
Abstract. Background: Inhibition of signal transduction
pathways has been successfully introduced into cancer
treatment. The dual phosphatidylinositol 3-kinase (PI3K) and
mammalian target of rapamycin (mTOR) inhibitor NVP-
BEZ235 has antitumor activity in vitro against solid tumors.
Here, we examined the activity of NVP-BEZ235 in acute
lymphoblastic leukemia (ALL) cells and the best modalities for
combination approaches. Materials and Methods: ALL cell
lines (SEM, RS4;11, Jurkat and MOLT4) were treated with
NVP-BEZ235 alone, or in combination with cytarabine (AraC),
doxorubicin (Doxo) or dexamethasone (Dexa). Results: NVP-
BEZ235 potently inhibited the proliferation and metabolic
activity of ALL cells. Antiproliferative effects were associated
with G0/G1 arrest and reduced levels of cyclin-dependent
kinase 4 (CDK4) and cyclin D3. Inhibition of PI3K and mTOR
activity was detected at 10 and 100 nM. NVP-BEZ235
combined with AraC, Doxo or Dexa synergistically enhanced
the cytotoxicity compared to single-drug treatment, even in
glucocorticoid-resistant cells. Conclusion: NVP-BEZ235
displays pronounced antiproliferative effects in ALL cells and
might therefore be a useful drug in the treatment of ALL. 

Acute lymphoblastic leukemia (ALL) is characterized by
uncontrolled precursor lymphocyte proliferation and blocked
differentiation. In recent years, protocols for diagnosing and
treating ALL have been improved, particularly for pediatric

ALL, and have achieved cure rates up to 80% (1). Despite
progress in the therapy of childhood ALL, adults with ALL
still have a poor prognosis. In contrast to pediatric ALL, the
overall survival rates in adults range between 27 and 54% (2,
3). This might be due to different sensitivity to therapies and
toxicities, as well as to the different nature of pediatric
compared to adult ALL. 

Novel targeted therapeutic approaches have been
developed and successfully introduced in the treatment of
cancer such as leukemia. The tyrosine kinase inhibitor
imatinib and analogs such as dasatinib and nilotinib lead to
improved response rates and have become an essential
element in the patients treatment with Philadelphia
chromosome-positive ALL patients (4, 5). The identification
of new key molecules and the development of specific agents
are important factors to further improve the therapy of ALL.
Several studies have identified multiple genetic alterations of
oncogenes, tumor suppressor genes and apoptosis regulators
that affect signaling pathways and enhance leukemogenesis
(6-8). Moreover, different studies of acute leukemia showed
that aberrant signaling of phosphatidylinositol 3-kinase
(PI3K)/AKT promotes cell transformation and malignant
progression (9-11). Functional studies of the PI3K/AKT
pathway in ALL are limited and need further investigation. 

Activation of PI3K catalyzes the conversion of
phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidy-
linositol-3,4,5-trisphosphate (PIP3) and leads to phosphory-
lation of the protein kinase AKT. AKT is the central key
component of this pathway and phosphorylates several
substrates that are involved in various cellular processes, such
as cell growth, cell survival, proliferation and metabolism.
AKT activates the mammalian target of rapamycin (mTOR) by
inhibiting tuberous sclerosis complex due to phosphorylation.
The mTOR protein exists in two distinct complexes (mTORC1
and mTORC2). Whereas mTORC1 is sensitive to rapamycin,
mTORC2 activates AKT by phosphorylation at Ser473 (12-14).
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Blockade of PI3K/AKT and mTOR signaling might
represent a rational approach for proliferation inhibition of ALL
cells. The new imidazoquinoline derivative NVP-BEZ235
inhibits class I PI3K catalytic activity, as well as mTOR kinase
activity, by capturing its ATP-binding site (15). NVP-BEZ235
has previously been shown to block the growth and proliferation
of different cancer cell types (e.g. sarcoma, multiple myeloma,
breast cancer and T-ALL) and is being investigated in phase I
clinical trials for therapy of solid tumors (16-19).

In the present study, we analyzed the effects of the dual
PI3K and mTOR inhibitor NVP-BEZ235 on B- and T-ALL
cells. Our results demonstrate that NVP-BEZ235 has
antiproliferative effects in vitro and seems to be suitable for
the use in combination with conventional cytostatics.

