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ABSTRACT

Philadelphia chromosome-positive (Ph+) Acute Lymphoblastic Leukemia (ALL) 
accounts for 25–30% of adult ALL and its incidence increases with age in adults >40 
years old. Irrespective of age, the ABL1 fusion genes are markers of poor prognosis 
and amplification of the NUP214-ABL1 oncogene can be detected mainly in patients 
with T-ALL. T cell malignancies harboring the ABL1 fusion genes are sensitive to 
many cytotoxic agents, but up to date complete remissions have not been achieved. 
The PI3K/Akt/mTOR signaling pathway is often activated in leukemias and plays a 
crucial role in leukemogenesis.

We analyzed the effects of three BCR-ABL1 tyrosine kinase inhibitors (TKIs), 
alone and in combination with a panel of selective PI3K/Akt/mTOR inhibitors, on 
three NUP214-ABL1 positive T-ALL cell lines that also displayed PI3K/Akt/mTOR 
activation. Cells were sensitive to anti BCR-ABL1 TKIs Imatinib, Nilotinib and GZD824, 
that specifically targeted the ABL1 fusion protein, but not the PI3K/Akt/mTOR 
axis. Four drugs against the PI3K/Akt/mTOR cascade, GSK690693, NVP-BGT226, 
ZSTK474 and Torin-2, showed marked cytotoxic effects on T-leukemic cells, without 
affecting the NUP214-ABL1 kinase and related pathway. Dephosphorylation of pAkt 
and pS6 showed the cytotoxicity of these compounds. Either single or combined 
administration of drugs against the different targets displayed inhibition of cellular 
viability associated with a concentration-dependent induction of apoptosis, cell cycle 
arrest in G0/G1 phase and autophagy, having the combined treatments a significant 
synergistic cytotoxic effect. Co-targeting NUP214-ABL1 fusion gene and PI3K/
Akt/mTOR signaling pathway could represent a new and effective pharmacological 
strategy to improve the outcome in NUP214-ABL1 positive T-ALL.

INTRODUCTION

T-cell acute lymphoblastic leukemia (T-ALL) is 
an aggressive malignancy characterized by proliferation 
of thymocytes at various stages of development [1]. This 
disease is reported in 10–15% of children and 25% of adult 
ALL patients, with a significant percentage of resistance 

to chemotherapy and an extremely poor prognosis 
in case of relapse [2, 3]. Nearly 8% of T-ALL patients 
harbor the ABL1 tyrosine kinase gene fusion [4]. Among 
these fusion genes, NUP214-ABL1 is the most frequent 
and highly specific for T-ALL whereas BCR-ABL1 and 
ETV6-ABL1 are very uncommon in T-ALL and are more 
frequently associated with other hematologic malignancies 
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[1]. ABL1 is reported to be fused to the BCR gene in 
chronic myeloid leukemia (CML) and in precursor B-cell 
acute lymphoblastic leukemia as a consequence of the 
Philadelphia translocation t(9;22) (q34;q11). ABL1-fusion 
proteins are involved in the pathogenesis of T-ALL despite 
the fact that they are infrequent in this hematological 
malignancy [5]. NUP214-ABL1 is a constitutively 
activated tyrosine kinase with oncogenic potential and has 
been discovered in approximately 6% of T-ALL cases. 
It has been found on small, cytogenetically invisible, 
extrachromosomal elements (episomes), associated with 
TLX1 or TLX3 expression and deletion of CDKN2A [6]. 
This and other ABL1 fusion proteins are constitutively 
phosphorylated, leading to an hyperactivation of survival 
and proliferation pathways, which can be blocked upon 
administration of Imatinib, a selective inhibitor of ABL1 
[6–8]. NUP-214 (nucleoporin 214), an FG-repeat-
containing nucleoporin, is present on the cytoplasmic side 
of nuclear pore complexes, and is necessary for transport 
between nucleus and cytoplasm, and for the regulation 
of the cell cycle [9]. Adults and children harboring 
the NUP214-ABL1 fusion gene are high-risk T-ALL 
patients, displaying an elevated white blood cell count, a 
mediastinal mass, and extramedullary involvement, often 
with early relapse and a poor outcome [10, 11]. NUP214-
ABL1 can be easily detected by molecular biology 
techniques, which represent relevant tools to diagnose and 
monitor residual disease [12]. NUP214-ABL1 is sensitive 
to Imatinib and Nilotinib ABL1 kinase inhibitors and this 
represents an attractive therapeutic strategy for NUP214-
ABL1 positive T-ALL [6, 11]. Despite this, patients under 
treatment with these inhibitors frequently relapse for the 
onset of mutations [13] and it was recently reported that 
a NUP214-ABL1 positive patient treated with Imatinib, 
after obtaining a rapid remission, fatally relapsed [12].

