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Abstract 

Low-grade gliomas (LGG) are the most common brain tumors in children. Surgical resection followed by chemo-radiotherapy 
currently remains the optimal treatment although many tumors are not suitable for surgical intervention and/or they do progress 
despite conventional chemotherapy. Considering the significant role of the mTOR signalling pathway in carcinogenesis and glioma 
progression, extensive efforts have been dedicated to counteracting its hyperactivation in cancer cells, leading to the development of 
various mTOR inhibitors for cancer treatment. This study aimed to investigate the effects of two mTOR inhibitors (Rapamycin and 
Sapanisertib) on cell viability, toxicity and tumor invasiveness in two well-established human paediatric low-grade glioma models. 
Our data show that mTOR inhibitors are effective in reducing the proliferation of both RES 186 and 259 cell lines.  However, after 
long-term treatments an activation of MAPK kinase pathway occurs. In addition RAPA and SAP are able to reduce cell migration, 
through the reduction of Nf-Kb and S6 protein. Some differences emerged between the drugs. Sapanisertib was found to be more 
effective than rapamycin, as antiproliferative but not as antimigratory drug. 

Introduction

Paediatric-type diffuse gliomas have been recognized as distinct 
from those affecting adults, leading to a separate classification in 
the 2021 WHO guidelines. These tumours are categorized into 
low-grade and high-grade groups [1]. Low-grade gliomas (LGG) 
are the most common brain tumors in children. They include 
four primary types: a) diffuse astrocytoma with MYB/MYBL1 
alteration; b) angiocentric glioma; c) diffuse low-grade glioma 
with alterations of the mitogen-activated protein kinase (MAPK) 
signaling pathway; d) polymorphic low-grade neuroepithelial 

tumors of the young (PLNTY) [2].

Regarding the treatment of paediatric gliomas, various 
therapeutic options are available. Surgical resection, followed by 
chemotherapy and/or radiotherapy in selected patients, remains the 
optimal treatment [3], although many tumors are not suitable for 
surgical intervention and/or they do progress despite conventional 
chemotherapy. Furthermore, there is no standard treatment 
regimen for relapsed disease, although several regimens have been 
evaluated.
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Considering such unmet medical need, it is crucial to explore and 
develop effective novel strategies for paediatric refractory and/or 
recurrent low-grade gliomas (pLGG), addressed to ensure long-
term control of tumor growth while minimizing toxicity. These 
strategies should also aim to avoid neurological, cognitive, and 
endocrine side effects, thus enhancing the overall quality of life 
[4].

The molecular pathology of pLGGs often involves the dysregulation 
of MAPK pathway, which is crucial in the control of cell growth, 
differentiation, and survival. 

Both sporadic pediatric and neurofibromatosis type 1 (NF1)-
associated LGGs exhibit abnormal signaling upstream of mTOR, 
caused by mutations in receptor tyrosine kinases, or, more 
commonly in the case of sporadic LGGs, through alterations in 
BRAF [5].

In fact, almost all pLGGs exhibit aberrant activation of the RAS/
MAPK pathway, commonly associated to alterations of BRAF and 
FGFR1 genes [6]. Such dysregulation in the MAPK pathway may 
result in downstream hyperactivation of the mammalian target of 
rapamycin (mTOR) pathway, which further contributes to tumor 
growth and progression [7].

The mammalian target of rapamycin, mTOR is an intracellular 
serine/threonine kinase consisting of 2550 amino acids. [8]. mTOR 
is considered a member of the phosphoinositide 3-kinase (PI3K) 
family, due to the presence of a catalytic domain similar to those 
of PI3K lipid kinases. mTOR plays a crucial role in regulating 
various biological processes such as cell growth, proliferation, 
protein synthesis [9], immunity, autophagy, apoptosis, metabolism, 
and cell survival, integrating various extracellular and intracellular 
signals to maintain cellular homeostasis [10]. Considering the 
significant role of the mTOR signalling pathway in carcinogenesis 
and glioma progression, extensive efforts have been dedicated to 
counteracting its hyperactivation in cancer cells, leading to the 
development of various mTOR inhibitors for cancer treatment 
[11]. 

