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Abstract. Mechanistic target of rapamycin (mTOR), which 
functions via two multiprotein complexes termed mTORC1 
and mTORC2, is positioned in the canonical phosphoinositide 
3‑kinase‑related kinase (PI3K)/AKT (PI3K/AKT) pathways. 
These complexes exert their actions by regulating other 
important kinases, such as 40S ribosomal S6 kinases (S6K), 
eukaryotic translation initiation factor 4E (elF4E)‑binding 
protein 1 (4E‑BP1) and AKT, to control cell growth, prolif‑
eration, migration and survival in response to nutrients and 
growth factors. Glioblastoma (GB) is a devastating form of 
brain cancer, where the mTOR pathway is deregulated due to 
frequent upregulation of the Receptor Tyrosine Kinase/PI3K 
pathways and loss of the tumor suppressor phosphatase and 
tensin homologue (PTEN). Rapamycin and its analogs were 
less successful in clinical trials for patients with GB due to 
their incomplete inhibition of mTORC1 and the activation 
of mitogenic pathways via negative feedback loops. Here, 
the effects of selective ATP‑competitive dual inhibitors of 
mTORC1 and mTORC2, Torin1, Torin2 and XL388, are 

reported. Torin2 exhibited concentration‑dependent pharma‑
codynamic effects on inhibition of phosphorylation of the 
mTORC1 substrates S6KSer235/236 and 4E‑BP1Thr37/46 as well as 
the mTORC2 substrate AKTSer473 resulting in suppression of 
tumor cell migration, proliferation and S‑phase entry. Torin1 
demonstrated similar effects, but only at higher doses. XL388 
suppressed cell proliferation at a higher dose, but failed to 
inhibit cell migration. Treatment with Torin1 suppressed phos‑
phorylation of proline rich AKT substrate of 40 kDa (PRAS40) 
at Threonine 246 (PRAS40Thr246) whereas Torin2 completely 
abolished it. XL388 treatment suppressed the phosphorylation 
of PRAS40Thr246 only at higher doses. Drug resistance analysis 
revealed that treatment of GB cells with XL388 rendered 
partial drug resistance, which was also seen to a lesser extent 
with rapamycin and Torin1 treatments. However, treatment 
with Torin2 completely eradicated the tumor cell population. 
These results strongly suggest that Torin2, compared to 
Torin1 or XL388, is more effective in suppressing mTORC1 
and mTORC2, and therefore in the inhibition of the GB cell 
proliferation, dissemination and in overcoming resistance to 
therapy. These findings underscore the significance of Torin2 
in the treatment of GB.

Introduction

Mechanistic target of Rapamycin (mTOR; also known 
as Mammalian Target of Rapamycin) is a 289  kDa 
serine‑threonine protein kinase that belongs to the 
phosphoinositide 3‑kinase‑related kinase (PI3K) family with 
homologs in all eukaryotes (1,2). mTOR forms two distinct 
multiprotein complexes, mTOR complex (mTORC)1 and 
mTORC2, which exert control on cell growth, mRNA 
translation, differentiation, apoptosis, autophagy, motility 
and metabolism  (2‑5). mTORC1 and mTORC2 are each 
characterized by discrete binding partners to render distinct 
functions. The mTOR complex  1 (mTORC1) consists of 
Rapamycin‑sensitive adapter protein of mTOR (Raptor), 
and LST8 (6). As a crucial regulator of cellular metabolism, 
mTORC1 induces protein and lipid synthesis as well as cell 
growth. mTORC1 regulates protein translation through 
activation of p70 S6 Kinase (p70 S6K) leading to enhanced 
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RNA translation via S6 ribosomal protein and inhibition of 
eukaryotic initiation factor 4E binding protein (4E‑BP1) (7,8). 
The phosphorylation of 4E‑BP1 and S6K1 has been shown to 
control several functions including mRNA translation, growth 
and proliferation (9,10). Furthermore, activation of S6K1 is 
known to play a role in the inhibition of the insulin‑signaling 
pathway (9). Such feedback is intercepted following acute inhi‑
bition of mTORC1, and results in activation of Insulin Receptor 
Substrate (IRS) and subsequent recruitment of PI3K to the cell 
membrane. Moreover, hyperactivation of mTOR signaling can 
also be achieved by genetic alterations in several signaling 
components due to mutation or chromosomal deletion. Some 
of these include phosphatase and tensin homologue (PTEN), 
tuberous sclerosis 1/2 (TSC1/2), neurofibromin 1/2, or onco‑
genic mutations in KRAS, PIK3CA or V‑akt murine thymoma 
viral oncogene homolog (AKT). Studies have shown that 
mTORC1 phosphorylates UNC‑51‑like kinase 1 (ULK1) to 
regulate autophagy (11). 

Proline rich AKT substrate of 40  kDa (PRAS40), a 
substrate for AKT that functions at the juncture of the 
AKT and mTOR mediated signaling pathways, serves as a 
component as well as substrate of mTORC1 (12). Regulation 
of PRAS40 and its interaction with mTORC1 is considered 
a complex process. Activation of PI3K phosphorylates PIP2 
to form PIP3. PIP3 then binds to the pleckstrin homology 
domains of phosphoinositide‑dependent kinase 1(PDK1)/AKT 
to mediate the phosphorylation of AKTThr308. The phosphory‑
lation of AKTSer473 however, is facilitated by the activation 
of mTORC2, which in turn can phosphorylate Thr246 on 
PRAS40. Activation of mTORC1 is achieved via AKT, which 
inhibits the TSC1/TSC2 complex, resulting in increased 
GTP‑bound Rheb levels. Activated mTORC1 phosphorylates 
PRAS40, which then dissociates the mTORC1 complex by 
detaching itself from mTORC1; this way, PRAS40 exerts its 
negative influence on this complex (12). Conversely, PRAS40 
phosphorylation on Ser183 is regulated by several stimuli 
that control the activation of mTORC1 (12). Thus, PRAS40, 
a substrate of AKT, remains an integral part of mTORC1 in 
addition to being its substrate.