GZD824 is a novel tyrosine kinase inhibitor 
(TKI). Its antiproliferative activity was evaluated in 
stably transformed Ba/F3 cells whose growth is driven 
by native or mutant BCR-ABL1, which are mainly 
responsible for resistance to Imatinib as arised in clinical 
observations [14]. Moreover, GZD824 strongly inhibited 
the proliferation of human leukemia cells harboring 
BCR-ABL1, including K562 and KU-812 CML cell lines 
as well as SUP-B15 B-ALL cells, with IC50 values in 
the nanomolar range [14]. Interest is growing in multi-
component targeted therapy: the combined administration 
of several drugs is an effort to overcome drug resistance 
and to improve clinical outcome. A constitutively active 
PI3K/Akt/mTOR signaling pathway has been reported in 
many types of solid and blood tumors, including T-ALL, 
where it causes a poorer prognosis and adversely affects 
the response to therapeutic treatments [3, 15]. The PI3K/
Akt/mTOR signaling pathway is responsible for T-ALL 
survival and drug-resistance and could be targeted by 
small molecules inhibitors (SMIs) [3]. PI3K/Akt/mTOR 
inhibitors are under development for clinical use as single 

agents or in combination with standard chemotherapy for 
T-ALL treatment [16]. Aim of this study was to analyze 
for the first time the efficacy of Imatinib, Nilotinib and 
GZD824 alone and in combination with several PI3K/
Akt/mTOR inhibitors in three T-ALL cell lines, ALL-
SIL, PEER, and BE-13 harboring NUP214-ABL1 
fusion protein. Such a combination could provide a 
new therapeutic option to overcome the mechanism of 
resistance to TKI treatment of NUP214-ABL1 positive 
cells. The combination of these PI3K/Akt/mTOR 
inhibitors with BCR-ABL1 inhibitors significantly 
decreased cell viability of T-ALL cells, induced cell cycle 
block in G0/G1, apoptosis and autophagy. These findings 
provide the rationale for a new promising treatment for 
T-ALL patients harboring the rare NUP214-ABL1 fusion 
gene.

RESULTS

PI3K/Akt/mTOR network activation in NUP214-
ABL1 positive cells

By Western Blot analysis, we verified NUP214-
ABL1 presence in three T-ALL cells (ALL-SIL, PEER 
and BE-13) that reportedly display this fusion protein [17] 
(Figure 1). We then evaluated the phosphorylation level 
of two key proteins of the PI3K/Akt/mTOR signaling 
pathway in the same cell lines. All the T-ALL cells lines 
displayed phosphorylated Akt on both residues 473 and 
308, however the expression was lower in BE-13 cells 
(Figure 1). Moreover, BE-13 cells showed a weaker 
expression of the ribosomal S6 protein phosphorylated 
at Ser 235/236, which is a readout of mTORC1 activity, 
while in ALL-SIL and PEER cells basal expression of 
phosphorylated S6 protein was stronger. Total Akt and S6 
proteins were expressed in all cell types (Figure 1).