mTOR can form two distinct functional complexes: mTORC1, 
which is involved in the control of cell growth and metabolism, and 
mTORC2, which mainly regulates cell proliferation and survival. 
These complexes differ in their sensitivity to rapamycin and its 
analogues, as well as in their ability to interact with different ligands 
[12]. Despite the well-documented anti-neoplastic properties of 
the selective mTORC1 inhibitor rapamycin, its use as antitumor 
agent has been hampered by various reasons, including its inability 
to inhibit survival pathways regulated by mTORC2–Akt [13], 
and its poor solubility and poorly predictable pharmacokinetic 
profile [14]. These limitations have been partially overcome by the 

introduction of some rapamycin analogs, called “rapalogs”, which 
are currently used in the treatment of some solid tumors [11]. In 
the field of pLGGs, the rapalog Everolimus is now being tested 
for progressive/recurrent pLGGs, showing a high tolerability 
profile [15]. Despite promising preliminary results, the rapamycin 
analogues had limited use, mainly because of the development of 
resistance [16].

To address the above-described limitations of rapamycin and 
its analogues, second-generation mTOR inhibitors have been 
developed, which target both mTORC1 and mTORC2 complexes 
by competing with ATP at the mTOR kinase active site [17]. Dual 
inhibition of mTORC1 and -2 could effectively block the PI3K/
Akt signaling pathway and prevent its reactivation after treatment 
by simultaneously targeting three key enzymes: PI3K, Akt, and 
mTOR [18].

Sapanisertib (CB-228, TAK-228, MLN0128) is among the most 
promising dual mTOR inhibitors. Administered orally, it shows a 
high safety and tolerability profile and is currently in phase II clinical 
development. Sapanisertib is under investigation in patients with 
glioblastoma [19], renal, pancreatic [20], endometrial, bladder, and 
breast cancers [21], as well as sarcoma and non-Hodgkin B-cell 
lymphoma [10]. Some studies have shown that sapanisertib not 
only inhibits the growth of hepatocellular carcinoma (HCC) but 
also increases its susceptibility to sorafenib and cabozantinib [22]. 

Given the high unmet medical need in the treatment of paediatric 
recurrent and refractory LGGs, and the significant involvement of 
mTOR pathway in the pathogenesis of the disease, this study aimed 
to investigate the effects of Sapanisertib on cell viability, toxicity 
and tumor invasiveness in well-established human paediatric 
glioma models [23]. The effects of sapanisertib were compared to 
those of the first-in-class mTOR inhibitor Rapamycin.

Materials and Methods

Cell Lines

Low-grade pediatric glioma cell lines, RES 186 (RRID:CVCL_
DG03) and RES 259 (RRID:CVCL_DG10), were kindly provided 
by Professor Antonio Ruggiero. RES186 and RES 259 were derived 
from a 3-year-old female patient with pilocytic astrocytoma and a 
4-year-old female patient with diffuse astrocytoma, respectively 
[23]. Pediatric glioma cell lines were cultured in DMEM F12 
(Corning, New York, NY, USA) supplemented with 10% FBS 
(Gibco, Thermo Fisher Scientific Inc., Waltham, MA, USA), 100 
U/mL penicillin-streptomycin (Gibco, Thermo Fisher Scientific 
Inc., Waltham, MA, USA) and 2 mM L-glutamine (Corning, New 
York, NY, USA) and were maintained at 37 °C and 5% CO₂. All 
experiments were performed in a culture medium also containing 
1% FBS.
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Reagents

Rapamycin (RAPA) was purchased from Sigma-Aldrich (St. 
Louis, MO, USA), while Sapanisertib (SAP) was provided by 
Merck & Co (Kenilworth, NJ, USA). Both drugs were dissolved 
in DMSO to obtain a 10 mM stock solutions. 

Cell Viability Assay

The XTT assay (TACS® XTT Cell Proliferation Assay Kit, R&D 
Systems, Inc. Minneapolis, MN) was performed following the 
manufacturer’s instructions. RES 186 and RES 259 cell lines were 
seeded in a 96-well plate at a density of 10,000 cells/well. After 
24 h of seeding, cells were treated with various concentrations of 
Sapanisertib, ranging from 10 pM to 100 nM, and Rapamycin, 
ranging from 100 pM to 100 nM. The concentrations were chosen 
based on previously published data [24]. The XTT assay was 
performed at 72 hours and at 6 days. Cell viability was assessed 
by measuring absorbance at 490 nm using a microplate reader 
(Victor 4, PerkinElmer, Waltham, MA, USA) and was expressed 
as a percentage of viability relative to untreated controls.