Materials and Methods

Cell lines and cell culture. ALL cell lines with different PI3K/AKT
activity were used. The human ALL cell lines SEM, RS4;11 (both
B-ALL), as well as Jurkat and MOLT4 (both T-ALL), were
purchased from DSMZ (Braunschweig, Germany) and cultured
according to the supplier’s protocols. Media were supplemented
with 10% heat-inactivated fetal bovine serum (PAA, Pasching,
Austria) and 1% penicillin and streptomycin (Biochrom AG, Berlin,
Germany). All cells were grown in an incubator at 37˚C with 5%
CO2 humidified atmosphere.

Drugs. The dual PI3K and mTOR inhibitor NVP-BEZ235 was a
kind gift from Novartis (Basel, Switzerland) and was dissolved in
dimethyl sulfoxide (DMSO). Stock solution aliquots were stored at
4˚C. Cytarabine (AraC) and doxorubicin (Doxo) were purchased
from Cell Pharm GmbH (Bad Vilbel, Germany) and dissolved in 5%
NaCl (B. Braun Melsungen AG, Melsungen, Germany).
Dexamethasone (Dexa) was used from Mibe GmbH (Brehna,
Germany). Working solutions were prepared freshly before addition
to cell media. Control cells were cultured in a medium containing
the same concentration of DMSO as the NVP-BEZ235-treated cells.
NVP-BEZ235 concentrations were chosen in accordance with the
half maximal inhibitory concentration (IC50) values of enzyme
kinetic assays for PI3K and mTOR (15).

Inhibition experiments and drug combination studies. Cells (5 ×
105/well) were seeded in 24-well plates (Nunc, Langenselbold,
Germany) and treated with NVP-BEZ235 (1 nM- 100 nM) for up to 72
h. NVP-BEZ235 was investigated as a single drug and in combination
with AraC, Doxo and Dexa, respectively. In combination studies, cells
were incubated with NVP-BEZ235 (10 nM) alone and in combination
with sub-IC50 concentrations of cytostatics and used as follows: AraC:
2.5 μM for RS4;11, 0.125 μM for SEM, 0.05 μM for Jurkat and
MOLT4; Doxo: 25 nM for all cell lines; Dexa: 0.1 μM for RS4;11, 1
μM for SEM, 10 μM for Jurkat and MOLT4. The IC50 values for each
drug had been determined in previous experiments. Cytostatics were
added either at the time of cell seeding simultaneously with NVP-
BEZ235, or 24 h before, or after NVP-BEZ235 treatment. 

Analyses of apoptosis. Cells were stained with Annexin V-
Fluorescein isothiocyanate (FITC) (BD Biosciences, Heidelberg,
Germany) and propidium iodide (PI) (Sigma Aldrich, St. Louis,

MO, USA) and analyzed by flow cytometry as previously described
(20). Measurement of apoptotic (Annexin V-FITC+ and PI–) and
necrotic cells (Annexin V-FITC+ and PI+) was performed using
FACSCalibur (Becton and Dickinson, Heidelberg, Germany). Data
were analysed with CellQuest software (Becton Dickinson,
Heidelberg, Germany).

Proliferation studies. Cell counts were determined using trypan blue
staining. Metabolic activity was determined using tetrazolium
compound WST-1 (Roche, Mannheim, Germany) as previously
described (20). The assay is based on the reduction of the
tetrazolium salt WST-1 to soluble formazan by mitochondrial
dehydrogenases of the cells. The amount of formazan dye directly
correlates to the number of metabolically active cells. 

Cell cycle analysis. After 72 h treatment, cells were harvested and
washed twice in phosphate buffered saline (PBS). Cells were fixed
with 70% ethanol and incubated with 1 mg/ml Ribonuclease A
(Sigma-Aldrich) for 30 min at 37˚C. Subsequently, cells were
washed twice in PBS and stained with 50 μg/ml PI. DNA content
was analyzed by flow cytometry on a FACSCalibur Cytometer
(Becton and Dickinson). Data analysis was performed using
CellQuest software (Becton Dickinson). 

Western blot. For protein extraction, 1 × 106 cells were washed
twice in PBS and lysed with RIPA buffer (50 mM Tris HCl pH 7.4;
150 mM NaCl; 0.1% SDS and 1% NP40) including protease and
phosphatase inhibitors (Roche Applied Science, Mannheim,
Germany). 