Drugs targeting PI3K/Akt/mTOR display 
cytotoxic effects in NUP214-ABL1 positive cells

We analyzed by MTS assay the IC50 values of 5 
different inhibitors, some of which targeted both mTOR 
complexes, and 5 drugs with direct inhibition of PI3K/
Akt pathway in ALL-SIL, PEER and BE-13 cell lines. 
A different sensitivity of the cells to each drugs was 
observed after 48 h of treatment. In ALL-SIL, the IC50 
values of mTOR inhibitors ranged from 0.5 to 10 μM, 
while PEER and BE-13 cells showed less sensitivity to 
the drugs, with IC50 values ≥ 10 μM. (Figure 2). Similar 
results were obtained with MTS assay of drugs against 
PI3K/Akt/mTOR. In ALL-SIL cells, the PI3K/mTOR 
inhibitor BGT226 appeared to be the most effective drug, 
with an IC50 value of 0.12 μM. The same drug was less 
potent in PEER and BE-13 cells, being the IC50 value in 
the range between 1.5 and 2.0 μM. All the other drugs 
targeting PI3K or Akt displayed an IC50 ranging from 3.2 
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Figure 1: Expression and phosphorylation status of Akt and of the mTORC1 downstream target S6 in NUP214-ABL1 
positive T-ALL cell lines. Western blot analysis of ALL-SIL, PEER and BE-13 cell lines to detect the expression and phosphorylation 
levels of NUP214-ABL1, Akt and S6 proteins. Twenty-five μg of protein were blotted on each lane. Antibody to β-Actin served as loading 
control.

Figure 2: Cytotoxic activity of PI3K/Akt/mTOR inhibitors in ALL-SIL, PEER and BE-13 cell lines. MTS assays of 
ALL-SIL, PEER and BE-13 cell lines treated with increasing concentrations of PI3K/Akt/mTOR inhibitors for 48 h. Torin-2 and BGT226 
appeared to be the most effective drugs for both cell lines. SD was less than 10%. Concentration of drugs is indicated in the X axis. O.D. 
is the abbreviation of Other Drugs. One representative experiments of three is shown. Abbreviations: RAD001, KU0063794, AZD8055, 
CCI-779, Torin-2, XL-147, MK-2206, ZSTK474, GSK690693 and BGT226 were abbreviated respectively as follows: RAD, KU, AZD, 
CCI, TOR, XL, MK, ZSTK, GSK and BGT.
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to ≥ 10 μM for ALL-SIL and > 10 μM in PEER and BE-13 
cells, respectively (Figure 2).

Cytotoxic effects of Imatinib, Nilotinib and 
GZD824 in cell lines harboring NUP214-ABL1

Given that TKIs suppress ABL1 activity, they 
may potentially be used in the treatment of patients with 
NUP214-ABL1 positive T-ALL [12]. For this reason, 
ALL-SIL, PEER and BE-13 cells were treated for 48 h 
with increasing doses of three different TKIs, Imatinib, 
Nilotinib, and GZD824, and analyzed by MTS assay. 
Results showed that in ALL-SIL cells Imatinib, Nilotinib, 
and GZD824 decreased cell viability and showed 
evident efficacy, with IC50 values ranging from 0.02 μM 
for GZD824 to 0.5 μM for Imatinib and Nilotinib. In 

PEER and BE-13 cells, Imatinib and Nilotinib showed 
less potency, while the effectiveness of GZD824 was 
confirmed, with an IC50 ≥ 0.05 μM (Figure 3A). To 
further confirm the efficacy of BCR-ABL1 and PI3K/
Akt/mTOR inhibitors, the expression of Ser473 p-Akt, 
Ser235/236 p-S6 and of Tyr207 p-CrkL, a downstream 
substrate of NUP214-ABL1 kinase [11], were evaluated 
in ALL-SIL, PEER and BE-13 cells. 4 h treatment with 
2 μM Imatinib or Nilotinib, or 0.1 μM GZD824 showed 
that the phosphorylation status of Akt on Ser473 and 
S6 on Ser235/236 remained almost unaffected, while 
the phosphorylation of CrkL was nearly abolished. This 
finding demonstrated the selectivity of Imatinib, Nilotinib 
and GZD824 (Figure 3B). At the same time, treatment for 
4 h in ALL-SIL, PEER and BE-13 cells with 0.5 μM of 
BGT226, Torin-2, ZSTK474, and GSK690693 showed an 

