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Abstract
Background: Acute lymphoblastic leukemia (ALL) is a neoplastic disorder in which lymphoid 
progenitors of patients proliferate malignantly and accumulate in peripheral blood (PB), bone 
marrow (BM), and other sites. According to several studies, the mammalian target of rapamycin 
(mTOR), which mediates several biological processes in cells, including cell survival, 
autophagy, cell polarization, etc, is highly involved in cancer progression, chemoresistance, 
and relapse. Several studies have shown that mTOR is hyper-activated in ALL cells. Also, its 
inhibition is associated with a better response to several anticancer drugs.
Methods: In this study, the effect of mTOR inhibition along with cyclophosphamide treatment 
(an alkylating agent used for the treatment of several malignancies) was evaluated. In the current 
research, peripheral blood and bone marrow mononuclear cells from eleven ALL patients were 
treated with anti-mTOR siRNA (transfection by Lipofectamine) and cyclophosphamide. The 
efficacy of mTOR inhibition was evaluated by qRT-PCR. Next, the effect of different treatments 
was assessed by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test. 
Results: The findings demonstrated that the mTOR mRNA level was significantly reduced in 
leukemic cells when treated with mTOR siRNA-lipofectamine. Moreover, silencing mTOR 
considerably sensitized cells to cyclophosphamide. Cells treated with both cyclophosphamide 
and mTOR siRNA demonstrated the highest level of apoptosis.
Conclusion: Based on the results achieved from the cytotoxicity test, we found that mTOR 
inhibition has a synergistic effect with cyclophosphamide treatment in ALL. Therefore, this 
combination therapy can be a promising approach for treating ALL, which should be examined 
more in subsequent investigations.
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Introduction
Acute lymphoblastic leukemia (ALL) is characterized 
by the malignant expansion of lymphoblasts in the 
bone marrow (BM), which can involve T (T-ALL) or B 
(B-ALL) lineages. ALL accounts for more than 75% of 
acute leukemias in children, making it the most prevalent 
pediatric malignancy.1-3 The age distribution of ALL 
occurrences peaks in childhood and around the age of 50.4 
ALL is diagnosed by the confirmed presence of at least 
20% lymphoblasts in patients’ BM or peripheral blood 
(PB). Symptoms may include anemia, thrombocytopenia, 
leukopenia, fever, weight loss, night sweats, easy bleeding 
or bruising, weariness, dyspnea, and infection.5,6

The standard induction chemotherapy for ALL 
involves vincristine, corticosteroids, and anthracyclines.7,8 
Cyclophosphamide, an alkylating agent introduced in 

1958 as an anti-cancer drug, is used to treat various 
malignancies. Cyclophosphamide irreversibly binds to 
DNA and results in strand breaks, and therefore, cell cycle 
arrest in the S phase.9 Growing evidence illustrates the 
efficacy of cyclophosphamide treatment in ALL. Despite 
the access to different chemotherapeutics, a relapse rate 
of 15%-20% exists in ALL pediatric patients.10 In addition, 
in the elderly, only 30%-40% of patients attain sustained 
recovery, which indicates the need for novel treatments to 
improve the prognosis of patients.11

The mammalian target of rapamycin (mTOR), a 
protein kinase, is responsible for various procedures in 
cells, including cell proliferation, survival, metabolism, 
etc.12 The MTOR gene, coding for mTOR, is located on 
chromosome 1p36.2.13 mTOR acts as a core subunit of 
two different complexes including mTOR complex 1 
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(mTORC1), and mTOR complex 2 (mTORC2). Each 
of these complexes plays various roles in the biology of 
cells.14,15 mTORC1 contributes to mRNA translation and 
autophagy inhibition, and functions as an integrator for 
different signals.16 Whereas, mTORC2 helps with the 
organization of actin cytoskeletal, cell polarization and is 
also involved in generating pro-survival signals.17

