+ cells. The BCR-ABL+ LTC PH served as
positive control (Figure 1A and 1B).

BCR-ABL+ LTCs display variable responsiveness to
TKI with concordance between imatinib, nilotinib and
dasatinib

Functional in vitro analyses of mutational and non-mutational
TKI-resistance of BCR-ABL+ ALL have relied on leukemic cell
lines, given the lack of cell culture models using primary ALL
cells. We employed the 6 ALL-LTC without TKD mutations
described above to determine whether the cells differed in their
innate responsiveness to the clinically available TKI imatinib,
dasatinib and nilotinib, facilitating further studies of non-

mutational resistance. Five of the 7 LTCs, demonstrated a
dose–dependent but variable responsiveness to the TKI, one
LTC (BV) was resistant despite no evidence of a TKD mutation
(Figure 1C). The presence of the T315I mutation in KÖ cells
was associated with resistance to all three TKI, as described
above. Based on the antiproliferative and proapoptotic
response (at 1µM imatinib, 250µM nilotinib and 25nM
dasatinib, i.e. at plateau concentrations) we operationally
classified the ALL-LTCs as highly sensitive (PH), intermediate
sensitive (CM, DW, KW and VB), and resistant (KÖ and BV).
While nilotinib and dasatinib where more potent than imatinib,
the degree of TKI response was independent of the TKI used
(Figure 1C).

Taken together, these ALL-LTCs recapitulate the different
responses to TKI observed in patients, and represent the first
suitable model for investigating mechanisms of non-mutational
TKI resistance in BCR-ABL+ ALL, as well as for examining
strategies to overcome this type of resistance.

Impact of BCR-ABL and TEL-ABL activity on AKT and
mTOR as downstream targets of PI3K

BCR-ABL activates numerous signaling pathways and
thereby regulates cell proliferation and survival. The PI3K/AKT/
mTOR pathway is considered to play a central role in BCR-ABL
as well as in TEL-ABL induced leukemogenesis [3,6,40]. To
examine whether inhibition of BCR-ABL and TEL-ABL kinase
activity suppresses PI3K signaling, ALL-LTCs were exposed to
imatinib at 1µM for 20h and phosphorylation levels of AKT, S6
protein and 4E-BP1 were determined. AKT phosphorylation at
Ser473 was detected in all ALL-LTCs, irrespectively of the
presence or absence of BCR-ABL or TEL-ABL, respectively
(Figure 2). Unexpectedly, inhibition of BCR-ABL and TEL-ABL
kinase activity did not result in dephosphorylation of AKT. To
determine whether components of the PI3K pathway
downstream of AKT were affected by inhibition of ABL, we
analyzed the phosphorylation levels of the S6 protein and 4E-
BP1. Phosphorylation of the S6 protein was more pronounced
in untreated TEL-ABL+ LTC (VG) than in untreated BCR-ABL+
LTCs. In 3 of 7 LTCs with an ABL-rearrangement (2/6 BCR-
ABL, 1/1 TEL-ABL) inhibition by imatinib resulted in
dephosphorylation of the S6 protein, a well-established marker
for the activity of mTORC1. In contrast, no dephosphorylation
of 4E-BP1 was observed following exposure to imatinib in any
of these cells (Figure 2).

Thus, phosphorylation of AKT appears to be a common
feature of B-precursor ALL and is not restricted to ALL cells
with an ABL translocation. Moreover, the level of AKT
phosphorylation does not depend on the tyrosine kinase
activity of ABL, indicating that ABL-directed TKI exert their
biologic effects through other components of the PI3K signaling
pathway. Our observation that inhibition of BCR-ABL or TEL-
ABL resulted in dephosphorylation of the S6 protein in only 3 of
7 cases (2/6 BCR-ABL, 1/1 TEL-ABL), and that the extent of
imatinib-induced S6 dephosphorylation does not correlate with
the sensitivity of the BCR-ABL+ ALL-LTCs to imatinib, point to
an unexpected heterogeneity in mechanisms of TKI-induced
inhibition.

PI3K Pathway in Acute Lymphoblastic Leukemia
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The effects of PI3K inhibition are independent of BCR-
ABL or TEL-ABL

The commonly accepted role of PI3K/AKT/mTOR as a major
downstream signaling pathway of BCR-ABL and TEL-ABL
suggested that cells harboring an ABL-translocation might be
more sensitive to inhibition of this pathway than BCR-ABL
negative cells. In addition, we were interested whether the
variable sensitivity of the BCR-ABL+ LTCs to ABL-directed TKI
was associated with a differential responsiveness to inhibition
of the PI3K/AKT/mTOR pathway.

In all LTCs, the selective PI3K inhibitors NVP-BKM120 and
LY294002 inhibited cell proliferation and induced cell death in a

dose-dependent manner, although the sensitivity to PI3K
inhibition varied (Figure 3A and 3B). Unexpectedly, the
antiproliferative effect of PI3K inhibition was more pronounced
in BCR-ABL negative ALL cells: At concentrations close to the
IC50, LY294002 and NVP-BKM120 inhibited proliferation by a
median of 30% in ALL with an ABL-translocation (BCR-ABL+/
TEL-ABL+) and by 50% and 55% in BCR-ABL negative cells
(p=0.022 for NVP-BKM120) (Figure 3A).

Induction of cell death of ALL cells by both PI3K inhibitors
was likewise dose-dependent. BCR-ABL/TEL-ABL+ ALL cells
were more sensitive to induction of cell death than cells without
an ABL-translocation, with median of 39% vs. 20% cell death in

Figure 1.  Effect of ABL-directed tyrosine kinase inhibitors on BCR-ABL+ ALL LTCs.  Ph+ ALL cells with the T315I mutation
showed no growth inhibition (A) or induction of cell death (B) in response to any of the TKI. The BCR-ABL+ ALL-LTC PH was used
as a positive control (A and B).
Response to ABL-directed TKI of 6 non-mutated BCR-ABL+ LTCs (BV, CM, DW, KW, PH and VB) and the LTC KÖ with the T315I
mutation (C). Cell death was examined on day 4 of exposure to increasing concentrations of imatinib, dasatinib, and nilotinib.
(A, B, C) Cell proliferation was assessed by XTT assay and induction of cell death was measured by Annexin-V/propidium iodide
staining. The data shown represent the means + SD of 3 experimental replicates from one representative experiment out of 3
performed.
doi: 10.1371/journal.pone.0080070.g001
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response to LY294002 (p=0.013) and 60% vs. 40% with NVP-
BKM120 (Figure 3B). The antiproliferative and proapoptotic
effects of NVP-BKM120 were more pronounced than those of
LY294002, although the sensitivity of the individual ALL-LTCs
was highly variable. In order to determine whether the
heterogeneity of these antiproliferative and proapoptotic
responses were associated with differential effects on PI3K
signaling, we examined the phosphorylation levels of AKT, S6
and 4E-BP1, all of which are downstream of PI3K, in 5 ALL-
LTCs representing different genetic subtypes of ALL. Jurkat
cells have a constitutively activated PI3K pathway and were
used as controls (Figure 3C and 3D).

Unexpectedly, inhibition of PI3K by LY294002 and NVP-
BKM120 was not associated with dephosphorylation of AKT at
Ser473, a surrogate marker for inhibition of PI3K activity, in the
majority of the ALL-LTCs, whereas AKT dephosphorylation
was observed in the control Jurkat cells. To determine whether
selective inhibition of PI3K had an effect on more distal
components of this pathway, we examined the phosphorylation
status of S6 and 4E-BP1, two targets of mTORC1 which are
downstream of AKT. In the majority of ALL-LTCs and in the
control Jurkat cells, S6 phosphorylation was reduced in dose-
dependent manner in response to both LY294002 and NVP-
BKM120, indicating that PI3K inhibition indeed inhibited
mTORC1. In contrast, when ALL-LTCs were treated with these
PI3K inhibitors, 4E-BP1 was not dephosphorylated (Figure 3C
and 3D).