Equal amounts of protein samples (25 μg) were separated by
sodium dodecyl sulfate-polyacrylamide gel (8% or 15%)
electrophoresis and transferred onto a polyvinylidene fluoride
membrane (Amersham Biosciences, Buckinghamshire, UK).
Membranes were blocked in 5% milk or 5% bovine serum albumin
and incubated at 4˚C overnight with the following polyclonal
antibodies: rabbit anti-pERK1/2 (Thr202/Tyr204), rabbit anti-ERK,
rabbit anti-pAKT(Thr308), rabbit anti-pAKT(Ser473), rabbit anti-
AKT, rabbit anti-p15INK4B, rabbit anti-p27KIP1, mouse anti-cyclin-
dependent kinase 4 (CDK4), mouse anti-cyclin D3 (all Cell
Signaling, Frankfurt Main, Germany), rabbit anti-pFOXO3A Thr32
and rabbit anti-FOXO3A (both Upstate, Temecula, CA, USA). As
loading control, blots were incubated with mouse anti-
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Invitrogen,
Carlsbad, USA). Specific horseradish peroxidase-conjugated
secondary antibodies (anti-mouse or anti-rabbit) were used. Blots
were re-probed using Restore Plus Western Blot stripping buffer
(Pierce, Rockford, IL, USA). Signals were detected with ECL Plus
reagent (Amersham Biosciences; Buckinghamshire, UK) and a CCD
camera (Kodak Digital Science Image Station 440CF, Kodak,
Rochester, NY, USA).

Statistical analysis. Experiments were conducted in triplicates and
results within each experiment are described using mean±standard
deviation (SD). Significant effects (*α=0.05) were determined by
using the two-sample Student’s t-test. The nature of interaction
between NVP-BEZ235 and other drugs was characterized using Bliss
additivism model. This analysis was used to calculate the expected
effect (EBLISS) of drug treatment combinations using the equation
EBLISS=EA + EB – EA × EB, where EA and EB are fractional
inhibitions obtained by drug A and drug B alone. Drugs were exactly
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additive when EBLISS are correlated with the fractional inhibition
effect. Synergism would be achieved when the experimentally
measured fractional inhibition is greater than EBLISS (21, 22). 

Results

NVP-BEZ235 inhibits proliferation and metabolic activity of
ALL cells. The influence of the dual PI3K and mTOR
inhibitor on proliferation in ALL cell lines SEM, RS4;11,
Jurkat and MOLT4 was analyzed. Furthermore, we evaluated
the metabolic activity by measuring mitochondrial
dehydrogenase activity in cells using the WST-1 assay. Cells
were incubated with three different concentrations of NVP-

BEZ235 (1 nM, 10 nM and 100 nM). Results are summarized
in Figure 1. Cell proliferation and metabolic activity of all
investigated ALL cell lines were significantly inhibited at a
NVP-BEZ235 concentration of 100 nM (p<0.05 for NVP-
BEZ235 vs. DMSO). Treatment with 10 nM NVP-BEZ235
also inhibited the proliferation and reduced mitochondrial
dehydrogenase activity of SEM, RS4;11 and Jurkat cells, but
not of MOLT4 cells. Next, we investigated whether the
reduced cell proliferation was related to apoptosis. In T-ALL
cells, slight increases of apoptotic and necrotic cell fractions
were observed with 100 nM NVP-BEZ235. B-ALL cells did
not undergo apoptosis after NVP-BEZ235 treatment. 
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Figure 1. NVP-BEZ235 inhibits cell proliferation and metabolic activity in B- and T-ALL. SEM, RS4;11, Jurkat and MOLT4 cells were treated with
the indicated concentration of NVP-BEZ235 for 72 h. The proliferation (A) and metabolic activity (B) of all cell lines was significantly inhibited by
NVP-BEZ235, with most pronounced effects at 100 nM. Apoptotic (Annexin V-FITC+ and propidium iodide–; C) and necrotic cells (Annexin V FITC+

and propidium iodide+; D) were determined by flow cytometry. A slight increase of apoptosis and necrosis rates was observed in Jurkat and MOLT4
cells following 100 nM NVP-BEZ235 treatment. Results are displayed as the mean±SD of three independent experiments. 
*Significant treatment effect vs. DMSO control, α=0.05.