The altered expression and function of mTOR 
is observed in various diseases, including diabetes, 
obesity, and cancer. The aberrant activation of mTOR 
results in tumor growth and metastasis, in ALL in 
particular, thereby, making it an ideal target for cancer 
treatment.12,18,19 It is reported that PI3K/AKT/mTOR 
pathway is over-activated in high-risk B-ALL and is 
significantly associated with chemoresistance and poor 
survival.20,21 Moreover, it is reported that in imatinib 
(a tyrosine kinase inhibitor)-resistant Philadelphia 
chromosome + (Ph + ) ALL cells, BCR/ABL oncoprotein 
induces the activation of this pathway, and mTOR 
inhibition by rapamycin (an mTOR inhibitor) helps 
overcome imatinib-resistance.22 In addition, it has been 
proved that rapalogs (rapamycin analogs that can inhibit 
mTORC1) have therapeutic properties in acute myeloid 
leukemia (AML).23-27 According to another study, 
cyclophosphamide in combination with mTOR inhibition 
demonstrated a synergistic anti-tumor effect in sarcoma 
models in vivo.28 Moreover, it has been shown that the 
combinational treatment of rapalogs with several T-ALL 
conventional therapies, such as doxorubicin, idarubicin, 
cyclophosphamide, and methotrexate induces further 
apoptosis in T-ALL cells.29

We hypothesized that mTOR inhibition and 
cyclophosphamide treatment could induce further 
cell cycle arrest and help eliminate the disease in ALL 
patients. In the following study, mTOR was inhibited 
using siRNA in ALL cells isolated from the PB and BM 
of patients. The effect of mTOR silencing combined with 
cyclophosphamide treatment on cell viability was also 
studied.

Methods
Materials
Cyclophosphamide was purchased from Cayman 
Chemical Company (IRC No: 7069750324959135). 
Human mTOR gene targeting siRNA (catalogue number: 
sc-35409), and negative control siRNA (NC-siRNA) 
were bought from Santa Cruz Biotechnology, Inc. The 
MTT Cell Proliferation Assay Kit was supplied by Sigma-
Aldrich and used following the directions provided by the 
company. 

Primary cells
After the acquisition of the ethical code (code number: 
IR.TBZMED.REC.1399.202) from the ethics review board 
of Tabriz University of Medical Sciences, heparinized PB 
and BM specimens were taken from eleven patients with 

diagnosed ALL, accompanied by informed consent. Using 
Ficoll-Paque Plus (GE Healthcare, Uppsala, Sweden), 
primary cells were isolated. Table 1 displays the patient 
demographic information.30 Patients-derived peripheral 
blood mononuclear cells (PBMCs) and bone marrow 
mononuclear cells (BMMCs) were cultured in RPMI-
1640 supplemented with 20% FBS and 2% L-glutamine. 
Viable cells were enumerated before any downstream test.

Cell transfection method 
Following the seeding of 1×104 cells/well in a 96-well plate 
and incubation for 24 hours at 37 ̊C, according to the 
company’s directions, cells were transfected with siRNA 
via Lipofectamine 2000 (Invitrogen). 

cDNA synthesis and qRT-PCR for gene expression studies
In short, after treating cells with different mixtures for 48 
hours, the total RNA of cells was extracted via a TRIzol 
reagent (Invitrogen). Subsequently, 2 μg of RNA was 
transcribed into cDNA. Using a Light-Cycler 480 real-time 
PCR system (Roche) and a SYBR Green PCR Master Mix, 
the qRT-PCR test was performed. Melting curves were 
used to quantify mTOR mRNA levels by normalizing the 
expression of mTOR with β-actin (a constantly expressed 
gene) via the 2-∆∆CT method. The sequences of the used 
primers in the current study are provided in Table 2.

Analysis of cytotoxicity and cell death
A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) test was carried out to ascertain 
the combined effect of mTOR inhibition and 
cyclophosphamide. 2×104 cells were seeded in each well 
and incubated for 24 hours. Subsequently, the plate was 
centrifuged and 100 μL of the upper medium was removed. 
The cells were then subjected to the following treatments: 
untreated, lipofectamine, scramble siRNA (60 pM), 
mTOR siRNA (60 pM), cyclophosphamide (optimized 
concentration), lipofectamine-mTOR siRNA (60 pM), 
and lipofectamine-mTOR siRNA + cyclophosphamide. 
Cells were then incubated with the aforementioned 
treatments for 24 or 48 hours. After that, 100 μL of fresh 
RPMI containing 10 μL of MTT mixture was added to 
each well. Followed by a 3 hours incubation, 100 μL of 
DMSO replaced the supernatant of each well. Eventually, 
after 30 minutes, the absorbance of wells was assessed 
using a spectrophotometer (Synergy 4, BioTek, USA). The 
test was performed in triplicate form. The viability index 
was calculated by the following equation33:

[ ]( )
[ ]( )