Figure 3: Effectiveness of Imatinib, Nilotinib and GZD824 in ALL-SIL, PEER and BE-13 cell lines. A. T-ALL cell lines 
were treated with increasing concentrations of Imatinib, Nilotinib and GZD824 for 48 h. In PEER and BE-13 cells Imatinib and Nilotinib 
showed less potency, while the effectiveness of GZD824 was confirmed. SD was less than 10%. B. Western blot analysis of phosphorylated 
Akt, S6 and CrkL in T-ALL cell lines treated for 4 h with 2 μM Imatinib or Nilotinib or 0.1 μM GZD824. Twenty-five μg of protein were 
blotted to each lane. β-Actin documented equal lane loading. Imatinib, Nilotinib and GZD824 were abbreviated in IMA, NIL and GZD. 
C. Western blot analysis of phosphorylated Akt, S6 and CrkL in T-ALL cell lines treated for 4 h with 0.5 μM of BGT226, Torin-2, ZSTK474 
and GSK690693. β-Actin served as loading control. BGT226, Torin-2, ZSTK474 and GSK690693 were abbreviated in BGT, TOR, ZSTK 
and GSK, respectively.
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almost complete shutdown of Ser473 Akt and S6 protein 
phosphorylation, while the phosphorylation status of CrkL 
was unchanged (Figure 3C).

Synergism of Imatinib, Nilotinib, and GZD824 
with the PI3K/Akt/mTOR inhibitors BGT226, 
GSK690693, ZSTK474 and Torin-2 in ALL-SIL 
and PEER cells

To better assess the effects of the simultaneous in 
vitro treatment with BCR-ABL1 and PI3K/Akt/mTOR 
inhibitors, we examined by MTS assay the efficacy of 
Imatinib, Nilotinib and GZD824 in combination with 
BGT226, GSK690693, ZSTK474 and Torin-2 for 48 
h in ALL-SIL and PEER cells. Analysis of the results 
on graphs documented the existence of a significant 
synergism between BCR-ABL1 and PI3K/Akt/mTOR 
inhibitors in ALL-SIL and PEER cells as shown in Figure 
4A and 4B. In PEER cells we repeated the experiments 
only with BGT226 and Torin-2, since these two drugs 
showed the most relevant synergism on the evidence of 
the graphs obtained.

Increased cell cycle arrest and programmed cell 
death by the synergism of BCR-ABL1 and PI3K/
Akt/mTOR inhibitors when compared with 
single administration of drugs

To evaluate whether the drugs could influence cell 
cycle progression, flow cytometric analysis was performed. 
Imatinib, Nilotinib and GZD824 were administered alone 
and in combination with Torin-2 and BGT226 drugs for 
24 h. These combinations augmented the G0/G1 cell cycle 
phase in both ALL-SIL and PEER cells, with a parallel 
decrease mainly in the S phase (Figure 5A).

To further analyze the mechanism of action of these 
drugs, Annexin-V-FITC staining was performed in all the 
three cell lines. Flow cytometric analysis showed that dual 
treatments induced a more important, statistically relevant, 
increase in apoptosis when compared to single drugs, with 
an evident synergistic effect. BE-13 cells displayed the 
lowest sensitivity to the drug combinations (Figure 5B).

NUP214-ABL1 and PI3K/Akt/mTOR inhibitors 
induced autophagy

BCR-ABL1 is a positive regulator of autophagy, 
and it is deeply involved in the regulation of this process 
[18, 19].

To determine if the drugs could induce autophagy 
in NUP214-ABL1 positive leukemia cells, Western blot 
was performed to analyze the presence of microtubule-
associated protein 1 light chain 3 LC3A/B I (non-
lipidated) and its conjugated form LC3A/B II (lipidated). 
After 24 h of treatment of ALL-SIL cells with Imatinib, 

Nilotinib, GZD824, Torin-2 and BGT226, we detected an 
increase of LC3A/B II conjugated form (Figure 6A).

To better quantify autophagy induction, the 
detection of LC3A/B was performed in ALL-SIL 
and PEER cells by flow cytometry after 24 h of drug 
treatments. Results showed that all the drugs were able 
to induce autophagy, with a more evident effect with 
GZD824. Combined treatments induced a consistent, 
statistically important, increase in autophagy when 
compared to the administration of a drug alone, thus 
showing a synergistic effect due to the combination of 
different drugs (Figure 6B).