Thus, in ALL-LTCs, the magnitude of the antiproliferative and
proapoptotic effects of selective PI3K inhibition is independent
of the presence of an ABL translocation. This is consistent with
the observation that the effect of PI3K inhibition on the
phosphorylation status of more distal components of the PI3K
pathway was also independent of an ABL-translocation. Among
BCR-ABL positive ALL-LTC, their sensitivity to ABL-directed
TKI did not correlate with responsiveness to PI3K inhibition.
The variable sensitivity of the LTCs to PI3K inhibition could not

be attributed to differences in the phosphorylation of AKT, S6
protein and 4E-BP1.

Inhibition of mTORC1 blocks cell proliferation without
inducing cell death irrespectively of BCR-ABL/TEL-ABL
status

The antiproliferative and proapoptotic effect of PI3K inhibition
occurred in conjunction with dephosphorylation of the S6
protein, a downstream target of mTORC1. We therefore
investigated whether selective inhibition of mTORC1 by
RAD001 likewise resulted in suppression of proliferation and
induction of cell death in ALL cells. RAD001 strongly inhibited
phosphorylation of the S6 protein in the majority of ALL LTCs
and Jurkat cells, but not of 4E-BP1 (Figure 4C). This was
associated with a dose-dependent inhibition of cell proliferation
ranging from 20%-70% at 25nM in the ALL-LTCs tested, with
maximum inhibition of cell growth at 100nM (Figure 4A). There
was no statistically significant difference between ALL cells
with or without an ABL-translocation. In contrast, RAD001 did
not induce cell death of ALL cells from any of the LTCs even at
concentrations up to 10µM (Figure 4B). Thus, while selective
inhibition of PI3K by NVP-BKM120 and of mTORC1 by
RAD001 had the same differential effect on phosphorylation of
S6 protein and 4E-BP1, they differed considerably in their
ability to induce cell death. This suggests that in ALL, the effect
of PI3K signaling on survival and cell death is not mediated
solely by mTORC1, and that phosphorylation of the mTORC1
targets S6 protein and 4E-BP1 is differentially regulated.
Notably, exposure of TEL-ABL+ cells (VG) to RAD001 was
accompanied by a compensatory increase in AKT
phosphorylation (Figure 4C), a finding consistent with activation
of negative feedback loops as a consequence of mTORC1
inhibition. This effect was not observed in any of the other
BCR-ABL positive or negative cells.

Moreover, the different sensitivity of the individual ALL-LTCs
to mTORC1 inhibition does not correlate with the

Figure 2.  Impact of ABL-kinase inhibition on PI3K/AKT/mTOR signaling in BCR-ABL and TEL-ABL positive ALL
LTCs.  BCR-ABL+ (BV, PH, KW, CM, BV und DW), TEL-ABL+ (VG) and BCR-ABL- (HP, KR, RL, CR und SK) LTCs were treated
with 1µM Imatinib for 20h. Lysates of these cells were used for the detection of phosphorylated and total AKT, S6 and 4E-BP1 by
Western blotting. Because of the constitutively activated PI3K/AKT/mTOR pathway in Jurkat cells, lysates of untreated Jurkat cells
were used as positive controls and that of cells treated for 2h with 1µM Wortmannin (WM), a PI3K inhibitor, were used as negative
controls. β-Actin was used as loading control.
doi: 10.1371/journal.pone.0080070.g002
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phosphorylation pattern of the pathway components as
determined by Western blotting.

Antiproliferative and proapoptotic activity of combined
inhibition of PI3K, mTORC1 and mTORC2 is
independent of an ABL-translocation

Whereas both RAD001 and NVP-BKM120 resulted in
comparable dephosphorylation of S6 protein, cell death was
induced only by NVP-BKM120. This prompted us to explore

Figure 3.  The impact of PI3K inhibition in B-ALL is independent of the presence of an ABL translocation.  BCR-ABL+ (BV,
PH, KW, CM, BV und DW), TEL-ABL+ (VG) and BCR-ABL- (HP, KR, RL, CR und SK) LTCs were exposed to increasing
concentrations of the PI3K inhibitors LY294002 or NVP-BKM120. (A) Proliferation was measured after 4 days of drug treatment.
Comparing the proliferation rate of the ABL-translocated cells (BCR-ABL+/TEL-ABL+) with the BCR-ABL- cells shows no difference
in response to treatment with 10µM LY294002 (correspond approximately to the IC50). In contrast, exposure to 0.5µM NVP-BKM120
(correspond approximately to the IC50) resulted in a significantly stronger inhibition of proliferation of the BCR-ABL- cells (p=0.0221
(*)). (B) Cell death was measured after 4 days of drug treatment. The rate of cell death of the ABL-translocated cells (BCR-ABL+/
TEL-ABL+) was significantly higher than of BCR-ABL negative ALL (p=0.013 (*)) after exposure of 20µM LY294002 (corresponding
approximately to the IC50). Treatment with 2.5µM NVP-BKM120 showed no difference between ABL-translocated cells (BCR-ABL+/
TEL-ABL+) and the BCR-ABL- cells in terms of cell death induction (A, B) Cell proliferation was assessed by using XTT assay,
induction of cell death was measured by Annexin-V/propidium iodide staining. The data shown represent the means + SD of 3
experimental replicates from one representative experiment out of 3 performed.
(C) BCR-ABL+ (PH and BV) and BCR-ABL- (HP) LTCs were treated with increasing concentrations of LY294002 for 2h. (D) BCR-
ABL+ (PH, BV and KÖ), TEL-ABL+ (VG), BCR-ABL- (HP) and Jurkat cells were exposed to increasing concentrations of NVP-
BKM120 for 2h.
(C, D) Lysates of these cells were used for the detection of phosphorylated and total AKT, S6 and 4E-BP1 by Western blotting.
Lysates of untreated Jurkat cells were used as positive controls and those of cells treated with the PI3K inhibitor Wortmannin (WM)
for 2h at 1µM served as negative controls. Ponceau staining and β-Actin were used as loading control. d = DMSO control.
doi: 10.1371/journal.pone.0080070.g003
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Figure 4.  The impact of mTORC1 inhibition in B-ALL is independent of the presence of an ABL translocation.  BCR-ABL+
(BV, PH, KW, CM, BV und DW), TEL-ABL+ (VG) and BCR-ABL- (HP, KR, RL, CR und SK) LTCs were exposed to increasing
concentrations of the mTORC1 inhibitor RAD001. (A) Proliferation and (B) cell death were measured after 4 days of drug treatment.
The (A) proliferation rate and (B) rate of cell death of the ABL-translocated cells (BCR-ABL+/TEL-ABL+) and the BCR-ABL- cells did
not differ in their response to treatment with RAD001 at 25nM or 5µM, respectively (corresponding approximately to the IC50) values
determined for growth inhibition and induction of apoptosis, respectively).
(A, B) Cell proliferation was assessed by XTT assay, induction of apoptosis was measured by Annexin-V/propidium iodide staining.
The data shown represent the means + SD of 3 experimental replicates from one representative experiment out of 3 performed.
(C) BCR-ABL+ (PH, BV and KÖ), TEL-ABL+ (VG), BCR-ABL- (HP) and Jurkat cells were treated with increasing concentrations of
RAD001 for 2h. Lysates of these cells were used for the detection of phosphorylated and total AKT, S6 and 4E-BP1 by Western
blotting. Lysates of untreated Jurkat cells were used as positive controls and those of cells treated with the PI3K inhibitor
Wortmannin (WM) for 2h at 1µM were used as negative controls. β-Actin was used as loading control.
doi: 10.1371/journal.pone.0080070.g004
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whether induction of cell death required inhibition of both
mTORC2 and mTORC1. mTORC2 is known to induce cell
proliferation by providing a feedback loop for AKT activation,
which results in the phosphorylation of AKT at Ser473. The
dual PI3K/mTORC1/C2 inhibitors NVP-BGT226 and NVP-
BEZ235 dose-dependently inhibited proliferation and induced
cell death in all ALL-LTCs (Figure 5A and 5B). Based on their
IC50 values within the nanomolar range, both NVP-BGT226 and
NVP-BEZ235 were more potent in terms of growth inhibition
and induction of cell death than the selective inhibitors of PI3K

and mTORC1 respectively (Figure 5A and 5B). We observed
same effects with the mTORC1/C2 inhibitors Torin 1, PP242
and KU-0063794 however, IC50 values were in high nanomolar
range for inhibition of proliferation and micromolar
concentrations were needed for induction of cell death (Figures
S1A and S1B).