OD treated well blank
3) Viability 1 00

mean OD control well blank
−

= ×
−

Statistical analysis 
GraphPad Prism V9 software and a two-way ANOVA 
test was used for all the statistical analysis. Statistical 
significance was set at P < 0.05.
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Results
Cells were efficiently transfected with siRNA using 
lipofectamine
After treating cells with different pharmacological groups, 
to evaluate the efficiency of gene silencing, mTOR mRNA 
levels were assessed using qRT-PCR. The results, including 
the changes in mRNA levels of mTOR in different 
treatment categories, are provided in Figure 1. Based on 
the data acquired from qRT-PCR, no notable difference 
was observed in cells under treatment with scramble 
siRNA or lipofectamine alone. In addition, cells treated 
with free mTOR siRNA alone did not demonstrate any 
significant change in mRNA level, indicating that efficient 
siRNA transfection into cells requires a carrier. However, 
treating cells with cyclophosphamide decreased the 
expression level of mTOR slightly. Whereas, treating cells 
with lipofectamine-mTOR siRNA efficiently reduced the 
expression of mTOR mRNA when results were compared 
to other treatment groups. Also, cyclophosphamide 
synergistically decreased the expression level of mRNA 
in the cells treated with both the drug and lipofectamine-
mTOR siRNA. 

mTOR inhibition sensitizes ALL cells to cyclophosphamide 
and improves apoptosis
An MTT test was run to evaluate the effect of different 
treatments on the viability of patient-derived ALL 
cell groups following 24 or 48 hours of incubation. 
Cyclophosphamide was used in its optimal suggested 
concentration. The results are provided in Figure 2. 

Controls, including untreated, cells treated with 
lipofectamine, and mTOR siRNA alone, did not show 
any significant viability change. On the other hand, cells 
treated with cyclophosphamide or lipofectamine-mTOR 
siRNA showed a considerable reduction in viability. Also, 
according to the results, the maximum apoptosis rate was 
observed in the group treated with lipofectamine-mTOR 
siRNA + cyclophosphamide compared to the controls.

Moreover, the apoptosis was further increased after 48 
h of incubation, indicating the time-dependency of the 
treatment on the viability of ALL cells. 

Discussion
ALL, a blood-born neoplasm, is characterized by the 
excessive proliferation of lymphoid progenitors in the PB, 
BM, and extra-nodal sites. ALL mostly (80%) occurs in 
children, while it is associated with more severe diseases in 
adults (20%).1,34 Despite all the advances in chemotherapy 
strategy for ALL treatment, the adult response rate is still 
unfavorable. Thus, ALL patients need novel therapies to 
help overcome possible chemoresistance. 

Several studies indicated the correlation between mTOR 
activation and chemoresistance, cancer progression, and 
poor prognosis in ALL.14,15 mTOR is a protein kinase 
responsible for several processes happening in the cells.12 
mTOR mediates most of its function by incorporating into 
complexes called mTORC1 and mTORC2.14,15 Increased 
activity of mTORC1 and mTORC2 is alleged to have 
been a part of the development, metastasis, and relapse of 
leukemias.35 Based on another study, PI3K/AKT/mTOR 
pathway is over-activated in patient-derived B-ALL36 and 
T-ALL cells.37 mTOR hyperactivity is also reported to be 
involved in the inhibition of apoptosis through an indirect 
control over specific molecules, including p53, BAD, Bcl-
2, p21, and c-myc.38 Thus, making mTOR an ideal target 
for cancer therapy. 

Therefore, in the following study, the result of mTOR 
inhibition in combination with cyclophosphamide was 
studied. Lipofectamine was used to transfect cells with 

Table 1. the demographic data of patients

Patients Age (y) Gender
WBC

(x103/mL)
Plt

(x103/mL)
Hb 

(g/dL)

LDH level
(Nl : Up to 
480 U/L)

Hepatomegaly Splenomegaly Lymphadenopathy
C- ALL Ag

(CD10)(%)
ALL 
subtype

1 3 F 106.3 23 8.2 1801 Yes Yes Peripheral 83 Pre B-cell

2 11 M 5.1 39 12.2 1372 Yes Yes No 90 Pre B-cell

3 4 M 2.5 52 6.6 395 Yes Yes Peripheral 23 Pre B-cell

4 10 M 8 141 10.3 360 Yes Yes Peripheral 0 Pre B-cell

5 8 M 10.4 66 8.7 701 No Yes No 92 Pre B-cell

6 8 M 4.02 74 9.8 1283 Yes Yes No 0 Pre B-cell

7 6 M 9.9 8 2.4 375 NO Yes No 79 Pre B-cell

8 11 M 6.5 54 9.8 2437 Yes No Peripheral 0 Pre B-cell

9 12 M 74.2 21 9.9 1284 Yes Yes Mediastinal 0 T-cell

10 4 M 41.3 53 11.5 1525 Yes Yes Mediastinal 0 T-cell

11 9 M 56.4 57 10.1 1367 Yes Yes Mediastinal 0 T-cell

Abbreviations: WBC, white blood cells; Plt, Platelet; LDH, lactate dehydrogenase; C-ALL Ag, Common ALL antigen; Hb, hemoglobin.