NVP-BEZ235 induces cell cycle arrest. Based on the
observed inhibition of cell proliferation, we evaluated the
effect of NVP-BEZ235 treatment on cell cycle progression
after 72 h. Cell cycle analyses of SEM and Jurkat cells by
flow cytometry using PI staining of DNA content are
displayed in Figure 2A. Consistent with the antiproliferative
effects of 10 nM and 100 nM NVP-BEZ235, an increase of
G0/G1 phase cells was detected in SEM, RS4;11 and Jurkat
cells, accompanied by a reduction of cells in the S and M
phases. The most potent G0/G1 arrest was induced in SEM
cells with 100 nM NVP-BEZ235. The mean values for
G0/G1 elicited with 100 nM NVP-BEZ235 were 90.3% (vs.
62.6% DMSO) in SEM cells, 83.7% (vs. 64.5% DMSO) in
RS4;11 cells, 77.8% (vs. 57.2% DMSO) in Jurkat cells and
78.3% (vs. 70.5% DMSO) in MOLT4 cells. 

As a result of cell cycle arrest in the G0/G1 phase, a
downregulation of CDK4 and cyclin D3 was detected 24 h

after NVP-BEZ235 treatment at 10 nM and at 100 nM in
SEM and at 100 nM in Jurkat cells (Figure 2B). Concomitant
increased levels of the CDK2 inhibitor p27KIP1 were also
detected in Jurkat cells, but not in SEM cells after NVP-
BEZ235 treatment, the protein expression level of the CDK4
inhibitor p15INK4B decreased in both cell lines.

NVP-BEZ235 affects PI3K/AKT/mTOR signaling in ALL
cells. Inhibition of PI3K and mTOR was analyzed by
determining the phosphorylation status of AKT, FOXO3A,
p70-S6K and 4E-BP1 using western blotting. The results are
summarized in Figure 3. A permanent reduction of
phosphorylated p70-S6K and 4E-BP1 was achieved with 
10 nM and 100 nM NVP-BEZ235. Reduction of levels of
phosphorylated AKT (Thr308 and Ser473) and FOXO3A
(Thr32) occurred in a time- and concentration-dependent
manner. Treatment resulted in the decrease of p-AKT and p-

ANTICANCER RESEARCH 32: 463-474 (2012)

466

Figure 2. NVP-BEZ235 induces cell cycle arrest in the G0/G1 phase. A: Cell cycle distribution was determined by DNA staining with propidium
iodide and flow cytometry. NVP-BEZ235 induces an increase of cells in the G0/G1 phase in B- and T-ALL cells. *Significant treatment effects vs.
DMSO control, α=0.05. B: Total cell lysates (25 μg) were analyzed by western blot to detect cell cycle-specific regulator proteins CDK4, p27KIP1,
cyclin D3 and p15INK4B. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as control for equal loading. The reduction of CDK4 and
cyclin D3 resulted in G0/G1 arrest and was detected with 100 nM NVP-BEZ235 in SEM and Jurkat cells.



FOXO3A with 1 nM, 10 nM and 100 nM NVP-BEZ235
after 24 h. An increase of expression of the same proteins
was observed with 10 nM and 100 nM NVP-BEZ235 48 h
after treatment. Furthermore, incubation with 10 nM and 
100 nM NVP-BEZ235 for 48 h led to increased levels of
pERK1/2 (Thr202/Tyr204) in SEM cells (Figure 4A). In
Jurkat cells pERK signaling was not detectable (Figure 4B).

NVP-BEZ235 synergized with cytostatics. We investigated
whether NVP-BEZ235 synergized with other anticancer
agents used for ALL treatment, offering an advantage over
monotherapy. Cell lines were incubated with either NVP-
BEZ235, AraC, Doxo or Dexa alone, or in a NVP-BEZ235-
drug combination. To investigate the ideal conditions of the
combination treatments, cytotoxic drugs were added