Treatment with NVP-BGT226 and NVP-BEZ235 at
concentrations close to the IC50 (NVP-BGT226 [10nM], NVP-
BEZ235 [50nM]), inhibited proliferation of BCR-ABL negative
LTCs more potently than that of BCR-ABL/TEL-ABL positive

Figure 5.  The impact of combined PI3K, mTORC1 and mTORC2 inhibition in B-ALL is independent of the presence of an
ABL translocation.  BCR-ABL+ (BV, PH, KW, CM, BV und DW), TEL-ABL+ (VG) and BCR-ABL- (HP, KR, RL, CR und SK) LTCs
were exposed to increasing concentrations of the PI3K/mTORC1/C2 inhibitors NVP-BGT226 and NVP-BEZ235. (A) Proliferation
was measured after 4 days of drug treatment. Inhibition of proliferation by 10nM NVP-BGT226 (corresponding approximately to the
IC50) was more pronounced in the ABL-translocated cells (BCR-ABL+/TEL-ABL+) than in BCR-ABL- cells (p=0.0283 (*)). In contrast,
treatment with 50nM NVP-BEZ235 (corresponding approximately to the IC50) showed no difference between BCR-ABL+/TEL-ABL+
and BCR-ABL- cells. (B) Apoptosis was measured after 4 days of drug exposure. The rate of cell death induced by NVP-BEZ235 or
NVP-BGT226 was not significantly different in ABL-translocated cells (BCR-ABL+/TEL-ABL+) and BCR-ABL- cells (A, B) Cell
proliferation was assessed by XTT assay, induction of cell death was measured by Annexin-V/propidium iodide staining. The data
shown represent the means + SD of 3 experimental replicates from one representative experiment out of 3 performed.
(C, D) BCR-ABL+ (PH, BV and KÖ), TEL-ABL+ (VG), BCR-ABL- (HP) and Jurkat cells were treated with increasing concentrations
of (C) NVP-BGT226 or (D) NVP-BEZ235 for 2h. Lysates of these cells were used for the detection of phosphorylated and total AKT,
S6 and 4E-BP1 by Western blotting. Lysates of untreated Jurkat cells were used as positive controls and those of cells treated for
2h with 1µM Wortmannin (WM) served as negative controls. β-Actin was used as loading control. d = DMSO control.
doi: 10.1371/journal.pone.0080070.g005
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cells, although this was significant only for NVP-BGT226
(p=0.0283 10nM) (Figure 5A). No differences were detected for
the mTORC1/C2 inhibitors Torin 1, PP242 and KU-0063794 at
concentrations close to the IC50 (Figures S1A and S1B).
Inhibition of PI3K/mTORC1/C2 by NVP-BGT226 or NVP-
BEZ235 induced cell death in a dose-dependent manner in all
LTCs independently of the presence of BCR-ABL/TEL-ABL
translocation with median rates of cell death of 60% and 45%,
respectively (Figure 5B). The same is true for the mTORC1/C2
inhibitors Torin 1 and PP242 except for the mTORC1/C2
inhibitor KU-0063794, which showed a significant greater
induction of cell death in BCR-ABL/TEL-ABL positive cells
compared to negative cells (p=0.0209 5µM) (Figures S1A and
S1B).

To determine why dual inhibitors targeting PI3K/mTORC1/C2
more potently suppressed cell proliferation and induced cell
death than the selective inhibitors of PI3K and mTORC1,
respectively, we analyzed the phosphorylation level of AKT, S6
and 4E-BP1 in ALL-LTCs following to the different inhibitors
(Figure 5C and 5D).

In contrast to their effects on Jurkat cells, used as a positive
control, the dual inhibitors NVP-BGT226 and NVP-BEZ235,
failed to dephosphorylate AKT in ALL-LTCs, similar to the
selective PI3K and mTORC1 inhibition. S6 protein,
downstream of AKT, was dephosphorylated following exposure
to both dual (NVP-BGT226, NVP-BEZ235) and selective
inhibitors (NVP-BKM120, RAD001) in the majority of ALL cells
examined. In contrast, dephosphorylation of 4E-BP1, likewise
downstream of AKT, was observed in response to ATP-
competitive PI3K/mTOR and mTORC1/C2 inhibitors (Figure
S2) but not to selective inhibitors of PI3K and the allosteric
mTORC1 inhibitor RAD001. This differential response was
noted in both Jurkat and ALL-LTC and was also independent of
the ABL-translocation status. The dose-response of 4E-BP1
dephosphorylation revealed greater potency of NVP-BGT226
compared to NVP-BEZ235 and was associated with a greater
proapoptotic effect of NVP-BGT226.

Together, these data suggest that inhibition of both mTORC1
and mTORC2 by ATP-competitive inhibitors contributes to the
antiproliferative and proapoptotic effects of the dual inhibitors.
At inhibitor concentrations that induce cell death and
dephosphorylation of 4EBP1, Ser473 AKT does not appear to
be involved, suggesting a role of other PI3K-related kinases
such as SGK [41].

Pronounced antiproliferative and proapoptotic activity
of dual PI3K/mTORC1/mTORC2 inhibitors in ALL

The greater antiproliferative and proapoptotic activity of dual
(ATP-competitive) inhibitors of PI3K and mTOR, in conjunction
with the exclusively antiproliferative effects of allosteric
mTORC1 inhibition, raised the possibility of a contributory role
of mTORC2. To determine whether mTORC2 inhibition indeed
contributes to the antileukemic effect of the dual inhibitors
NVP-BGT226 and NVP-BEZ235, we compared the
antileukemic activity of these compounds with that of the
selective inhibitors alone and in combination. As shown in
Figure 6A, inhibition of PI3K by the ATP-competitive inhibitor
NVP-BKM120 in conjunction with the allosteric mTORC1

inhibitor RAD001 has a greater antiproliferative effect than
treatment with the individual inhibitors alone. However,
concurrent inhibition of PI3K and mTORC1 had a lesser
antiproliferative effect than the combined inhibition of PI3K,
mTORC1 and mTORC2 achieved with the dual inhibitors NVP-
BGT226 and NVP-BEZ235, respectively. Cell death was not
enhanced by combining the selective inhibitors, whereas
simultaneous inhibition of PI3K, mTORC1 and mTORC2 by
ATP competitive inhibitors considerably enhanced cell death,
most pronounced for NVP-BGT226 (Figure 6B).

To analyze whether inhibition of mTORC2 affects the
phosphorylation level of the S6 protein and 4E-BP1, we
performed western blot analysis after exposure of the different
drug combinations described above. As shown in Figure 6C,
individual as well as combined PI3K and mTORC1 inhibition
and combined PI3K, mTORC1 and mTORC2 inhibition results
in the dephosphorylation of the S6 protein, as expected. In
contrast, allosteric inhibition of mTORC1, alone or combined
with a selective ATP-competitive inhibitor of PI3K had no
impact on 4E-BP1 phosphorylation, whereas the simultaneous
inhibition of mTORC1 and C2 or of PI3K, mTORC1 and
mTORC2 by ATP-competitive inhibitors resulted in a
dephosphorylation of 4EBP1 (Figure 6C and Figure S2).

Taken together, these data indicate that the roles of
mTORC1 and mTORC2 in regulating proliferation and survival
of B-ALL cells are independent of an ABL-translocation.
Furthermore, these data are consistent with a contribution of
mTORC1 and/or mTORC2 to regulation of 4E-BP1
phosphorylation.