Table 2. Primer sequences

Gene
Primer 
type

Sequence Reference

mTOR
Forward 5'-AAAACCTCAGCATCCAGAGATACGC-3'

31

Reverse 5'-CATCAGAGTCAAGTGGTCATAGTCCG-3'

Β-actin
Forward 5'-GAGACCTTCAACACCCCAGC-3'

32

Reverse 5'- ATGTCACGCACGATTTCCC -3'
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mTOR siRNA. qRT-PCR results demonstrated that 
cells were efficiently transfected with mTOR siRNA, 
as the mTOR mRNA level was decreased significantly 
(Figure 1). Moreover, controls (untreated, treated with 
scramble siRNA and mTOR siRNA alone) did not 

demonstrate any significant difference in the expression 
level of mTOR. Also, it was found that cyclophosphamide 
reduces the expression of mTOR in cells. This data is in 
support of a study conducted by a group of researchers, 
reporting that in mice treated with cyclophosphamide, 

Figure 1. Transfection of leukemic cells with lipofectamine-mTOR siRNA suppressed the expression of mTOR. Treatment of ALL cells purified from the 
peripheral blood and bone marrow of 11 patients with anti-mTOR siRNA using Lipofectamine led to suppressing the mTOR expression as investigated by qRT-
PCR. * represents P < 0.05 and ** indicates P < 0.01. Abbreviations: PBMC, peripheral marrow mononuclear cell; BMMC, bone marrow mononuclear cell; ns: 
non-significant.

Figure 2. Suppressing mTOR increased the sensitivity of ALL primary cells to cyclophosphamide. ALL primary cells isolated from peripheral blood and bone 
marrow of ALL patients (n = 11) were treated with the combination of anti-mTOR siRNA and cyclophosphamide. Next, the toxic effect was evaluated using an 
MTT assay after 24 and 48 hours of incubation. * represents P < 0.05 and ** indicates P < 0.01. Abbreviations: PBMC, peripheral marrow mononuclear cell; 
BMMC, bone marrow mononuclear cell; ns: non-significant; DMSO, dimethyl sulfoxide.



Sadeghi et al

          ImmunoAnalysis, 2023, 3: 1 5

after scarification, the expression of mTOR in mice 
kidneys was found to be decreased, which was found to be 
mediated by cyclophosphamide.39

Following the treatment of patient-derived ALL cells 
with different treatment groups for 24 hours or 48 hours 
(illustrated in Figure 2), an MTT test was run. According 
to the results, cells treated with cyclophosphamide 
or Lipofectamine-mTOR siRNA demonstrated a 
moderate apoptosis rate. The cell group that received 
the lipofectamine-mTOR siRNA and cyclophosphamide 
showed the highest amount of apoptosis compared to the 
controls and cells treated only with cyclophosphamide, 
indicating the synergism between cyclophosphamide and 
mTOR inhibition. Also, cell viability in response to the 
mentioned treatment demonstrated a time-dependent 
trait, as the apoptosis was higher in 48 hours treatment 
compared to 24 hours treatment. Additionally, we did not 
note any significant difference between T-ALL and B-ALL 
cells in response to the treatment. This could be due to the 
scarcity of T-ALL samples (three samples only) compared 
to B-ALL cells (eight samples). Therefore, future studies 
with a greater number of samples could help evaluate the 
difference between these two subgroups of disease.

Our results support other studies conducted about 
the role of mTOR inhibition alone or in combination 
with other chemotherapeutics in ALL,22,40,41 indicating 
that mTOR inhibition is an effective therapeutic option 
along with chemotherapy. A recent study reports that 
mTORC1 inhibition by rapamycin in combination with 
cyclophosphamide improved the survival of T-ALL-
bearing mice versus treatment with just one agent,42 which 
is in line with the results of our study. Therefore, it appears 
that silencing mTOR synergizes with cyclophosphamide 
treatment that could help with ALL treatment.

Conclusion
To sum up, based on the results of the current study, 
it seems that mTOR inhibition could be used as a 
complementary treatment along with cyclophosphamide 
to help overcome its resistance and effectively eliminate 
ALL cells, which clinical trials can further prove.