simultaneously, 24 h before, or 24 h after the administration
of NVP-BEZ235. Figure 5 shows the effects of all
combination experiments in B- and T-ALL cells regarding
cell proliferation 72 h after treatment. Bliss analysis was
used to classify the effects of combination treatments,
revealing that 10 nM NVP-BEZ235 acts synergistically in
combination with all tested drugs.
For AraC: In SEM and Jurkat cells, inhibition of proliferation
was stronger when AraC was added 24 h before, or
simultaneously with NVP-BEZ235. For example in SEM
cells, proliferation in combination with AraC was reduced by
up to 68% (reductions: NVP-BEZ235+AraC: 64%, NVP-
BEZ235+AraC 24 h: 54%, AraC+NVP-BEZ235 24 h: 68%).
In contrast, in single-drug treatment, proliferation was less
inhibited, by up to 44% with NVP-BEZ235 and up to 50%
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Figure 3. NVP-BEZ235 blocks the PI3K/AKT/mTOR pathway. SEM and Jurkat cells were treated with NVP-BEZ235 at the indicated concentrations
and time periods. Cells were lysed and cell extracts were separated on SDS-PAGE, transferred to membranes and blotted with indicated antibodies.
A: NVP-BEZ235 induced a constant down-regulation of p-p70S6K (Thr389) and p-4E-BP1 (Ser65 and Thr70). B: Inhibition of pAKT (Thr308 and
Ser473) and pFOXO3A (Thr32) was inconsistent and a recovery was observed with 10 and 100 nM NVP-BEZ235 in both cell lines at 48 h after
treatment. GAPDH was used as control for equal loading. 



with AraC (Figure 6). In RS4;11 and MOLT4 cells, inhibition
of proliferation did not change when AraC was provided
previously to or simultaneously with NVP-BEZ235. In both
cell lines, inhibition of proliferation seemed to have similar
effects in all combination treatments. For example, in RS4;11
cells, the fraction of viable cells decreased in combination by
58% to 61% (NVP-BEZ235+AraC: 58%, NVP-
BEZ235+AraC 24 h: 61%, AraC+NVP-BEZ235 24 h: 58%).
However, none of the observed differences between
combinations in any of the administration schemes with NVP-
BEZ235 and AraC were statistically significant (Figure 6). 
For Doxo: Pretreatment with Doxo 24 h before NVP-
BEZ235 was added to cell culture seemed to be less effective
(Figure 5). Instead, for all cell lines, inhibition of
proliferation was stronger when NVP-BEZ235 was given
prior to or concomitant with Doxo, except for MOLT4 cells,
where concomitant or pretreatment with Doxo seemed to
have similar effects. For instance, for Jurkat cells, in
combination with Doxo cell viability decreased by up to 60%
(NVP-BEZ235+Doxo: 60%, NVP-BEZ235+Doxo 24 h:
60%, Doxo+NVP-BEZ235 24 h: 47%) compared to single-
drug treatment (NVP-BEZ235: 47%, Doxo: 25%). However,
none of the observed differences between NVP-BEZ235 and
Doxo combination treatments reached statistical significance
in any cell line (Figure 6).

NVP-BEZ235 reduces glucocorticoid resistance. Next, we
tested the combination of the glucocorticoid agent Dexa and
NVP-BEZ235 in B-and T-ALL cell lines. Maximal inhibition
of proliferation was obtained in Jurkat cells when NVP-
BEZ235 was added simultaneously with Dexa (p<0.0001) in
comparison to pretreated cells (Figure 6). In detail,
proliferation in combination with Dexa was reduced by up
to 73% (NVP-BEZ235+Dexa:73%, NVP-BEZ235+Dexa
24h: 67% and Dexa+NVP-BEZ235 24 h: 55%, Figure 5),

whereas single-drug treatment reduced the fraction of viable
cells by up to 47% with NVP-BEZ235 and up to 11% with
Dexa (Figure 6). 

In contrast, inhibition of proliferation in RS4;11 cells was
stronger when Dexa was used first. However, the observed
differences between preincubation of cells with NVP-
BEZ235 or Dexa vs. concomitant treatment with both drugs
reached no statistical significance. 

Discussion

Targeting altered signaling pathways offers new therapeutic
options in the treatment of leukemia. In recent years, several
new substances have been developed and investigated in a
number of tumor types in both pre-clinical models and
clinical trials. In the present study, we investigated
antiproliferative effects of the new compound NVP-BEZ235
in ALL cells. 