Discussion

Functional studies involving primary ALL cells are hampered
by the well-known inability to maintain human ALL blasts in
short-term culture and the high initial rate of cell death. We
have previously reported a unique cell culture system enabling
long-term culture of leukemic lymphoblasts obtained from
patients with ALL. These cultures represent different
genetically defined ALL subtypes, i.e. leukemias harboring the
BCR-ABL, TEL-ABL or E2A-PBX1 translocation, or no
recurring genetic abnormality [38,39]. Our evaluation of the role
of the PI3K pathway in leukemic cell growth and survival
focused initially on BCR-ABL expressing leukemias, as PI3K
signaling has been strongly implicated in malignant
transformation and development of TKI-resistance in Ph+ ALL
[3,6,14–16]. Effective suppression of PI3K signaling utilizing
two potent, dual specificity ATP-competitive compounds, both
of which are pan-PI3K inhibitors and additionally block the
mTOR complexes C1 and C2 downstream of PI3K (NVP-
BGT226 and NVP-BEZ235), potently inhibits proliferation and
induces cell death in BCR-ABL positive and in TEL-ABL
positive ALL at nanomolar concentrations. The magnitude of
the antileukemic effects did not differ in ALL cells that displayed
high or intermediate sensitivity to the ABL-directed kinase
inhibitors imatinib, nilotinib and dasatinib, or were resistant
either due to the T315I TKD mutation (in KÖ cells) or non-
mutational resistance (in BV cells). In conjunction with
published data showing that blockage of the PI3K pathway with
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the dual inhibitor NVP-BEZ235 does not appreciably affect
survival, clonogenic growth and differentiation of normal CD34
positive cells [42], the profound antileukemic activity against Ph
+ ALL indicates a pivotal role of the PI3K pathway in our ALL
cells. This is consistent with the generally accepted activation
of PI3K by the BCR-ABL oncoprotein, but does not exclude its
involvement in BCR-ABL negative ALL as well. In fact, aberrant
activation of the PI3K pathway has been shown to be one of
the most frequent perturbations of signaling pathways in
malignancies, including leukemias [5–7]. Our results with BCR-
ABL/TEL-ABL negative ALL cells demonstrate for the first time
that the antiproliferative and proapoptotic effects of the dual
inhibitors NVP-BGT226 and NVP-BEZ235 are comparable to
those in ABL-translocated ALL. The mechanism by which the
PI3K pathway is activated in ALL cells is presently unclear.
Possible mechanisms include constitutive activation of
upstream signaling pathways, e.g. by BCR-ABL or inactivation
of PTEN as shown in T-ALL lines, activating mutations of
NOTCH1, RAS, or of the PI3K itself as in B-lymphomas
[43–45]. Activating mutations of PI3K and AKT occur frequent
in solid tumors but are rarely observed in leukemias [46–49].

Nevertheless, we sequenced the hot-spot regions of PIK3CA
and screened for the E17K mutation in the AKT1 gene,
confirming that no mutations are present in any of the 13 ALL-
LTCs (data not shown). Mutations or epigenetic silencing of
PTEN occur in many tumor types including Ph+ ALL [50],
resulting in enhanced phosphorylation of AKT by increasing
cellular levels of PIP3. We found no evidence of decreased
PTEN expression in our ALL cells, indicating that diminished
PTEN activity is not the cause of AKT activation.

Our results raise the question which of the individual
components of the PI3K/AKT/mTOR pathway are most
relevant for supporting leukemic cell growth and thus are the
most attractive targets for therapeutic intervention. To dissect
the relative contributions of PI3K and the mTORC1 and
mTORC2 complexes, we exposed ALL-LTCs to the allosteric
mTORC1 inhibitor RAD001 and the selective panPI3K inhibitor
NVP-BKM120, both of which are being evaluated for anti-
neoplastic activity in clinical trials. Blocking only mTORC1 by
RAD001 failed to induce cell death in any of the ALL cells, and
had a moderate antiproliferative effect, which was most
conspicuous in the TEL-ABL expressing ALL cells. These

Figure 6.  The impact of additional inhibition of mTORC2 on combined PI3K and mTORC1 inhibition in B-ALL is
independent of the presence of an ABL translocation.  BCR-ABL+ (PH and BV) and BCR-ABL- (HP) cells were treated with
0.5µM or 2µM NVP-BKM120 (PI3K inhibitor), 0.5µM or 2µM RAD001 (mTORC1 inhibitor) alone or in combination. For combined
PI3K/mTORC1/C2 inhibition, cells were treated with 0.5µM or 2µM of NVP-BGT226 or NVP-BEZ235. (A) Proliferation and (B) cell
death were measured after 4 days of drug treatment.
(A, B) Cell proliferation was assessed by XTT assay, induction of cell death was measured by Annexin-V/propidium iodide staining.
The data shown represent the means + SD of 3 experimental replicates from one representative experiment out of 3 performed.
(C) Lysates were prepared after 2h of drug treatment for the detection of phosphorylated and total AKT, S6 and 4E-BP1 by Western
blotting. Lysates of untreated Jurkat cells were used as positive controls, those of cells treated for 2h with 1µM Wortmannin (WM)
were used as negative controls. β-Actin was used as loading control.
doi: 10.1371/journal.pone.0080070.g006
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findings are in line with numerous preclinical studies of various
disease entities, which demonstrate that RAD001 has primarily
antiproliferative effects [25,27,32]. This suggests that allosteric
inhibition of mTORC1 alone by RAD001 is unlikely to be an
effective antileukemic approach in ALL. Suppression of PI3K
activity by the selective inhibitor NVP-BKM120 had both
antiproliferative and significant cell death-inducing activity in
the ALL-LTC, irrespective of their underlying genetic
abnormalities. The lack of proapoptotic activity of RAD001 or
known rapalogs may be attributable to the activation of a
feedback loop that leads to enhanced phosphorylation of PI3K
and subsequent activation of AKT, which in turn counteracts
the growth inhibitory effect of mTORC1 inhibition [27–30]. The
impact of this feedback loop on PI3K activity should be
abrogated by blocking this pathway proximally, e.g. by the
selective PI3K inhibitor NVP-BKM120. Indication of such a
feedback loop in our ALL cells is provided most visibly in
experiments using the TEL-ABL positive ALL-LTC VG, in which
exposure to RAD001 resulted in a dose-dependent
augmentation of AKT phosphorylation. Accordingly, combining
inhibitors that act both distally (e.g. RAD001) and proximally
(e.g. NVP-BKM120) is a rational approach towards maximizing
the antileukemic efficacy of PI3K pathway inhibition. When we
combined these two compounds, the antiproliferative activity
was profoundly enhanced in comparison with the individual
inhibitors, but we observed no induction of cell death. We
therefore postulate that the poor proapoptotic activity of NVP-
BKM120 and RAD001 in nanomolar concentrations could be
due to their inability to block mTORC1 and mTORC2. Another
potentially contributing factor is the limited suppressive effect of
allosteric inhibitors on mTORC1, resulting in compensatory
activation of feedback loops that may not be seen in the
presence of ATP-competitive inhibitors of mTORC1 [51].
However, no clear evidence for activation of these well
described feedback loops was noted in our experiments, based
on the absence of increased AKT phosphorylation. While the
ribosomal protein S6 is a S6K1 substrate and its
phosphorylation is used as a biomarker of mTORC1 activity,
the regulation of 4E-BP1 is controversial [17,52]. We
demonstrate dephosphorylation of 4E-BP1 in response to ATP-
competitive inhibitors of mTORC1 and C2 but not to allosteric
mTORC1 inhibition or inhibition of PI3K. These data are not
compatible with a recently published model which proposes
that 4E-BP1 is under the direct control of PI3K [52]. While our
data implicate mTOR as an important mediator of 4E-BP1
phosphorylation, we can not discriminate between the relative
contributions of mTORC1 and mTORC2 because of the lack of
selective, ATP-competitive inhibitors of these two mTOR
components. Thus, it is possible that both mTORC1 and
mTORC2 phosphorylate 4E-BP1 so that inhibition of either one
would not dephosphorylate 4E-BP1 because of compensatory
signaling by the other. These divergent findings may reflect the
different cell context in the various studies, and support a
model in which 4E-BP1 is regulated by both mTORC1 and
mTORC2 in the setting of B-lineage acute lymphoblastic
leukemia. In conjunction with the biologic data presented
above, inhibition of leukemic cell proliferation and induction of
cell death was by far most pronounced with the dual inhibitors

NVP-BEZ235 and NVP-BGT226 that resulted in 4E-BP1
dephosphorylation. This is consistent with their ability to inhibit
mTORC2 in addition to mTORC1 and PI3K, with the caveat
that results based on pharmacologic rather than genetic
inhibition may be influenced by off-target effects of the
inhibitors used.