Bradford Assay

The Bradford assay (Quick Start™ Bradford Protein Assay Kit, 
Biorad, Hercules, CA, USA) was performed to quantify protein 
levels following treatments with RAPA and SAP at the same 
concentrations used in the cell viability assay. A standard curve 
was generated ranging from 1 mg/ml to 0 mg/ml using bovine 
serum albumin (BSA) as a standard. Cells were lysed in 100 μL 
of Triton with the addition of a protease inhibitor (Sigma Aldrich) 
diluted 1:500. Subsequently, 10 μL of each treatment were assayed 
to calculate the amount of protein present in each well, measured 
as a function of absorbance at 570 nm using a microplate reader 
(Victor 4, PerkinElmer, Waltham, MA, USA).

Cytotoxicity Assay 

The LDH assay (CytoTox 96® Non-Radioactive Cytotoxicity 
Assay, Promega, Madison, WI, USA) was performed following 
the manufacturer’s instructions. Paediatric glioma cell lines were 
seeded and treated using the same paradigm used for the XTT 
assay. The amount of extracellular and intracellular LDH was 
assayed by measuring absorbance at 490 nm using a microplate 
reader (Victor 4, PerkinElmer, Waltham, MA, USA). Extracellular 
LDH was measured in the culture medium collected at the end 
of the treatment, while intracellular LDH was measured in the 
cell lysate obtained after adding 100 μL of Triton with a protease 
inhibitor diluted 1:500. Results were expressed as a percentage 
of extracellular LDH over total LDH (where the total LDH is 
calculated as extracellular + intracellular content).

Cell Migration 

RES 186 and RES 259 were seeded on a membrane of a 12-well 
transwell filter (Corning, New York, NY, USA) at a density of 
20,000 cells/well under serum-free conditions. RAPA (10nM), 
SAP (10nM and 100nM), both diluted in 10% FBS medium, 
were added to the bottom of the well, directly in contact with the 
membrane on which the cells were seeded. After approximately 18 
hours in the incubator, the cells were washed with PBS containing 
Ca+2 and Mg+2 and then fixed with 4% formaldehyde. After 
washing with PBS containing Ca+2 and Mg+2 and with 100X 
methanol, the cells were stained with Giemsa, previously diluted 
1:20 in distilled water, and incubated for 45 minutes. Subsequently, 
the cells were washed with acidified distilled water, and the well 
membrane was fixed on a slide. Then, cells were counted using a 
microscope (Zeiss Axiofot, East Lyme, CT, USA). 

RNA Extraction and Quantification 

Pediatric glioma cell lines were seeded in a 6-well plate at a density 
of 500,000 cells/well. RES 186 and 259 were treated with RAPA 
(1 nM and 10 nM) and SAP (1 nM, 10 nM, 100 nM) for 24 hours. 
RNA was extracted using Trizol (TRI Reagent®, Sigma-Aldrich, 
St. Louis, MO, USA). Subsequently, the total amount of extracted 
RNA was measured using a Qubit fluorometer (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer’s instructions. 
For each sample, 1 µg of RNA was retro-transcripted using the 
PrimeScript™ RT Reagent Kit. After retro- transcription, DNase/
RNase-free distilled water (UltraPure™ DNase/RNase-Free 
Distilled Water, Invitrogen, Carlsbad, CA, USA) was added to 
each sample to obtain a final concentration of 10 μg/ml of cDNA.   

RT-PCR 

The previously retro-transcripted amount of cDNA was 
measured using real-time RT-PCR on an AriaMx system (Agilent 
Technologies, Santa Clara, CA, USA), employing the Brilliant III 
Ultra-Fast SYBR Green QPCR Master Mix (Agilent Technologies, 
Santa Clara, CA, USA). The RT-PCR was conducted under the 
following conditions: 35 cycles of denaturation at 95°C for 20 
seconds; annealing and extension at 60°C for 20 seconds. The 
primers used to evaluate gene expression were: a) h β-actin: C12 
F (50-ACG TTG CTA TCC AGG CTG TGC TAT-30) and D01 R 
(50-TTA ATG TCA CGC ACG ATT TCC CGC-30) b) h ADAM17: 
R1744 (50-AAG GAC TGT TCC TGT CAC TGT-30) and F1612 
(50-GTT TGT GGG AAC TGC AGG GT-30); c) hADAM 10: 
R507 (50-ATA CTG ACC TCC CAT CCC CG-30) and F 375 (50-
TTC TCC CTC CGG ATC GAT GT-30).
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Western Blot 