Firstly, significant inhibition of cell proliferation and
metabolic activity was observed with nanomolar
concentrations of the dual inhibitor. We also demonstrated
that NVP-BEZ235 induced G0/G1 cell cycle arrest in ALL
cells by inhibiting the expression of CDK4 and cyclin D3
proteins. Furthermore, progression from G1 to S phase is
blocked by up-regulation of the cyclin-dependent kinase
inhibitors p15INK4-B and p27KIP1. The protein levels of CDK
inhibitors were different after NVP-BEZ235 treatment.
Whereas p27KIP1 expression was increased in Jurkat cells,
p15INK4B protein expression was reduced following NVP-
BEZ235 treatment in SEM and Jurkat cells. In addition to
p15INK4B the cyclin D–CDK4 complex is also regulated by
p16INK4A, p18INK4C and p19INK4D and it seems that the
G0/G1 cell cycle arrest is not induced by the up-regulation
of p15INK4B protein expression due to PI3K/AKT and mTOR
inhibition (23).
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Figure 4. NVP-BEZ235 activates ERK signaling. SEM and Jurkat cells were treated with NVP-BEZ235 for the indicated time periods. Cells were
lysed and cell extracts were analyzed by western blot. A: Treatment with 100 nM NVP-BEZ235 increased pERK1/2 (Thr202/Tyr204) protein expression
in SEM cells. B: Expression of pERK1/2 (Thr202/Tyr204) protein was not detected in Jurkat cells. GAPDH was used as control for equal loading. 
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Figure 5. Combination of NVP-BEZ235 with cytotoxic drugs induces synergistic effects. ALL cell lines were treated both, separately with 10 nM NVP-
BEZ235 and in combination with a cytotoxic drug (cytarabin, AraC; doxorubicin, Doxo; or dexamethasone, Dexa), in which the cytotoxic drugs were
added simultaneously, 24 h before, or 24 h after treatment with NVP-BEZ235. Results are displayed at 72 h after treatment. Concentrations for
cytotoxic drugs were chosen based on earlier determined IC50 concentrations and used as follows: AraC: 0.125 μM for SEM, 2.5 μM for RS4;11,
0.05 μM for Jurkat and MOLT4; Doxo: 25 nM for all cell lines; Dexa: 1 μM for SEM, 0.1 μM for RS4;11, 10 μM for Jurkat and MOLT4. Synergism
between combinations was analyzed using the Bliss additivism model. The mean inhibition of proliferation (% of control) from three independent
combination experiments compared to theoretical inhibitory effect (EBLISS) is shown. The inhibitory effects in all combination experiments were
greater than EBLISS values, reflecting synergism when NVP-BEZ235 was combined with AraC, Doxo and Dexa. 



Marginal effects on apoptosis were obtained in T-ALL cells
with the highest concentration of NVP-BEZ235. In different
studies NVP-BEZ235 has shown antitumor activity for
various types of cancer, such as breast cancer, multiple
myeloma and lymphoma (17, 18, 24). Consistent with other
studies, inhibition of mTOR led to cell cycle arrest in the
G0/G1 phase and induced apoptosis to a lesser extent (25-27).

Secondly, we showed that NVP-BEZ235 suppressed PI3K
and mTOR activity in B- and T-ALL cells by reducing
phosphorylated forms of AKT, FOXO3A, p70-S6K and 4E-
PB1. Phosphorylation of AKT was reduced in a time- and
concentration-dependent manner. Moreover, we observed a
restoration of AKT activity with an increase of pAKT at 

48 h. Frequently, inhibition of mTORC1 is linked with an
activated kinase activity of the rapamycin-insensitive
mTORC2 complex and is described as a side-effect of single
mTOR inhibition (28, 29). In several studies, mTORC2
promoted phosphorylation of AKT at Ser473 and it seems
that this feedback loop functions as a rescue mechanism of
cells due to mTOR kinase inhibition (30-32).

Single inhibition of mTOR might be limited and not
efficient, whereas inhibition of several kinases to prevent
feedback loops is conceivable. With enzyme kinetic analyses,
it was demonstrated that NVP-BEZ235 inhibits PI3K and
mTOR activity at nanomolar concentrations (15). Moreover,
NVP-BEZ235 is structurally different from current lipid
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Figure 6. Combination of NVP-BEZ235 with cytotoxic drugs inhibits cell proliferation. ALL cell lines were treated separately with 10 nM NVP-BEZ235
and in combination with a cytotoxic drug (cytarabin, AraC; doxorubicin, Doxo; or dexamethasone, Dexa), in which the cytotoxic drugs were added either
simultaneously, 24 h before, or 24 h after treatment with NVP-BEZ235. Concentrations for cytotoxic drugs were as follows: AraC: 0.125 μM for SEM,
2.5 μM for RS4;11, 0.05 μM for Jurkat and MOLT4, Doxo: 25 nM all cell lines, Dexa: 1 μM for SEM, 0.1 μM for RS4;11, Dexa: 10 μM for Jurkat and
MOLT4. Viable cell numbers that were counted using t-r-ypan blue staining 72 h after treatment are shown. Statistically significant effects were detected
as indicated by *at p<0.004, the Bonferroni adjusted significance level for 13 pairwise tests per administration scheme.