Acknowledgments
Grants from Tabriz University of Medical Sciences helped fund this 
study. (grant numbers: 64940 and 65103).

Authors’ Contribution
Conceptualization: Farhad Jadidi-Niaragh, Leili Aghebati-Maleki.
Data curation: Sina Abbaszadeh, Mohammad Sadeghi, Sina 
Rasoolzadeh.
Formal Analysis: Sina Abbaszadeh, Sina Rasoolzadeh.
Funding acquisition: Farhad Jadidi-Niaragh.
Investigation: Mohammad Sadeghi, Sina Rasoolzadeh.
Methodology: Mohammad Sadeghi, Leili Aghebati-Maleki.
Project administration: Farhad Jadidi-Niaragh.
Resources: Farhad Jadidi-Niaragh.
Supervision: Farhad Jadidi-Niaragh, Ali Akbar Movasaghpour 
Akbari, Abbas Ali Hosseinpour Feizi.
Validation: Abbas Ali Hosseinpour Feizi, Leili Aghebati-Maleki.
Visualization: Mohammad Sadeghi, Leili Aghebati-Maleki.

Writing – original draft: Mohammad Sadeghi, Leili Aghebati-
Maleki.
Writing – review & editing: Mohammad Sadeghi, Farhad Jadidi-
Niaragh, Ali Akbar Movasaghpour Akbari, Abbas Ali Hosseinpour 
Feizi.

Competing Interests
Nothing to state.

Ethical Approval
This study was approved by the ethics review board of Tabriz 
University of Medical Sciences (the ethical code: IR.TBZMED.
REC.1399.202). 

References
1. Terwilliger T, Abdul-Hay M. Acute lymphoblastic leukemia: 

a comprehensive review and 2017 update. Blood Cancer J. 
2017;7(6):e577. doi: 10.1038/bcj.2017.53.

2. Nordlund J, Syvänen AC. Epigenetics in pediatric acute 
lymphoblastic leukemia. Semin Cancer Biol. 2018;51:129-38. 
doi: 10.1016/j.semcancer.2017.09.001.

3. Ranjbar R, Karimian A, Aghaie Fard A, Tourani M, Majidinia 
M, Jadidi-Niaragh F, et al. The importance of miRNAs and 
epigenetics in acute lymphoblastic leukemia prognosis. J Cell 
Physiol. 2019;234(4):3216-30. doi: 10.1002/jcp.26510.

4. Paul S, Kantarjian H, Jabbour EJ. Adult acute lymphoblastic 
leukemia. Mayo Clin Proc. 2016;91(11):1645-66. doi: 
10.1016/j.mayocp.2016.09.010.

5. Alvarnas JC, Brown PA, Aoun P, Ballen KK, Barta SK, Borate 
U, et al. Acute lymphoblastic leukemia, version 2.2015. J 
Natl Compr Canc Netw. 2015;13(10):1240-79. doi: 10.6004/
jnccn.2015.0153.

6. Jabbour EJ, Faderl S, Kantarjian HM. Adult acute lymphoblastic 
leukemia. Mayo Clin Proc. 2005;80(11):1517-27. doi: 
10.4065/80.11.1517.

7. Scavino HF, George JN, Sears DA. Remission induction in adult 
acute lymphocytic leukemia. Use of vincristine and prednisone 
alone. Cancer. 1976;38(2):672-7. doi: 10.1002/1097-
0142(197608)38:2 < 672::aid-cncr2820380208 > 3.0.co;2-c.

8. Gottlieb AJ, Weinberg V, Ellison RR, Henderson ES, Terebelo 
H, Rafla S, et al. Efficacy of daunorubicin in the therapy of 
adult acute lymphocytic leukemia: a prospective randomized 
trial by cancer and leukemia group B. Blood. 1984;64(1):267-
74.

9. Moore MJ. Clinical pharmacokinetics of cyclophosphamide. 
Clin Pharmacokinet. 1991;20(3):194-208. doi: 
10.2165/00003088-199120030-00002.

10. Oskarsson T, Söderhäll S, Arvidson J, Forestier E, Montgomery 
S, Bottai M, et al. Relapsed childhood acute lymphoblastic 
leukemia in the Nordic countries: prognostic factors, 
treatment and outcome. Haematologica. 2016;101(1):68-76. 
doi: 10.3324/haematol.2015.131680.