We did not specifically examine and compare the impact of
selective AKT inhibition on leukemic cell growth and cell death.
By Western blotting, AKT showed only a minimal degree of
phosphorylation at position Ser473 in the ALL-LTC compared
to the Jurkat cell line. This is similar to published data showing
weak AKT phosphorylation in p190BCR-ABL transformed murine
pro/pre-B cells, despite these cell´s dependency on PI3K
signaling [53]. More importantly however, we observed no
consistent dephosphorylation of AKT following inhibition of
either BCR-ABL or PI3K signaling, raising the possibility that
other targets within the PI3K signaling pathway may be more
important than AKT. In numerous cancer cell lines, oncogenic
PI3K activation has indeed recently been shown to be
mediated not by AKT but by SGK3, another kinase that
activates mTORC1 [41], suggesting that AKT itself may be only
one of several relevant targets for antileukemic interventions
targeting the PI3K pathway. However, Levy et al. [54] recently
reported that the selective pan-AKT inhibitor GSK690693
possessed potent antiproliferative activity in 12 of 15 B-lineage
ALL cell lines, including two that were BCR-ABL positive. Cell
death was induced in all 3 T-ALL cells tested and in one BCR-
ABL negative ALL cell line. These observations argue for a
significant contributory role for AKT signaling in ALL growth,
and lend support to our findings that PI3K signaling is a
relevant antileukemic target not only in BCR-ABL positive
leukemias, but also in other subtypes of ALL. As a caveat,
comparison of the biologic effects of the various pharmacologic
inhibitors needs to consider that off-target effects may
contribute to the relative potencies of the agents used and may
be confounding factors when interpreting the interactions
between different agents. For example, a recent publication by
Shortt J et al. [55] demonstrates that BEZ235 also inhibits the
PI3K-related kinases ATM and DNA-PK at nanomolar
concentrations. Thus, it is possible that the anti-apoptotic
activity of BEZ235, and possibly of BGT266, is not exclusively
due to inhibition of canonical PI3K signaling but to effects on
other non-mTOR, PI3K- related kinases.

In conclusion, simultaneous inhibition of PI3K, mTORC1 and
mTORC2 by the dual inhibitors NVP-BEZ235 and NVP-
BGT226 exerts profound antileukemic activity against a broad
spectrum of B-precursor ALL, irrespective of genetic subtype
and – in the case of BCR-ABL positive ALL – their degree of
responsiveness or resistance to clinically established ABL-
kinase inhibitors. Combined inhibition of PI3K, mTORC1 and
mTORC2 enhances the induction of cell death in a subset of
these leukemias. In the cellular context of ALL,
dephosphorylation of 4E-BP1 is observed in response to
inhibition of both mTORC1 and mTORC2, but is not
necessarily associated with induction of cell death. Our data
provide a strong preclinical rationale for clinical studies
exploring these compounds as treatment for ALL, but suggest
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that 4E-BP1 or S6 phosphorylation may not be robust
biomarkers in clinical trials of PI3K pathway inhibitors in ALL.

Supporting Information

Figure S1.  The impact of combined mTORC1 and mTORC2
inhibition in B-ALL is independent of the presence of an
ABL translocation. BCR-ABL+ (BV, PH, KW, CM, BV und
DW), TEL-ABL+ (VG) and BCR-ABL- (HP, KR, RL, CR und
SK) LTCs were exposed to increasing concentrations of the
mTORC1/C2 inhibitors KU-0063794, PP242 und Torin 1. (A)
Proliferation was measured after 4 days of drug treatment. The
proliferation rate of the ABL-translocated cells (BCR-ABL+/
TEL-ABL+) and the BCR-ABL- cells did not differ in their
response to treatment with KU-0063794, PP242 and Torin 1 at
1µM or 0.1µM, respectively (corresponding approximately to
the IC50).
(B) Cell death was measured after 4 days of drug treatment.
The rate of cell death of the ABL-translocated cells (BCR-ABL
+/TEL-ABL+) was significantly higher than of BCR-ABL
negative ALL (p=0.0209 (*)) after exposure of 5µM
KU-0063794 (corresponding approximately to the IC50).
Treatment with 5µM PP242 or 0.1µM Torin 1 showed no
difference between ABL-translocated cells (BCR-ABL+/TEL-
ABL+) and the BCR-ABL- cells in terms of cell death induction.
(A, B) Cell proliferation was assessed by XTT assay, induction
of cell death was measured by Annexin-V/propidium iodide
staining. The data shown represent the means + SD of 3

experimental replicates from one representative experiment out
of 2 performed.
(TIF)

Figure S2.  The impact of combined mTORC1 and mTORC2
inhibition in B-ALL on AKT, S6 and 4E-BP1
phosphorylation. BCR-ABL+ (PH, BV) and Jurkat cells were
treated with increasing concentrations of KU-0063794, PP242,
Torin 1 for 2h. Lysates of these cells were used for the
detection of phosphorylated and total AKT, S6 and 4E-BP1 by
Western blotting. Lysates of untreated Jurkat cells were used
as positive controls and those of cells treated for 2h with 1µM
Wortmannin (WM) served as negative controls. β-Actin was
used as loading control. d = DMSO control.
(TIF)

Acknowledgements

The authors would like to thank Catherine Hohnloser and
Martine Pape for excellent technical assistance.

Author Contributions

Conceived and designed the experiments: SB BAN MR OGO.
Performed the experiments: SB TT. Analyzed the data: SB TT
HP SW BAN ML MR OGO. Contributed reagents/materials/
analysis tools: SB TT HP SW BAN JHFF. Wrote the
manuscript: SB MR OGO.

References

1. Wymann MP, Zvelebil M, Laffargue M (2003) Phosphoinositide 3-
kinase signalling--which way to target? Trends Pharmacol Sci 24:
366-376. doi:10.1016/S0165-6147(03)00163-9. PubMed: 12871670.

2. Liu P, Cheng H, Roberts TM, Zhao JJ (2009) Targeting the
phosphoinositide 3-kinase pathway in cancer. Nat Rev Drug Discov 8:
627-644. doi:10.1038/nrd2926. PubMed: 19644473.

3. Kharas MG, Fruman DA (2005) ABL oncogenes and phosphoinositide
3-kinase: mechanism of activation and downstream effectors. Cancer
Res 65: 2047-2053. doi:10.1158/0008-5472.CAN-04-3888. PubMed:
15781610.

4. Martelli AM, Nyåkern M, Tabellini G, Bortul R, Tazzari PL et al. (2006)
Phosphoinositide 3-kinase/Akt signaling pathway and its therapeutical
implications for human acute myeloid leukemia. Leukemia 20: 911-928.
doi:10.1038/sj.leu.2404245. PubMed: 16642045.

5. Silva A, Yunes JA, Cardoso BA, Martins LR, Jotta PY et al. (2008)
PTEN posttranslational inactivation and hyperactivation of the PI3K/Akt
pathway sustain primary T cell leukemia viability. J Clin Invest 118:
3762-3774. doi:10.1172/JCI34616. PubMed: 18830414.

6. Skorski T, Bellacosa A, Nieborowska-Skorska M, Majewski M, Martinez
R et al. (1997) Transformation of hematopoietic cells by BCR/ABL
requires activation of a PI-3k/Akt-dependent pathway. EMBO J 16:
6151-6161. doi:10.1093/emboj/16.20.6151. PubMed: 9321394.

7. Min YH, Eom JI, Cheong JW, Maeng HO, Kim JY et al. (2003)
Constitutive phosphorylation of Akt/PKB protein in acute myeloid
leukemia: its significance as a prognostic variable. Leukemia 17:
995-997. doi:10.1038/sj.leu.2402874. PubMed: 12750723.