RES 186 and RES 259 cells were seeded at a density of 15,000 
cells/cm² in 25 cm² flasks and treated for 6 days with RAPA 10 
nM and SAP 10 nM and 100 nM, with a medium change after 
3 days. At the end of the treatments, cells were scraped in PBS 
without Ca+2 and Mg+2 and centrifuged at 1200 rpm for 5 
minutes. Subsequently, after aspirating the supernatant, the cells 
were lysed in RIPA buffer [1 mM EDTA, 150 mM NaCl, 1% 
igepal, 0.5% sodium deoxycholate, 50 mM Tris-HCl, pH 8.0, and 
0.1% SDS (Sigma-Aldrich, St. Louis, MO, USA)], supplemented 
with a protease inhibitor, diluted 1:250 (Sigma–Aldrich, St. Louis, 
MO, USA). The samples were then subjected to an additional 
centrifugation cycle at 4 °C, 13000 rpm, for 10 minutes. At the end 
of this procedure, protein quantification was performed using the 
Bradford method to evaluate the total amount of protein present in 
each sample. For our experiments, 7% polyacrylamide home-made 
gels and precast gels (Invitrogen, Carlsbad, CA, USA) were used, 
on which 80 μg of protein were loaded. Samples were previously 
mixed with an LDS buffer [4X Bolt™ LDS Sample Buffer (Cat. 

No.: B0007—Novex, Carlsbad, CA, USA)] and a reducing agent 
[10X Bolt™ Sample Reducing Agent (Cat. No.: B0009—Novex, 
Carlsbad, CA, USA)] and placed at 95 °C for 5 minutes before 
performing electrophoresis. At the end of the electrophoretic run, 
the proteins were transferred to a polyvinylidene fluoride (PVDF) 
membrane (Invitrogen, Carlsbad, CA, USA) using an iBlot™ 
transfer device (Invitrogen, Carlsbad, CA, USA), and incubated 
with gentle shaking with various primary antibodies, either at 4 
°C overnight or at room temperature for 2 hours. At the end of the 
incubation, the primary antibody was removed and, after washing 
with TBS-T, the secondary antibody was added and incubated 
with the membrane for one hour. Both primary and secondary 
antibodies were diluted in Flex solution (iBind™Flex Solution 
Kit, Invitrogen, Carlsbad, CA, USA) and are reported in Table 
1. After further washes in TBS-T, the bands were detected by 
chemiluminescence (ChemiDoc™ XRS, Biorad, Hercules, CA, 
USA), by immersing the membrane in ECL (SuperSignal™ West 
Pico PLUS Chemiluminescent Substrate, Thermo Scientific™, 
Rockford, IL, USA, and Pierce™ ECL Western Blotting Substrate). 
In table 1 a description of antibodies used.

Antibody Diluition Producer
Total S6 Ribosomal Protein 1/1000 Cell Signaling
p-S6 Ribosomal Protein (Ser 235/236)  1/1000 Cell signaling
Total EGF Receptor 1/1000 Cell signaling
N-Cadherin 1/1000 BD Bioscience
p-CREB (Ser 133) 1/1000 ThermoFisher
Total Creb 1/500 ThermoFisher
Total Erk 1/2 1/1000 Cell signaling
p-Erk1/2 (Thr202/Tyr204) 1/1000 Cell signaling
Total MEK 1/1000 Cell signaling
p- MEK (Ser 217/221) 1/1000 Cell signaling
NFκB 1/1000 Cell signaling
β-actin 1/1000 Sigma
Anti-mouse 1/3000 Sigma
Anti- rabbit 1/15000 Jackson Immuno Research

Table 1: Antibodies used for western blot analysis.
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Statistical Analysis

Each experiment was repeated at least three times. All statistical analyses were performed using PrismTM software (GraphPad, San 
Diego, CA, USA- RRID:SCR_002798). Data were analysed using a one-way ANOVA, followed by Dunnett’s test. Statistical significance 
was determined at the α = 0.05 level.