11. Jabbour E, O’Brien S, Konopleva M, Kantarjian H. New 
insights into the pathophysiology and therapy of adult acute 
lymphoblastic leukemia. Cancer. 2015;121(15):2517-28. doi: 
10.1002/cncr.29383.

12. Hua H, Kong Q, Zhang H, Wang J, Luo T, Jiang Y. Targeting 
mTOR for cancer therapy. J Hematol Oncol. 2019;12(1):71. 
doi: 10.1186/s13045-019-0754-1.

13. Lench NJ, Macadam R, Markham AF. The human gene 
encoding FKBP-rapamycin associated protein (FRAP) maps to 
chromosomal band 1p36.2. Hum Genet. 1997;99(4):547-9. 
doi: 10.1007/s004390050404.

14. Saxton RA, Sabatini DM. mTOR signaling in growth, 
metabolism, and disease. Cell. 2017;168(6):960-76. doi: 
10.1016/j.cell.2017.02.004.

15. Harwood FC, Klein Geltink RI, O’Hara BP, Cardone M, Janke 
L, Finkelstein D, et al. ETV7 is an essential component of a 

https://doi.org/10.1038/bcj.2017.53
https://doi.org/10.1016/j.semcancer.2017.09.001
https://doi.org/10.1002/jcp.26510
https://doi.org/10.1016/j.mayocp.2016.09.010
https://doi.org/10.6004/jnccn.2015.0153
https://doi.org/10.6004/jnccn.2015.0153
https://doi.org/10.4065/80.11.1517
https://doi.org/10.1002/1097-0142(197608)38:2%3c672::aid-cncr2820380208%3e3.0.co;2-c
https://doi.org/10.1002/1097-0142(197608)38:2%3c672::aid-cncr2820380208%3e3.0.co;2-c
https://doi.org/10.2165/00003088-199120030-00002
https://doi.org/10.3324/haematol.2015.131680
https://doi.org/10.1002/cncr.29383
https://doi.org/10.1186/s13045-019-0754-1
https://doi.org/10.1007/s004390050404
https://doi.org/10.1016/j.cell.2017.02.004


Sadeghi et al

ImmunoAnalysis, 2023, 3: 16

rapamycin-insensitive mTOR complex in cancer. Sci Adv. 
2018;4(9):eaar3938. doi: 10.1126/sciadv.aar3938.

16. Hara K, Yonezawa K, Kozlowski MT, Sugimoto T, Andrabi K, 
Weng QP, et al. Regulation of eIF-4E BP1 phosphorylation by 
mTOR. J Biol Chem. 1997;272(42):26457-63. doi: 10.1074/
jbc.272.42.26457.

17. Zoncu R, Efeyan A, Sabatini DM. mTOR: from growth signal 
integration to cancer, diabetes and ageing. Nat Rev Mol Cell 
Biol. 2011;12(1):21-35. doi: 10.1038/nrm3025.

18. Ulińska E, Mycko K, Sałacińska-Łoś E, Pastorczak A, 
Siwicka A, Młynarski W, et al. Impact of mTOR expression 
on clinical outcome in paediatric patients with B-cell acute 
lymphoblastic leukaemia–preliminary report. Contemp Oncol 
(Pozn). 2016;20(4):291-6. doi: 10.5114/wo.2016.61848.

19. Nemes K, Sebestyén A, Márk A, Hajdu M, Kenessey I, Sticz 
T, et al. Mammalian target of rapamycin (mTOR) activity 
dependent phospho-protein expression in childhood acute 
lymphoblastic leukemia (ALL). PLoS One. 2013;8(4):e59335. 
doi: 10.1371/journal.pone.0059335.

20. Gomes AM, Soares MV, Ribeiro P, Caldas J, Póvoa V, 
Martins LR, et al. Adult B-cell acute lymphoblastic leukemia 
cells display decreased PTEN activity and constitutive 
hyperactivation of PI3K/Akt pathway despite high PTEN 
protein levels. Haematologica. 2014;99(6):1062-8. doi: 
10.3324/haematol.2013.096438.

21. Morishita N, Tsukahara H, Chayama K, Ishida T, Washio K, 
Miyamura T, et al. Activation of Akt is associated with poor 
prognosis and chemotherapeutic resistance in pediatric 
B-precursor acute lymphoblastic leukemia. Pediatr Blood 
Cancer. 2012;59(1):83-9. doi: 10.1002/pbc.24034.