kinase inhibitors and is active against different isoforms of
PI3K, including PI3Kα mutants (15). Due to the fact that
NVP-BEZ235 should block mTORC1 and mTORC2
signaling, activation of AKT phosphorylation after NVP-
BEZ235 treatment must be induced in another way otherwise
inhibition of mTORC2 by NVP-BEZ235 is not stable. 

It was described that p-p70-S6K exhibited negative
feedback loop function to the adaptor protein Insulin receptor
substrate 1 (IRS-1) and PI3K. Down-regulation of p-p70-
S6K increases the levels and the activity of IRS-1 and
enhances PI3K/AKT signaling. In that, combination of NVP-
BEZ235 with an insulin-like growth factor 1 receptor (IGF1-
R) inhibitor may prevent a recovery of pAKT. In breast and
prostate cancer cell lines pAKT signaling was also increased
over a time period of 48 h. Treatment with an IGF-R1
inhibitor in combination with NVP-BEZ235 led to
prevention of AKT activation in those cells (18). Baumann
et al. treated multiple myeloma cells with the mTOR
inhibitor RAD001 and the IGF1-R inhibitor NVP-AEW541,
and observed an enhanced inhibition of cell proliferation. In
addition, both drugs led to a stronger dephosphorylation of
mTOR substrates (33).

In comparison to other studies, it seems that AKT activity
is completely inhibited with higher concentrations of NVP-
BEZ235. We treated ALL cells with low nanomolar
concentrations and investigated PI3K/AKT signaling over a
time period of 48 h. In contrast, Baumann et al. incubated
multiple myeloma cells with 1 μM NVP-BEZ235 and
analyzed phosphorylation of AKT between 4-16 h (17). In
another study, different T-ALL cells were treated with 200
nM NVP-BEZ235 and phosphorylated forms of AKT and
downstream substrates of mTOR were completely inhibited
over a time period of 6 h (19). However, both studies
demonstrated a stable inhibition of AKT with higher
concentration or in a limited time course. Treatment with a
higher concentration likely avoids reactivation of AKT and
may increase apoptosis, but it is not clear if such
concentrations of NVP-BEZ235 are well tolerated in clinical
settings.

Moreover, we obtained an increase of pERK levels in SEM
cells after NVP-BEZ235 treatment. This might explain
moderate numbers of apoptotic cells. Crosstalk between
PI3K/AKT/mTOR and ERK signaling was described in other
studies by IRS-1 activation and caused by mTOR inhibition
(34, 35). Combination of NVP-BEZ235 with RAS inhibitors
could abrogate the activation of the feedback loop and lead to
more antiproliferative effects. In fact, there are some studies
that have investigated a combined inhibition of PI3K/AKT and
RAS/RAF/MEK/ERK signaling and demonstrated an increase
of apoptosis compared to single agent inhibition (36-38).
Nishioka et al. treated AML cells together with RAD001 and
the MEK inhibitor AZD6244 and proved that both drugs
potentiated the antileukemic effect and enhanced apoptosis

(36). Similar results were obtained in a study by Faber et al.
with lung and breast cancer cells following NVP-BEZ235 and
MEK inhibitors (37). In neuroendocrine tumor disease,
combination of NVP-BEZ235 with RAF inhibitor RAF265
was also more efficient than single treatment with either
kinase inhibitor (38). These results indicate that combinations
of PI3K-mTOR and RAS/RAF/MEK/ERK inhibitors prevent
the activation of the feedback loop and promise effective
inhibition of both pathways. 

Combination of anticancer drugs targeting different cell
processes is the backbone for many chemotherapy regimes.
However, particularly in targeted therapies, little is known
about the best sequence in which to combine the new
inhibitors with conventional cytostatic drugs. In the present
study, we analyzed whether NVP-BEZ235 has synergistic
potential towards ALL cells with AraC, Doxo, or Dexa.
Additionally, we investigated the best modalities for
administration of NVP-BEZ235 with a second drug. 