Results

Effect of RAPA and SAP on Cell Viability in Two Paediatric pLGG Cell Lines

The effects of RAPA and SAP on cell viability in RES 186 and RES 259 were evaluated following 72-hour and 6-day treatments. 
RAPA and SAP caused a dose-dependent decrease in RES 186 cell viability. This effect was observed both by the XTT assay and by the 
measurement of protein levels (Fig 1A and B). Nevertheless, RAPA and SAP showed differences. In fact, at the maximum concentration 
tested (100 nM), after 72 hours RAPA reduced cell viability by 20% while SAP reached 50% cell death. Similarly, the differences remain 
marked after 6 days: RAPA 100 nM reduced by 40% while SAP100 nM reduced cell viability by 60%. (Fig 1D and E). 

Figure 1: Evaluation of treatment toxicity and the effect on cell survival in RES 186 with RAPA by XTT assay (A: 72h, D:6 days), 
protein quantity (B: 72h, F:6 days) and LDH assay (C: 72h, E: 6 days). XTT data (A, D) are expressed as a percentage relative to the 
untreated cells (control = 100%) and are means ± SEM. One-way ANOVA analysis, followed by Dunnett’s post-test, was conducted. * 
p < 0.05, ** p < 0.01, **** p < 0.0001. Panel B and E show protein quantity expressed as µg/µl at 72 h and 6 days, respectively. Data 
are means ± SEM and one-way ANOVA analysis, followed by Dunnett’s post-test, was carried out. * p < 0.05, ** p <0.01, *** < 0.005, 
**** < 0.0001. Panel C and F show the extracellular/total LDH ratio treated for 72 h (C) and 6 days (F) Data are means ±SEM and one-
way ANOVA analysis, followed by Dunnett’s post-test, was carried out. **** < 0.0001. All p values were calculated versus the control 
sample.

In addition, an evaluation of the cellular damage induced by the two drugs was performed. The extracellular LDH/total LDH ratio, an 
index of cytotoxicity, was found to increase with RAPA and SAP at both 72 hours and 6 days (Fig 1 C and F). In this context there are 
no differences between the two drugs.
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In RES 259 cells, both RAPA and SAP showed lower efficacy. At 72 hours, all doses of RAPA reduced viability by about 10%, while 
only with SAP 100nM was able to reduce by 20% (Fig 2A and B). Regarding the evaluation of treatment cytotoxicity, at 72 hours a 
slight increase in the extracellular LDH/total LDH ratio can be appreciated, reaching the highest percentage with RAPA 10nM and SAP 
100nM (Fig 2C).

Figure 2: Evaluation of treatment toxicity and the effect on cell survival in RES 259 with RAPA, by XTT assay (A: 72h), protein 
quantity (B: 72h) and LDH assay (C: 72h). XTT data (A) are expressed as a percentage relative to the untreated cells (control = 100%) 
and are means ± SEM. One-way ANOVA analysis, followed by Dunnett’s post-test, was conducted* p < 0.05, ** p < 0.01, *** p < 0.005, 
**** p < 0.0001. Panel B shows protein quantity expressed as µg/µl at 72 h, respectively. Data are means ± SEM and one-way ANOVA 
analysis, followed by Dunnett’s post-test, was carried out. * p < 0.05, ** p < 0.01, **** < 0.0001. Panel C shows the extracellular/total 
LDH ratio treated for 72 h (C) Data are means ±SEM and one-way ANOVA analysis, followed by Dunnett’s post-test, was carried out. 
* p < 0.05, ** p < 0.01, **** p < 0.0001. All p values were calculated versus the control sample.

Effect of RAPA and SAP on the MAP kinase pathway

The effect of RAPA and SAP was also evaluated on the MAP 
kinase pathway (Fig 3), which, as above described, is frequently 
altered in pediatric gliomas [25]. In RES186, although the 
phosphorylation of MEK at Ser 217/222 was increased, the total 
MEK levels were significantly reduced without differences by 
both treatments. In turn, the target of MEK, the ERK kinase (p42/
p44), showed the same trend as MEK, with a significant increase 
in its phosphorylation following treatment with SAP 100nM, and 
with a decrease in total MEK levels that do not vary particularly 
among the three pharmacological treatments. Finally, regarding 
the levels of total and phosphorylated CREB, an increase in its 

expression can be observed with RAPA 10nM and more so with 
SAP 100nM (Fig 3A). 