DISCUSSION

The NUP214-ABL1 fusion gene has been described 
in about 6% of patients with T-ALL [10, 20]. NUP214-
ABL1 discovery has emphasized the T-ALL genetic 
heterogeneity, but more relevant, has revealed new 
perspectives for targeted therapies using TKIs [21].

However, it is emerging that resistance to TKIs 
could develop due to activation of other signaling 
pathways such as the PI3K/Akt/mTOR axis [22]. T-ALL 
cells frequently display aberrant activation of this 
signaling pathway, which is due to several causes [23]. We 
used ALL-SIL, PEER and BE-13 T-ALL lines. All these 
cell lines express PTEN [24, 25] in its phosphorylated 
form, hence inactivated [26] (data not shown).

With the above in mind, we decided to investigate 
whether selective inhibitors of the PI3K/Akt/mTOR could 
synergize with TKIs in T-ALL cells lines displaying 
NUP214-ABL1 fusion protein.

GSK690693, NVP-BGT226 (BGT226), ZSTK474 
and Torin-2 were used to better define their synergism 
with Imatinib, Nilotinib and GZD824, in terms of viability, 
apoptosis and cell cycle progression.

GSK690693, a small molecule ATP-competitive 
pan inhibitor of the pro-survival kinase Akt, preclinically 
tested in osteosarcoma and ALL xenografts, is now in 
phase I of clinical trials in sarcomas, neuroblastoma, non-
glioblastoma brain tumors and lymphoma [27, 28]. NVP-
BGT226 (BGT226) is an orally bioavailable dual PI3K/
mTOR inhibitor in phase I/II clinical trials for therapeutic 
management of advanced solid tumors [29–31]. ZSTK474, 
a specific PI3K class I inhibitor, decreases viability 
and causes G1 arrest and autophagy in human breast 
cancer MCF-7 cells [32]. It has been tested in melanoma 
and prostatic tumors [33, 34] and also in leukemia  
models [25].

The ATP-competitive inhibitor Torin-2 is a second-
generation drug directed against mTOR, which represents 
an encouraging therapeutic target in several human 
neoplasms, also for dual targeting treatment [35–37].

Our data showed that the TKIs used inhibited the 
proliferation of the NUP214-ABL1-positive ALL-SIL, 
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Figure 4: Synergism of Imatinib, Nilotinib and GZD824 with BGT226, GSK690693, ZSTK474 and Torin-2 in ALL-
SIL and PEER cells. A. MTS assays of ALL-SIL cell lines treated for 48 h with increasing concentrations of Imatinib, Nilotinib and 
GZD inhibitors in combination with BGT226, GSK690693, ZSTK474 and Torin-2 for 48 h. B. MTS assays of PEER cell lines treated for 
48 h with increasing concentrations of Nilotinib, Imatinib and GZD824 inhibitors either in combination with BGT226 and Torin-2 for 48 h. 
Concentration of each drug is reported under the graphs. SD was less than 8%. One representative experiment of three is shown. Imatinib, 
Nilotinib, GZD824, BGT226, Torin-2, ZSTK474 and GSK690693 were abbreviated in IMA, NIL, GZD, BGT, TOR, ZSTK and GSK.
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Figure 5: Imatinib, Nilotinib and GZD824 with BGT226 or Torin-2 induced cell cycle arrest and apoptosis in NUP214-
ABL1-positive T-ALL cell lines. A. Flow cytometric analysis of PI-stained samples in ALL-SIL and PEER cells treated with combined 
administration of Imatinib, Nilotinib, GZD824 with BGT226 or Torin-2 for 24 h. CTRL, control (untreated) cells. SD was less than 10%. 
B. Analysis of Annexin-V positive ALL-SIL, PEER and BE-13 cells. The analysis was performed after 24 h of treatment with single or 
combined drugs. Results are the mean of three different experiments ± SD. Asterisks indicate significant differences in comparison to single 
drug treated samples (*p< 0.05). Imatinib, Nilotinib, GZD824, Torin-2 and BGT226 were abbreviated in IMA, NIL, GZD, TOR and BGT.
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PEER and BE-13 cells. The third generation TKI GZD824 
exhibited a stronger anti-proliferative activity than either 
Imatinib or Nilotinib. All the TKIs fully abrogated CrkL 
phosphorylation at Tyr207 in NUP214-ABL1-positive 
cell lines. The TKIs barely inhibited the PI3K/Akt/mTOR 
pathway. This finding suggested that this signaling cascade 
is almost independent from NUP214-ABL1. Similarly, the 
drugs against PI3K/Akt/mTOR signaling did not affect 
CrkL phosphorylation.