8. Ottmann OG, Wassmann B (2005) Treatment of Philadelphia
chromosome-positive acute lymphoblastic leukemia. Hematology Am
Soc Hematol Educ Program: 118-122.

9. Faderl S, Kantarjian HM, Talpaz M, Estrov Z (1998) Clinical
significance of cytogenetic abnormalities in adult acute lymphoblastic
leukemia. Blood 91: 3995-4019. PubMed: 9596644.

10. Ottmann OG, Pfeifer H (2009) Management of Philadelphia
chromosome-positive acute lymphoblastic leukemia (Ph+ ALL).
Hematology Am Soc Hematol Educ Program: 371-381.

11. Hofmann WK, Komor M, Hoelzer D, Ottmann OG (2004) Mechanisms
of resistance to STI571 (Imatinib) in Philadelphia-chromosome positive

acute lymphoblastic leukemia. Leuk Lymphoma 45: 655-660. doi:
10.1080/10428190310001625755. PubMed: 15160936.

12. Soverini S, Hochhaus A, Nicolini FE, Gruber F, Lange T et al. (2011)
BCR-ABL kinase domain mutation analysis in chronic myeloid leukemia
patients treated with tyrosine kinase inhibitors: recommendations from
an expert panel on behalf of European LeukemiaNet. Blood 118:
1208-1215. doi:10.1182/blood-2010-12-326405. PubMed: 21562040.

13. Kharas MG, Janes MR, Scarfone VM, Lilly MB, Knight ZA et al. (2008)
Ablation of PI3K blocks BCR-ABL leukemogenesis in mice, and a dual
PI3K/mTOR inhibitor prevents expansion of human BCR-ABL+
leukemia cells. J Clin Invest 118: 3038-3050. doi:10.1172/JCI33337.
PubMed: 18704194.

14. Burchert A, Wang Y, Cai D, von Bubnoff N, Paschka P et al. (2005)
Compensatory PI3-kinase/Akt/mTor activation regulates imatinib
resistance development. Leukemia 19: 1774-1782. doi:10.1038/sj.leu.
2403898. PubMed: 16136169.

15. Quentmeier H, Eberth S, Romani J, Zaborski M, Drexler HG (2011)
BCR-ABL1-independent PI3Kinase activation causing imatinib-
resistance. Hematol Oncol 4: 6. doi:10.1186/1756-8722-4-6. PubMed:
21299849.

16. Xing H, Yang X, Liu T, Lin J, Chen X et al. (2012) The study of resistant
mechanisms and reversal in an imatinib resistant Ph+ acute
lymphoblastic leukemia cell line. Leuk Res 36: 509-513. doi:10.1016/
j.leukres.2011.12.018. PubMed: 22285507.

17. Guertin DA, Sabatini DM (2007) Defining the role of mTOR in cancer.
Cancer Cell 12: 9-22. doi:10.1016/j.ccr.2007.05.008. PubMed:
17613433.

18. Sparks CA, Guertin DA (2010) Targeting mTOR: prospects for mTOR
complex 2 inhibitors in cancer therapy. Oncogene 29: 3733-3744. doi:
10.1038/onc.2010.139. PubMed: 20418915.

19. Wullschleger S, Loewith R, Hall MN (2006) TOR signaling in growth
and metabolism. Cell 124: 471-484. doi:10.1016/j.cell.2006.01.016.
PubMed: 16469695.

20. Ma XM, Blenis J (2009) Molecular mechanisms of mTOR-mediated
translational control. Nat Rev Mol Cell Biol 10: 307-318. doi:10.1038/
nrm2672. PubMed: 19339977.

PI3K Pathway in Acute Lymphoblastic Leukemia

PLOS ONE | www.plosone.org 12 November 2013 | Volume 8 | Issue 11 | e80070

http://dx.doi.org/10.1016/S0165-6147(03)00163-9
http://www.ncbi.nlm.nih.gov/pubmed/12871670
http://dx.doi.org/10.1038/nrd2926
http://www.ncbi.nlm.nih.gov/pubmed/19644473
http://dx.doi.org/10.1158/0008-5472.CAN-04-3888
http://www.ncbi.nlm.nih.gov/pubmed/15781610
http://dx.doi.org/10.1038/sj.leu.2404245
http://www.ncbi.nlm.nih.gov/pubmed/16642045
http://dx.doi.org/10.1172/JCI34616
http://www.ncbi.nlm.nih.gov/pubmed/18830414
http://dx.doi.org/10.1093/emboj/16.20.6151
http://www.ncbi.nlm.nih.gov/pubmed/9321394
http://dx.doi.org/10.1038/sj.leu.2402874
http://www.ncbi.nlm.nih.gov/pubmed/12750723
http://www.ncbi.nlm.nih.gov/pubmed/9596644
http://dx.doi.org/10.1080/10428190310001625755
http://www.ncbi.nlm.nih.gov/pubmed/15160936
http://dx.doi.org/10.1182/blood-2010-12-326405
http://www.ncbi.nlm.nih.gov/pubmed/21562040
http://dx.doi.org/10.1172/JCI33337
http://www.ncbi.nlm.nih.gov/pubmed/18704194
http://dx.doi.org/10.1038/sj.leu.2403898
http://dx.doi.org/10.1038/sj.leu.2403898
http://www.ncbi.nlm.nih.gov/pubmed/16136169
http://dx.doi.org/10.1186/1756-8722-4-6
http://www.ncbi.nlm.nih.gov/pubmed/21299849
http://dx.doi.org/10.1016/j.leukres.2011.12.018
http://dx.doi.org/10.1016/j.leukres.2011.12.018
http://www.ncbi.nlm.nih.gov/pubmed/22285507
http://dx.doi.org/10.1016/j.ccr.2007.05.008
http://www.ncbi.nlm.nih.gov/pubmed/17613433
http://dx.doi.org/10.1038/onc.2010.139
http://www.ncbi.nlm.nih.gov/pubmed/20418915
http://dx.doi.org/10.1016/j.cell.2006.01.016
http://www.ncbi.nlm.nih.gov/pubmed/16469695
http://dx.doi.org/10.1038/nrm2672
http://dx.doi.org/10.1038/nrm2672
http://www.ncbi.nlm.nih.gov/pubmed/19339977


21. Hara K, Maruki Y, Long X, Yoshino K, Oshiro N et al. (2002) Raptor, a
binding partner of target of rapamycin (TOR), mediates TOR action.
Cell 110: 177-189. doi:10.1016/S0092-8674(02)00833-4. PubMed:
12150926.

22. Sarbassov DD, Guertin DA, Ali SM, Sabatini DM (2005)
Phosphorylation and regulation of Akt/PKB by the rictor-mTOR
complex. Science 307: 1098-1101. doi:10.1126/science.1106148.
PubMed: 15718470.

23. Feldman ME, Apsel B, Uotila A, Loewith R, Knight ZA et al. (2009)
Active-site inhibitors of mTOR target rapamycin-resistant outputs of
mTORC1 and mTORC2. PLOS Biol 7: e38. doi:10.1371/journal.pbio.
1000038. PubMed: 19209957.

24. Thoreen CC, Kang SA, Chang JW, Liu Q, Zhang J et al. (2009) An
ATP-competitive mammalian target of rapamycin inhibitor reveals
rapamycin-resistant functions of mTORC1. J Biol Chem 284:
8023-8032. doi:10.1074/jbc.M900301200. PubMed: 19150980.

25. Janes MR, Limon JJ, So L, Chen J, Lim RJ et al. (2010) Effective and
selective targeting of leukemia cells using a TORC1/2 kinase inhibitor.
Nat Med 16: 205-213. doi:10.1038/nm.2091. PubMed: 20072130.

26. Brown VI, Fang J, Alcorn K, Barr R, Kim JM et al. (2003) Rapamycin is
active against B-precursor leukemia in vitro and in vivo, an effect that is
modulated by IL-7-mediated signaling. Proc Natl Acad Sci U S A 100:
15113-15118. doi:10.1073/pnas.2436348100. PubMed: 14657335.