In RES259, for pERK an increase was noted with RAPA 10nM 
and SAP 100nM, while SAP 10 nM show a decrease by at least 
40%. Both total and phosphorylated Creb follow the same trend: 
no effects with RAPA 10nM, while SAP 10 nM and SAP 100 nM 
cause a dose-dependent increase. Interestingly some differences 
were found in the expression of MEK protein, which could explain 
the lower antiproliferative efficacy of treatments in the RES259 
comparison RES186. In fact, in RES 259 cells, no significant 
changes in the total expression levels of the MEK kinase were 
observed, while its phosphorylated form was not present (Fig 3B).
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Figure 3:  Western blot analysis in RES 186 (3A) and RES 259 (3B) of the main proteins involved in the MAPK pathway after 6 days 
of the following treatments: Lane 1, control, Lane 2, Rapamycin 10nM, Lane 3, Sapanisertib 10nM, Lane 4, Sapanisertib 100nM. For 
every protein set β actin is reported as the normalizer gene.

Effect of RAPA and SAP on migration and wound healing capacity of RES 186 and RES 259 

Due to the cell migration assay, it was possible to measure the impact of RAPA and SAP on the invasive potential of paediatric glioma 
cells. Both drugs are able to reduce the migration of RES 186 following an 18-hour treatment. For both cell lines, the effect of RAPA 10 
nM and SAP 10 nM was very similar, while SAP 100nM proves to be more effective in reducing the number of migrated cells, especially 
in RES186 (Fig 4).
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Figure 4: Effect of RAPA and SAP on RES 186 (A) and RES 259 migration (B). The images show the untreated cells, cells treated with 
10 nM Rapamycin, cells treated with 10nM Sapanisertib and with Sapanisertib 100nM, respectively. Cell number count was calculated 
as mean ± SEM and one-way ANOVA analysis, followed by Dunnett’s post-test, was carried out. *** p < 0.005.

Effect of RAPA and SAP on epithelial-mesenchymal transition in RES 186 and RES 259 

In light of the evidence found in the cell migration assay, we sought to further investigate the mechanism through which RAPA and 
SAP could counteract migration and, consequently, reduce the potential phenomenon of epithelial-mesenchymal transition, which 
characterizes more invasive tumors [26]. Therefore, we verified how the expression of some invasion markers, such as N-cadherin [27], 
NF-κB, the EGF receptor and ribosomal protein S6, was influenced by RAPA and SAP after 6 days of treatment both in RES 186 (Fig 
5A) and RES 259 (Fig 5B). In RES 186 an increase in N-cadherin expression levels was observed with RAPA 10nM and SAP, while in 
RES 259 no effects was reported. In both cell lines, the dose of SAP 100nM was able to significantly reduce NF-κB levels. Regarding the 
EGF receptor a tendence to reduction was reported. Finally, in line with the migration data, RAPA and SAP in both cell line significantly 
reduced the levels of phosphorylated S6 protein, which seems to be the main target through drugs block migration. 
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Figure 5: Western blot analysis in RES 186 (A) and RES 259 (B) of the main proteins involved in the EMT mechanism after 6 days of 
the following treatments: Lane 1, control, Lane 2, Rapamycin 10nM, Lane 3, Sapanisertib 10nM, Lane 4, Sapanisertib 100nM. For every 
protein set β actin is reported as the normalizer gene.

In addition to assessing the expression of the previously mentioned invasion markers, we also analyzed the gene expression levels of 
two metalloproteinases, ADAM 10 and ADAM 17, which are critically involved in promoting tumor invasiveness [28]. This analysis 
was performed at 24 hours in both pediatric glioma cell lines (Fig. 6). In RES 186, hADAM 10 showed a significant increase with both 
drugs, whereas in RES 259, this increase was only observed with SAP at 100 nM, with no significant changes noted for other treatments. 
Conversely, hADAM 17 levels decreased in both cell lines following treatment with either RAPA or SAP (Fig. 6). 
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Figure 6: Effect of RAPA and SAP on hADAM 10, hADAM 17 gene expression after 24 h treatment with RAPA 1,10 nM and SAP 
1,10,100 nM. Data are expressed as a fold change of treated samples versus control, considered as a calibrator. Data are means ± SEM, 
and were analyzed by one-way ANOVA, followed by Dunnett’s post-test. * p < 0.05, ** p <0.01 *** p < 0.005, **** p < 0.0001.