Given the independence of these two signaling 
pathway, it is noteworthy that we found a synergistic 
effect between TKIs and SMIs that increased the efficacy 
of single drug administration.

ABL1 fusion protein have been often described 
as a cause of resistance to therapy, also related to the 
development of mutant clones in relapsed hematologic 
malignancies [38]. BCR-ABL1 independent PI3K 
activation has been reported as the cause of Imatinib 

Figure 6: Imatinib, Nilotinib and GZD824 with BGT226 or Torin-2 induced autophagy in NUP214-ABL1-positive 
T-ALL cell lines. A. Western Blot analysis in the ALL-SIL cell line treated with single administration of Imatinib, Nilotinib, GZD824, 
Torin-2 and BGT226 for 24 h. An increase of expression of fast-migrating (lipidated) LC3A/B after drug treatments is shown. Twenty-five 
μg of protein were blotted on each lane. β-Actin documented equal lane loading. B. Flow cytometric analysis of autophagy in the ALL-
SIL and PEER cell lines treated with single or combined administration of Imatinib, Nilotinib, GZD824 with Torin-2 or BGT226 for 24 h. 
CTRL, control (untreated) cells. Asterisks indicate significant differences in comparison to single drug treated samples (*p< 0.05). Imatinib, 
Nilotinib, GZD824, Torin-2 and BGT226 were abbreviated in IMA, NIL, GZD, TOR and BGT.
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resistance [22]. In agreement with our data, these authors 
showed that PI3K/Akt/mTOR activity was unaffected 
after treatment with Imatinib [22]. In Ph+ leukemic cell 
lines Nilotinib resistance was overcome by the blockade 
of PI3K/mTOR by using PI3K/mTOR inhibitor BEZ235 
and through translational down regulation of MDM2 [39]. 
These observations were carried out mainly on CML cells 
that express the BCR-ABL1 fusion protein.

Currently, the addition TKIs to cytotoxic agents 
constitutes the therapeutic mainstay for BCR-ABL1-
positive B-ALL patients [2].

We extended these studies to a different ABL1 
fusion protein, NUP214-ABL1 and we used a third 
generation TKI combined with a large panel of inhibitors 
of the PI3K/Akt/mTOR axis.

The mechanism of resistance to ABL1 inhibitors 
could be observed also in NUP214-ABL1 positive T-ALL 
[12]. Indeed, it has been very recently reported two 
cases with refractory B-ALL and NUP214-ABL1 fusion 
[24, 40].

On the basis of the results obtained, it is justified to 
hypothesize that a combined therapy consisting of ABL1 
TKIs and PI3K/Akt/mTOR inhibitors may offer a new 
therapeutic option for T-ALL patients carrying NUP214-
ABL1 fusion kinase to overcome the resistance to TKIs.

We demonstrated here that autophagy is increased 
when NUP214-ABL1 harboring cells are treated with 
TKIs or SMIs, alone or in combination. Combining 
autophagy inhibitors with different drugs for the treatment 
of Ph+ leukemias may result in synergistic responses and 
may open new therapeutic options [41].

TKI therapy renders treatable NUP214-ABL1 
subgroup of patients with T cell malignancies [12]. The 
TKIs investigated in this study showed different levels 
of efficacy with the NUP214-ABL1 ALL cell lines 
used: efficacy increased from first (Imatinib) to second 
(Nilotinib) to third (GZD824) generation.

More relevant, TKIs administration when associated 
with SMIs against PI3K/Akt/mTOR showed a marked 
synergistic effect. This association might form a novel 
scheme to treat TKI-resistant NUP214-ABL1 T-ALL 
patients.