22. Xing H, Yang X, Liu T, Lin J, Chen X, Gong Y. The study of 
resistant mechanisms and reversal in an imatinib resistant 
Ph + acute lymphoblastic leukemia cell line. Leuk Res. 
2012;36(4):509-13. doi: 10.1016/j.leukres.2011.12.018.

23. Récher C, Beyne-Rauzy O, Demur C, Chicanne G, Dos 
Santos C, Mas VM, et al. Antileukemic activity of rapamycin 
in acute myeloid leukemia. Blood. 2005;105(6):2527-34. doi: 
10.1182/blood-2004-06-2494.

24. Yee KW, Zeng Z, Konopleva M, Verstovsek S, Ravandi F, 
Ferrajoli A, et al. Phase I/II study of the mammalian target of 
rapamycin inhibitor everolimus (RAD001) in patients with 
relapsed or refractory hematologic malignancies. Clin Cancer 
Res. 2006;12(17):5165-73. doi: 10.1158/1078-0432.ccr-06-
0764.

25. Böhm A, Aichberger KJ, Mayerhofer M, Herrmann H, Florian 
S, Krauth MT, et al. Targeting of mTOR is associated with 
decreased growth and decreased VEGF expression in acute 
myeloid leukaemia cells. Eur J Clin Invest. 2009;39(5):395-
405. doi: 10.1111/j.1365-2362.2009.02101.x.

26. Perl AE, Kasner MT, Tsai DE, Vogl DT, Loren AW, Schuster SJ, 
et al. A phase I study of the mammalian target of rapamycin 
inhibitor sirolimus and MEC chemotherapy in relapsed and 
refractory acute myelogenous leukemia. Clin Cancer Res. 
2009;15(21):6732-9. doi: 10.1158/1078-0432.ccr-09-0842.

27. Janus A, Linke A, Cebula B, Robak T, Smolewski P. Rapamycin, 
the mTOR kinase inhibitor, sensitizes acute myeloid leukemia 
cells, HL-60 cells, to the cytotoxic effect of arabinozide 
cytarabine. Anticancer Drugs. 2009;20(8):693-701. doi: 
10.1097/CAD.0b013e32832e89b4.

28. Houghton PJ, Morton CL, Gorlick R, Lock RB, Carol 
H, Reynolds CP, et al. Stage 2 combination testing of 
rapamycin with cytotoxic agents by the Pediatric Preclinical 
Testing Program. Mol Cancer Ther. 2010;9(1):101-12. doi: 
10.1158/1535-7163.mct-09-0952.

29. Evangelisti C, Chiarini F, McCubrey JA, Martelli AM. 
Therapeutic targeting of mTOR in T-cell acute lymphoblastic 
leukemia: an update. Int J Mol Sci. 2018;19(7):1878. doi: 
10.3390/ijms19071878.

30. Hosseinpour Feizi AA, Vakili-Samiani S, Karpisheh V, 
Masjedi A, Izadi S, Adibfar S, et al. Increased susceptibility 
to doxorubicin-induced cell death in acute lymphocytic 
leukemia cells by inhibiting serine/threonine WEE1 kinase 
expression using the chitosan-carboxymethyl dextran-
polyethylene glycol-TAT nanoparticles. Journal of Drug 
Delivery Science and Technology. 2022; 77: 103868. 
doi:10.1016/j.jddst.2022.103868.

31. Zhang C, Liu J, Jin N, Zhang G, Xi Y, Liu H. SiRNA targeting 
mTOR effectively prevents the proliferation and migration of 
human lens epithelial cells. PLoS One. 2016;11(12):e0167349. 
doi: 10.1371/journal.pone.0167349.

32. Lin X, Zou X, Wang Z, Fang Q, Chen S, Huang J, et al. Targeting 
of heme oxygenase-1 attenuates the negative impact of Ikaros 
isoform 6 in adult BCR-ABL1-positive B-ALL. Oncotarget. 
2016;7(33):53679-701. doi: 10.18632/oncotarget.10725.

33. Joshi N, Hajizadeh F, Ansari Dezfouli E, Zekiy AO, Nabi Afjadi 
M, Mousavi SM, et al. Silencing STAT3 enhances sensitivity of 
cancer cells to doxorubicin and inhibits tumor progression. 
Life Sci. 2021;275:119369. doi: 10.1016/j.lfs.2021.119369.

34. Onciu M. Acute lymphoblastic leukemia. Hematol Oncol 
Clin North Am. 2009;23(4):655-74. doi: 10.1016/j.
hoc.2009.04.009.