Inhibitory treatment effects of all combination experiments
on proliferation become Bliss synergistic. Like others, we
demonstrated that co-treatment of NVP-BEZ235 with Doxo
or AraC enhanced antiproliferative effects (17, 19, 39). 

To enhance synergistic effects, we presumed that
pretreatment with AraC or Doxo might potentiate the in vitro
effect of NVP-BEZ235, because treatment with NVP-
BEZ235 induced G0/G1 arrest by reducing the proportion of
cells in S and M phase. Integration of AraC might be
restricted whereas DNA intercalation by Doxo is active
towards cells during several phases of the cell cycle.
Differences in proliferation inhibition on administration of
NVP-BEZ235 with AraC were detectable but no uniform
pattern was identified. Enhanced antiproliferative effects
were observed when AraC was added 24 h before or
simultaneously with NVP-BEZ235 on SEM and Jurkat cells,
but not on MOLT4 and RS4;11 cells. Pretreatment of NVP-
BEZ235 or concomitant exposure to NVP-BEZ235 and
Doxo increased cytotoxicity in SEM, RS4;11 and Jurkat cells
but not in MOLT4 cells. Our results indicate that
pretreatment with AraC might enhance antiproliferative
effects of NVP-BEZ235. There are only few studies which
investigated a therapy regime in vitro combining cytotoxic
agents and kinase inhibitors. Levis et al. elucidated that
pretreatment with chemotherapy induced synergistic effects,
whereas exposure with fms-like tyrosine kinase receptor-3
(FLT3) inhibitor CEP-701 followed by AraC administration
resulted in antagonistic effects (40). Zhou et al. suggest that
chemotherapies are less efficacious when cells are under
quiescent condition due to pre-treatment with inhibitors (41).
In contrast, Janus et al. showed that treatment with
rapamycin (mTORC1 inhibitor) is more effective when AraC
is added 24 h later (42). In T-cell lymphomas, simultaneous
treatment with RAD001 (everolimus) and Doxo, or even
pretreatment with Doxo had synergistic effects, whereas
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pretreatment with RAD001 resulted in antagonistic effects
(43). Series of experiments are warranted to show whether
or not pretreatment with cytostatic agent potentiates
synergistic effects in NVP-BEZ235-treated cells.

Additionally, we investigated the combination of NVP-
BEZ235 with dexa in B- and T-ALL cells. Several studies
demonstrated that Jurkat and MOLT4 cells are resistant to
Dexa (44, 45). The development of glucocorticoid resistance is
poorly understood and varies with cell type, genetic alterations
and dysregulation of signaling pathways (44, 46, 47). In
hematological malignancies, altered signaling pathways such
as PI3K/AKT/mTOR, MYC and Mitogen-activated protein
kinases (MAPK) are often associated with glucocorticoid
resistance. Recent studies demonstrated that inhibition of
mTOR overcomes resistance and converts Dexa-resistant cells
to Dexa-sensitive cells (44, 48). In multiple myeloma cells and
T-ALL cells rapamycin overcame Dexa resistance by inhibiting
mTOR activity (49, 50). For the T-ALL cells, we chose high
doses of Dexa (10 μM) and confirmed glucocorticoid
resistance. Compared with single-agent therapy, combination
of NVP-BEZ235 with Dexa enhanced antiproliverative effects
in MOLT4 and Jurkat cells. Furthermore, we investigated the
influence of the application schedule. It seems that
simultaneous treatment with NVP-BEZ235 and Dexa restores
the sensitivity of glucocorticoid resistance favorably compared
to pretreatment with Dexa. This result indicates that NVP-
BEZ235 might be especially valuable for glucocorticoid-
resistant ALL. 

Conclusion

The current study shows that NVP-BEZ235 blocks cell
proliferation and induces cell cycle arrest by inhibiting cyclin
D3 and CDK4 protein expression. Moreover PI3K/AKT and
mTOR signaling is reduced following NVP-BEZ235 treatment
of ALL. NVP-BEZ235 synergizes with conventional cytotoxic
drugs and overcomes glucocorticoid resistance in T-ALL cells.
Therefore, the dual inhibitor NVP-BEZ235 should be
investigated in clinical studies of patients with ALL.
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