27. Abraham RT, Eng CH (2008) Mammalian target of rapamycin as a
therapeutic target in oncology. Expert Opin Ther Targets 12: 209-222.
doi:10.1517/14728222.12.2.209. PubMed: 18208369.

28. Tamburini J, Chapuis N, Bardet V, Park S, Sujobert P et al. (2008)
Mammalian target of rapamycin (mTOR) inhibition activates
phosphatidylinositol 3-kinase/Akt by up-regulating insulin-like growth
factor-1 receptor signaling in acute myeloid leukemia: rationale for
therapeutic inhibition of both pathways. Blood 111: 379-382. doi:
10.1182/blood-2007-03-080796. PubMed: 17878402.

29. Récher C, Beyne-Rauzy O, Demur C, Chicanne G, Dos Santos C et al.
(2005) Antileukemic activity of rapamycin in acute myeloid leukemia.
Blood 105: 2527-2534. doi:10.1182/blood-2004-06-2494. PubMed:
15550488.

30. Efeyan A, Sabatini DM (2010) mTOR and cancer: many loops in one
pathway. Curr Opin Cell Biol 22: 169-176. doi:10.1016/j.ceb.
2009.10.007. PubMed: 19945836.

31. Breuleux M, Klopfenstein M, Stephan C, Doughty CA, Barys L et al.
(2009) Increased AKT S473 phosphorylation after mTORC1 inhibition
is rictor dependent and does not predict tumor cell response to PI3K/
mTOR inhibition. Mol Cancer Ther 8: 742-753. doi:
10.1158/1535-7163.MCT-08-0668. PubMed: 19372546.

32. Meric-Bernstam F, Gonzalez-Angulo AM (2009) Targeting the mTOR
signaling network for cancer therapy. J Clin Oncol 27: 2278-2287. doi:
10.1200/JCO.2008.20.0766. PubMed: 19332717.

33. Lane HA, Breuleux M (2009) Optimal targeting of the mTORC1 kinase
in human cancer. Curr Opin Cell Biol 21: 219-229. doi:10.1016/j.ceb.
2009.01.016. PubMed: 19233631.

34. Chang KY, Tsai SY, Wu CM, Yen CJ, Chuang BF et al. (2011) Novel
phosphoinositide 3-kinase/mTOR dual inhibitor, NVP-BGT226, displays
potent growth-inhibitory activity against human head and neck cancer
cells in vitro and in vivo. Clin Cancer Res 17: 7116-7126. doi:
10.1158/1078-0432.CCR-11-0796. PubMed: 21976531.

35. Maira SM, Pecchi S, Huang A, Burger M, Knapp M et al. (2012)
Identification and characterization of NVP-BKM120, an orally available
pan-class I PI3-kinase inhibitor. Mol Cancer Ther 11: 317-328. doi:
10.1158/1535-7163.MCT-11-0474. PubMed: 22188813.

36. Maira SM, Stauffer F, Brueggen J, Furet P, Schnell C et al. (2008)
Identification and characterization of NVP-BEZ235, a new orally
available dual phosphatidylinositol 3-kinase/mammalian target of
rapamycin inhibitor with potent in vivo antitumor activity. Mol Cancer
Ther 7: 1851-1863. doi:10.1158/1535-7163.MCT-08-0017. PubMed:
18606717.

37. Lebwohl D, Thomas G, Lane HA, O'Reilly T, Escudier B et al. (2011)
Research and innovation in the development of everolimus for
oncology. Expert Opin Drug Discov 6: 323-338. doi:
10.1517/17460441.2011.558079. PubMed: 22647206.

38. Nijmeijer BA, Szuhai K, Goselink HM, van Schie ML, van der Burg M et
al. (2009) Long-term culture of primary human lymphoblastic leukemia
cells in the absence of serum or hematopoietic growth factors. Exp

Hematol 37: 376-385. doi:10.1016/j.exphem.2008.11.002. PubMed:
19135770.

39. Baeumler J, Szuhai K, Falkenburg JH, van Schie ML, Ottmann OG et
al. (2008) Establishment and cytogenetic characterization of a human
acute lymphoblastic leukemia cell line (ALL-VG) with ETV6/ABL1
rearrangement. Cancer Genet Cytogenet 185: 37-42. doi:10.1016/
j.cancergencyto.2008.05.001. PubMed: 18656692.

40. Ren SY, Bolton E, Mohi MG, Morrione A, Neel BG et al. (2005)
Phosphatidylinositol 3-kinase p85{alpha} subunit-dependent interaction
with BCR/ABL-related fusion tyrosine kinases: molecular mechanisms
and biological consequences. Mol Cell Biol 25: 8001-8008. doi:
10.1128/MCB.25.18.8001-8008.2005. PubMed: 16135792.

41. Bruhn MA, Pearson RB, Hannan RD, Sheppard KE (2010) Second
AKT: the rise of SGK in cancer signalling. Growth Factors 28: 394-408.
doi:10.3109/08977194.2010.518616. PubMed: 20919962.

42. Chapuis N, Tamburini J, Green AS, Vignon C, Bardet V et al. (2010)
Dual inhibition of PI3K and mTORC1/2 signaling by NVP-BEZ235 as a
new therapeutic strategy for acute myeloid leukemia. Clin Cancer Res
16: 5424-5435. doi:10.1158/1078-0432.CCR-10-1102. PubMed:
20884625.

43. Ahmad EI, Gawish HH, Al Azizi NM, Elhefni AM (2011) The prognostic
impact of K-RAS mutations in adult acute myeloid leukemia patients
treated with high-dose cytarabine. Onco Targets Ther 4: 115-121.
PubMed: 21792317.

44. Samuels Y, Velculescu VE (2004) Oncogenic mutations of PIK3CA in
human cancers. Cell Cycle 3: 1221-1224. doi:10.4161/cc.3.10.1164.
PubMed: 15467468.

45. Palomero T, Sulis ML, Cortina M, Real PJ, Barnes K et al. (2007)
Mutational loss of PTEN induces resistance to NOTCH1 inhibition in T-
cell leukemia. Nat Med 13: 1203-1210. doi:10.1038/nm1636. PubMed:
17873882.

46. Mahmoud IS, Sughayer MA, Mohammad HA, Awidi AS, El K et al.
(2008) The transforming mutation E17K/AKT1 is not a major event in B-
cell-derived lymphoid leukaemias. Br J Cancer 99: 488-490. doi:
10.1038/sj.bjc.6604512. PubMed: 18665177.

47. Müller CI, Miller CW, Hofmann WK, Gross ME, Walsh CS et al. (2007)
Rare mutations of the PIK3CA gene in malignancies of the
hematopoietic system as well as endometrium, ovary, prostate and
osteosarcomas, and discovery of a PIK3CA pseudogene. Leuk Res 31:
27-32. doi:10.1016/S0145-2126(07)70280-1. PubMed: 16764926.

48. Hummerdal P, Andersson P, Willander K, Linderholm M, Söderkvist P
et al. (2006) Absence of hot spot mutations of the PIK3CA gene in
acute myeloid leukaemia. Eur J Haematol 77: 86-87. doi:10.1111/j.
0902-4441.2006.t01-1-EJH2605.x. PubMed: 16573740.

49. He Y, Zheng J, Hu Y, Xiao H, Liu J et al. (2010) Chronic myeloid
leukemia and BCR/ABL signal pathways are not associated with AKT1
pleckstrin homology domain (E17K) mutations. Eur J Haematol 84:
87-88. doi:10.1111/j.1600-0609.2009.01350.x. PubMed: 19744127.

50. Montiel-Duarte C, Cordeu L, Agirre X, Román-Gómez J, Jiménez-
Velasco A et al. (2008) Resistance to Imatinib Mesylate-induced
apoptosis in acute lymphoblastic leukemia is associated with PTEN
down-regulation due to promoter hypermethylation. Leuk Res 32:
709-716. doi:10.1016/j.leukres.2007.09.005. PubMed: 17942153.