35. Mirabilii S, Ricciardi MR, Piedimonte M, Gianfelici V, Bianchi 
MP, Tafuri A. Biological aspects of mTOR in leukemia. Int J 
Mol Sci. 2018;19(8):2396. doi: 10.3390/ijms19082396.

36. Messina M, Chiaretti S, Wang J, Fedullo AL, Peragine N, 
Gianfelici V, et al. Prognostic and therapeutic role of targetable 
lesions in B-lineage acute lymphoblastic leukemia without 
recurrent fusion genes. Oncotarget. 2016;7(12):13886-901. 
doi: 10.18632/oncotarget.7356.

37. Gianfelici V, Chiaretti S, Demeyer S, Di Giacomo F, Messina 
M, La Starza R, et al. RNA sequencing unravels the genetics 
of refractory/relapsed T-cell acute lymphoblastic leukemia. 
Prognostic and therapeutic implications. Haematologica. 
2016;101(8):941-50. doi: 10.3324/haematol.2015.139410.

38. Zeng X, Kinsella TJ. Mammalian target of rapamycin and S6 
kinase 1 positively regulate 6-thioguanine-induced autophagy. 
Cancer Res. 2008;68(7):2384-90. doi: 10.1158/0008-5472.
can-07-6163.

39. Albayrak G, Sonmez PK, Akogullari D, Uluer ET. 
Cyclophosphamide inhibits PI3K/AKT/mTOR signaling 
pathway in mice kidneys. Proceedings. 2018;2(25):1587. doi: 
10.3390/proceedings2251587.

40. Zhang C, Ryu YK, Chen TZ, Hall CP, Webster DR, Kang 
MH. Synergistic activity of rapamycin and dexamethasone in 
vitro and in vivo in acute lymphoblastic leukemia via cell-
cycle arrest and apoptosis. Leuk Res. 2012;36(3):342-9. doi: 
10.1016/j.leukres.2011.10.022.

41. Bressanin D, Evangelisti C, Ricci F, Tabellini G, Chiarini F, 
Tazzari PL, et al. Harnessing the PI3K/Akt/mTOR pathway in 
T-cell acute lymphoblastic leukemia: eliminating activity by 
targeting at different levels. Oncotarget. 2012;3(8):811-23. 
doi: 10.18632/oncotarget.579.

42. Zhang Y, Hua C, Cheng H, Wang W, Hao S, Xu J, et al. 
Distinct sensitivity of CD8 + CD4- and CD8 + CD4 + leukemic 
cell subpopulations to cyclophosphamide and rapamycin 
in Notch1-induced T-ALL mouse model. Leuk Res. 
2013;37(11):1592-601. doi: 10.1016/j.leukres.2013.09.007.

https://doi.org/10.1126/sciadv.aar3938
https://doi.org/10.1074/jbc.272.42.26457
https://doi.org/10.1074/jbc.272.42.26457
https://doi.org/10.1038/nrm3025
https://doi.org/10.5114/wo.2016.61848
https://doi.org/10.1371/journal.pone.0059335
https://doi.org/10.3324/haematol.2013.096438
https://doi.org/10.1002/pbc.24034
https://doi.org/10.1016/j.leukres.2011.12.018
https://doi.org/10.1182/blood-2004-06-2494
https://doi.org/10.1158/1078-0432.ccr-06-0764
https://doi.org/10.1158/1078-0432.ccr-06-0764
https://doi.org/10.1111/j.1365-2362.2009.02101.x
https://doi.org/10.1158/1078-0432.ccr-09-0842
https://doi.org/10.1097/CAD.0b013e32832e89b4
https://doi.org/10.1158/1535-7163.mct-09-0952
https://doi.org/10.3390/ijms19071878
https://doi.org/10.1016/j.jddst.2022.103868
https://doi.org/10.1371/journal.pone.0167349
https://doi.org/10.18632/oncotarget.10725
https://doi.org/10.1016/j.lfs.2021.119369
https://doi.org/10.1016/j.hoc.2009.04.009
https://doi.org/10.1016/j.hoc.2009.04.009
https://doi.org/10.3390/ijms19082396
https://doi.org/10.18632/oncotarget.7356
https://doi.org/10.3324/haematol.2015.139410
https://doi.org/10.1158/0008-5472.can-07-6163
https://doi.org/10.1158/0008-5472.can-07-6163
https://doi.org/10.3390/proceedings2251587
https://doi.org/10.1016/j.leukres.2011.10.022
https://doi.org/10.18632/oncotarget.579
https://doi.org/10.1016/j.leukres.2013.09.007