Discussion

Our data demonstrate that mTOR inhibitors effectively reduce the proliferation of pediatric low-grade gliomas in two distinct cell lines. 
However, long-term treatments lead to activation of the MAPK kinase pathway. Furthermore, both RAPA and SAP reduce cell migration 
by decreasing NF-κB and pS6 protein levels. Notably, differences between the drugs were observed: SAP proved to be more effective 
than RAPA as an antiproliferative agent, but not as an antimigratory drug. Additionally, the two cell lines exhibited varying responses 
to the treatments, particularly in the proliferation assays. Various studies have reported an anti-proliferative effect of mTOR inhibition 
in vitro after long-term treatments. However, in vivo, this effect was sustained only with short-term treatments. This discrepancy may 
be attributed to compensatory mechanisms within the mTOR pathway or other related signaling pathways, which enable the tumor to 
bypass the drug's inhibitory effects. To test this hypothesis, an analysis of the impact of mTOR inhibitors on the MAP kinase pathway, 
a signaling cascade that closely interacts with mTOR [29], could be informative. In both pediatric glioma cell lines, a 6-day treatment 
with SAP at 100 nM led to increased phosphorylation levels of ERK and CREB.
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Thus, mTOR inhibition is correlated with the activation of the 
MAP kinase (MAPK) pathway through compensatory feedback 
mechanisms, an event that occurs in various types of tumors 
[30]. In addition, in both tumor lines, SAP 10 nM and RAPA 
have an opposite effect on Creb phosphorylation. In fact, in RES 
186 RAPA increases the levels of phosphorylated Creb, while 
SAP 10nM tends to reduce; in RES 259 RAPA has no effect on 
phosphorylated Creb, while SAP 10nM increases it. SAP 100 
nM, on the other hand, always induces an increase in the levels 
of Creb phosphorylation. This effect could represent a mechanism 
of resistance to the administered treatment, considering that 
numerous signaling pathways and various stimuli converge on 
Creb and could therefore cause opposite effects [31].

Acquiring migratory and invasive capacity is a hallmark of 
advanced cancers. The epithelial-mesenchymal transition (EMT) 
is a finely regulated biological process that leads to a reversible 
change in cellular phenotype, involving the loss of epithelial 
characteristics and the acquisition of a mesenchymal phenotype, 
rendering the tumor more invasive and aggressive (Tam et 
Weinberg, 2013). mTOR is actively involved in inducing the EMT 
[32]: once activated by TGF-β, a well-known factor responsible 
for promoting EMT in many cancers, mTOR increases protein 
synthesis rates and induces an increase in cell size [32]. Considering 
the highly invasive nature of gliomas [33], our study evaluated 
the effect of mTOR inhibition on this aspect, demonstrating its 
remarkable efficacy in reducing cell migration, in both pediatric 
glioma cell lines. This data was also supported by the analysis of 
the protein expression of some typical EMT markers, including 
NF-κB, a factor particularly known for its role in inflammatory 
processes but also involved in promoting EMT [34], the EGF 
receptor, and the ribosomal protein S6 [35].

Regarding these markers, we observed a reduction in the 
expression of: a) NF-κB, induced by SAP in a dose-dependent 
manner in both RES 186 and RES 259; b) ribosomal protein 
S6 in its phosphorylated form on Ser 235/236. According to the 
data reported in the literature, the activation of the EGF receptor 
acts as a signal for the activation of NF-κB [36] and ribosomal 
protein S6 [35], which then predicts its phosphorylation, our study 
would confirm that the inhibition of the EGF receptor, induced 
by the inactivation of mTOR [37], is therefore responsible for the 
inactivation of NF-κB and ribosomal protein S6. 

To further explore the effects of Sapanisertib on EMT, we 
measured the expression levels of ADAM 10 and ADAM 17, two 
metalloproteinases implicated in extracellular matrix remodelling, 
a hallmark of EMT. Given the established link between elevated 
MMP levels and tumor aggressiveness, we hypothesized 
that mTOR inhibition might influence MMP expression and, 
consequently, tumor cell invasiveness [38]. As emerged from the 

analysis of mRNA levels of the two metalloproteinases considered, 
a significant reduction in ADAM 17 can be observed as early as 
24 hours with both drugs, but especially with SAP 100nM. As for 
ADAM 10, both RAPA and SAP tend to increase its expression 
levels in a time-dependent manner, without showing differences 
between the two cell lines. 

Conclusion

The present study demonstrates the efficacy of mTOR inhibitors 
in reducing the proliferative and invasive potential of pediatric 
LGGs. In some cases, dual-specific mTOR inhibition emerged 
as a potentially more effective strategy compared to selective 
inhibitors. However, the mechanisms underlying resistance, likely 
due to activation of the MAP kinase pathway, require further 
investigation.
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