51. De P, Miskimins K, Dey N, Leyland-Jones B (2013) Promise of
rapalogues versus mTOR kinase inhibitors in subset specific breast
cancer: old targets new hope. Cancer Treat Rev 39: 403-412. doi:
10.1016/j.ctrv.2012.12.002. PubMed: 23352077.

52. Nawroth R, Stellwagen F, Schulz WA, Stoehr R, Hartmann A et al.
(2011) S6K1 and 4E-BP1 are independent regulated and control
cellular growth in bladder cancer. PLOS ONE 6: e27509. doi:10.1371/
journal.pone.0027509. PubMed: 22110663.

53. Kharas MG, Deane JA, Wong S, O'Bosky KR, Rosenberg N et al.
(2004) Phosphoinositide 3-kinase signaling is essential for ABL
oncogene-mediated transformation of B-lineage cells. Blood 103:
4268-4275. doi:10.1182/blood-2003-07-2193. PubMed: 14976048.

54. Levy DS, Kahana JA, Kumar R (2009) AKT inhibitor, GSK690693,
induces growth inhibition and apoptosis in acute lymphoblastic
leukemia cell lines. Blood 113: 1723-1729. doi:10.1182/
blood-2008-02-137737. PubMed: 19064730.

55. Shortt J, Martin BP, Newbold A, Hannan KM, Devlin JR et al. (2013)
Combined inhibition of PI3K-related DNA damage response kinases
and mTORC1 induces apoptosis in MYC-driven B-cell lymphomas.
Blood 121: 2964-2974. doi:10.1182/blood-2012-08-446096. PubMed:
23403624.

PI3K Pathway in Acute Lymphoblastic Leukemia

PLOS ONE | www.plosone.org 13 November 2013 | Volume 8 | Issue 11 | e80070

http://dx.doi.org/10.1016/S0092-8674(02)00833-4
http://www.ncbi.nlm.nih.gov/pubmed/12150926
http://dx.doi.org/10.1126/science.1106148
http://www.ncbi.nlm.nih.gov/pubmed/15718470
http://dx.doi.org/10.1371/journal.pbio.1000038
http://dx.doi.org/10.1371/journal.pbio.1000038
http://www.ncbi.nlm.nih.gov/pubmed/19209957
http://dx.doi.org/10.1074/jbc.M900301200
http://www.ncbi.nlm.nih.gov/pubmed/19150980
http://dx.doi.org/10.1038/nm.2091
http://www.ncbi.nlm.nih.gov/pubmed/20072130
http://dx.doi.org/10.1073/pnas.2436348100
http://www.ncbi.nlm.nih.gov/pubmed/14657335
http://dx.doi.org/10.1517/14728222.12.2.209
http://www.ncbi.nlm.nih.gov/pubmed/18208369
http://dx.doi.org/10.1182/blood-2007-03-080796
http://www.ncbi.nlm.nih.gov/pubmed/17878402
http://dx.doi.org/10.1182/blood-2004-06-2494
http://www.ncbi.nlm.nih.gov/pubmed/15550488
http://dx.doi.org/10.1016/j.ceb.2009.10.007
http://dx.doi.org/10.1016/j.ceb.2009.10.007
http://www.ncbi.nlm.nih.gov/pubmed/19945836
http://dx.doi.org/10.1158/1535-7163.MCT-08-0668
http://www.ncbi.nlm.nih.gov/pubmed/19372546
http://dx.doi.org/10.1200/JCO.2008.20.0766
http://www.ncbi.nlm.nih.gov/pubmed/19332717
http://dx.doi.org/10.1016/j.ceb.2009.01.016
http://dx.doi.org/10.1016/j.ceb.2009.01.016
http://www.ncbi.nlm.nih.gov/pubmed/19233631
http://dx.doi.org/10.1158/1078-0432.CCR-11-0796
http://www.ncbi.nlm.nih.gov/pubmed/21976531
http://dx.doi.org/10.1158/1535-7163.MCT-11-0474
http://www.ncbi.nlm.nih.gov/pubmed/22188813
http://dx.doi.org/10.1158/1535-7163.MCT-08-0017
http://www.ncbi.nlm.nih.gov/pubmed/18606717
http://dx.doi.org/10.1517/17460441.2011.558079
http://www.ncbi.nlm.nih.gov/pubmed/22647206
http://dx.doi.org/10.1016/j.exphem.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19135770
http://dx.doi.org/10.1016/j.cancergencyto.2008.05.001
http://dx.doi.org/10.1016/j.cancergencyto.2008.05.001
http://www.ncbi.nlm.nih.gov/pubmed/18656692
http://dx.doi.org/10.1128/MCB.25.18.8001-8008.2005
http://www.ncbi.nlm.nih.gov/pubmed/16135792
http://dx.doi.org/10.3109/08977194.2010.518616
http://www.ncbi.nlm.nih.gov/pubmed/20919962
http://dx.doi.org/10.1158/1078-0432.CCR-10-1102
http://www.ncbi.nlm.nih.gov/pubmed/20884625
http://www.ncbi.nlm.nih.gov/pubmed/21792317
http://dx.doi.org/10.4161/cc.3.10.1164
http://www.ncbi.nlm.nih.gov/pubmed/15467468
http://dx.doi.org/10.1038/nm1636
http://www.ncbi.nlm.nih.gov/pubmed/17873882
http://dx.doi.org/10.1038/sj.bjc.6604512
http://www.ncbi.nlm.nih.gov/pubmed/18665177
http://dx.doi.org/10.1016/S0145-2126(07)70280-1
http://www.ncbi.nlm.nih.gov/pubmed/16764926
http://dx.doi.org/10.1111/j.0902-4441.2006.t01-1-EJH2605.x
http://dx.doi.org/10.1111/j.0902-4441.2006.t01-1-EJH2605.x
http://www.ncbi.nlm.nih.gov/pubmed/16573740
http://dx.doi.org/10.1111/j.1600-0609.2009.01350.x
http://www.ncbi.nlm.nih.gov/pubmed/19744127
http://dx.doi.org/10.1016/j.leukres.2007.09.005
http://www.ncbi.nlm.nih.gov/pubmed/17942153
http://dx.doi.org/10.1016/j.ctrv.2012.12.002
http://www.ncbi.nlm.nih.gov/pubmed/23352077
http://dx.doi.org/10.1371/journal.pone.0027509
http://dx.doi.org/10.1371/journal.pone.0027509
http://www.ncbi.nlm.nih.gov/pubmed/22110663
http://dx.doi.org/10.1182/blood-2003-07-2193
http://www.ncbi.nlm.nih.gov/pubmed/14976048
http://dx.doi.org/10.1182/blood-2008-02-137737
http://dx.doi.org/10.1182/blood-2008-02-137737
http://www.ncbi.nlm.nih.gov/pubmed/19064730
http://dx.doi.org/10.1182/blood-2012-08-446096
http://www.ncbi.nlm.nih.gov/pubmed/23403624

	Differential Effects of Selective Inhibitors Targeting the PI3K/AKT/mTOR Pathway in Acute Lymphoblastic Leukemia
	Introduction
	Materials and Methods
	ALL-LTCs, cells and reagents
	Proliferation assay
	Assay for cell death
	Western blotting
	Statistical analysis

	Results
	Characterization of a newly established BCR-ABL positive human ALL-LTC harboring the T315I mutation
	BCR-ABL+ LTCs display variable responsiveness to TKI with concordance between imatinib, nilotinib and dasatinib
	Impact of BCR-ABL and TEL-ABL activity on AKT and mTOR as downstream targets of PI3K
	The effects of PI3K inhibition are independent of BCR-ABL or TEL-ABL
	Inhibition of mTORC1 blocks cell proliferation without inducing cell death irrespectively of BCR-ABL/TEL-ABL status
	Antiproliferative and proapoptotic activity of combined inhibition of PI3K, mTORC1 and mTORC2 is independent of an ABL-translocation
	Pronounced antiproliferative and proapoptotic activity of dual PI3K/mTORC1/mTORC2 inhibitors in ALL

	Discussion
	Supporting Information
	Acknowledgements
	Author Contributions
	References