MATERIALS AND METHODS

Materials

RPMI-1640 medium, fetal bovin serum (FBS), 
penicillin and streptomycin were from Lonza (Lonza 
Milano SRL, Milan, Italy). Imatinib, Nilotinib, RAD001, 
GZD824, GSK690693, XL-147, MK-2206, ZSTK474, 
BGT226, KU0063794, CCI-779, AZD8055 and Torin-2 
were provided by Selleck Chemicals (Houston, TX, USA).  
For cell viability determination, CellTiter 96(R) AQueous 
One Solution Assay (MTS) was purchased from Promega 
(Milan, Italy). Annexin V/7-AAD, Cell Cycle, Autophagy 

LC3 Activation detection kits were used for the analysis 
with the Muse™ Cell Analyzer from Merck-Millipore 
(Milan, Italy). All the antibodies were from Cell Signaling 
Technology (Danvers, MA, USA), including the rabbit 
secondary antibody. The mouse secondary antibody was 
from Sigma Aldrich (Milan, Italy). Signals were detected 
with the ECL Plus reagent purchased from Perkin Elmer 
(Boston, MA, USA).

Cell culture and Western blot analysis

The T-ALL cell lines ALL-SIL, PEER and BE-
13 were obtained from Deutsche Sammlung von 
Mikroorganismen und Zellkulturen GmbH (Braunschweig, 
Germany). The cells were grown in RPMI 1640 medium 
supplemented with 20% heat-inactivated FBS, 100 units/
ml penicillin and 100 mg/ml streptomycin. The cells 
were grown at a density of 0.5 to 2 x 106 cells/ml and 
were incubated at 37°C with 5% CO2. Western Blot 
analysis was performed by standard methods as described 
elsewhere [42].

Cell viability analysis

T-ALL cell lines were plated at 5 x 104 or 2 x 104 
cells per well, in 96-well plates with RPMI-1640 
medium supplemented with 20% FBS. The inhibitors 
were included in media at increasing concentrations. 
Viable cell number was assessed 48 h postplating by the 
methanethiosulfonate-based viability assay (CellTiter 96 
Aqueous One Solution Reagent, Promega, Milan, Italy) as 
described elsewhere [43].

Cell cycle and apoptosis analysis

Cell cycle analysis was performed using the Muse™ 
Cell Analyzer (Merck Millipore, Milan, Italy). In brief, 
after 24 h of treatment, cells were harvested, centrifuged 
at 300 x g for 5 min and washed once with 1X PBS. After 
fixing them with 70% ethanol for at least 3h at -20°C, cells 
were centrifuged at 300 x g for 5 min, washed once with 
1X PBS and then 200 μl of Muse™ Cell Cycle reagent 
was added to each tube with an incubation of 30 min at 
room temperature in the dark. Samples were then analyzed 
according to the instrument protocol.

Moreover, analysis of apoptosis was performed 
by Annexin-V/7-AAD-Assay using the Muse™ 
Cell Analyzer. In brief, cells treated with increasing 
concentrations of the drugs, were harvested after 24 h 
of treatment and a 100 μl cell suspension was labeled 
for 20 min in the dark with the same volume of the  
Muse™ Annexin-V & Dead Cell reagent (Merck 
Millipore). Subsequently, quantitative detection of 
Annexin-V/7-AAD positive cells was performed with the 
Muse™ Cell Analyzer.
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Autophagy analysis and detection of 
endogenous LC3

Autophagy analysis was performed using the 
Muse™ Cell Analyzer. In brief, 8 x 104 cells were plated 
in 96 well plates and treated with the different drugs 
for 24 or 48 h. Then, cells were harvested, treated with 
Autophagy Reagent A for 2-6 h, washed with Assay 
Buffer, incubated for 30 minutes in the dark with Anti-
LC3 Alexa Fluor®555 Antibody. Samples were then 
analyzed according to the instrument protocol.

Statistical evaluation

The data are presented as mean values from three 
separate experiments ± s.d. Data were statistically 
analyzed by a Dunnet test after one-way analysis of 
variance (ANOVA) at a level of significance of P<0.05 vs 
control samples [44].
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