Components of mTORC2 include rapamycin‑insensitive 
companion of mTOR (Rictor), along with stress‑activated 
protein kinase‑interacting protein 1 and protein‑binding Rictor, 
amongst others  (5,13‑15). The role of mTORC2 primarily 
involves reorganization of the cytoskeletal structure and cell 
survival governed by AKT (5). AKT and members of the 
serine/threonine‑protein kinase family are the key substrates 
of mTORC2. The physiological roles of mTORC2 consists of 
regulation of various cellular functions including metabolism 
and motility  (16). Activation of mTORC2 is mediated by 
growth factor stimulation; however, ribosomal association has 
also been linked with activation of this complex (7,13).

Glioblastoma (GB) is uniformly a fatal primary brain 
tumor in humans. The incidence of GB is ~10,000 cases/year 
in the United States (17). The relatively recent development of 
a classification system by The Cancer Genome Atlas (TCGA) 
network identifies GB into four subtypes (proneural, neural, 
classical and mesenchymal transcriptomic), based on specific 
genetic alterations (18‑21). The signal transduction cascade of 
epidermal growth factor receptor (EGFR) is frequently altered 
in these tumors (19). In fact, according to studies performed 

using extensive genomic analyses of human GB samples, genetic 
alterations of the EGFR are seen in ~57% of patients  (20). 
Furthermore, mutations in the tumor suppressing protein phos‑
phatase and tensin homolog (PTEN) were observed in ~36% 
of GB tumors  (19). The activation of PI3K, which leads to 
stimulation of downstream AKT/mTOR, is most often achieved 
via abnormal EGFR signaling as well as loss of PTEN. Further 
genetic studies using TCGA Network demonstrated that in 206 
GBs samples, 86% displayed activation of Receptor Tyrosine 
Kinase/PI3K, which acts in opposition to PTEN. Consequently, 
loss of PTEN resulted in an increase in the activation of the 
AKT/mTOR pathway (19). Increased activity of the AKT/mTOR 
pathway has been shown to promote cellular growth, prolifera‑
tion, survival and migration, which are the major hallmarks of 
GB cells (7). Aberrant mTOR signaling is shown to occur in 
GB, which is the main cause of its characteristic relentless 
growth and dissemination (21‑23). 

Several current clinical trials for patients with GB include 
mTOR inhibitors. This suppression of mTOR activity is 
achieved by rapamycin (sirolimus) and rapalogues, including 
RAD001 (everolimus) and CCI‑779 (temsirolimus), through an 
allosteric mechanism. Structurally, the allosteric site remains 
at a distance from the ATP binding catalytic site (23). These 
inhibitors specifically inhibit mTORC1 by forming complexes 
with Binding Protein  12 (FKBP12), which binds to the 
FK506‑rapamycin binding (FRB) domain of mTOR (6,24). 
The major disadvantage of persistent treatment with rapamycin 
and other related compounds, is that it leads to suppression of 
mTORC1, activity which then results in suppression of S6K 
levels. Low levels of S6K then break a negative feedback loop, 
which leads to activation of IRS, causing sustained activa‑
tion of PI3K/AKT and Ras/MEK/ERK signaling pathways, 
resulting in tenacious tumor growth and spread (14,25).

In previous years, novel small ATP binding site molecules 
that directly inhibit mTOR have been identified (26). These 
second‑generation mTOR kinase inhibitors (TORKi) func‑
tion through allosteric interactions with the ATP‑binding 
pocket of mTOR kinase (26,27). Additionally, ATP‑binding 
compounds, such as pyrazolopyrimidines, have been 
shown to inhibit mTOR over PI3K. Various compounds, 
such as, AZD 3147, KU0063794, eCF309 and PP242, are 
ATP‑competitive inhibitors of mTOR, which prompt potent 
inhibition of mTORC1 and mTORC2 (26,27). Torin1 is an 
ATP‑competitive mTOR inhibitor of the quinoline class, 
which inhibits phosphorylation of both mTORC1 and 
mTORC2 (28,29). However, it is metabolized quickly by the 
liver with a relatively shorter half‑life and poor bioavail‑
ability, and it is also insoluble in water. Therefore, Torin2 was 
created by Liu et al (30), which displayed a longer half‑life 
and improved water‑solubility with better oral bioavailability. 
Furthermore, Torin2 has been shown to be a selective and 
potent inhibitor of mTOR (30). The more recently discovered 
compound XL388, which is a direct mTOR inhibitor of the 
benzoxazepine class, targets similar ATP‑binding sites as 
that of Torin1 and Torin2. The benefits of this drug include 
selectivity of mTOR over PI3K, its oral bioavailability and 
effectiveness at low concentrations (31). In the present study, 
the efficacy of these three potent and selective inhibitors of 
mTORC1 and mTORC2, namely, Torin1, Torin2 and XL388 
were assessed and compared.
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Materials and methods

Cell lines and cell culture. The GB cell line LN‑18 was 
purchased from ATCC, and was used to examine the effects 
of ATP‑competitive binding inhibitors Torin1 (tricyclic 
benzonaphthyridinone inhibitor), Torin2 (9‑(6‑Amino‑3‑pyridinyl)‑1‑[3‑ 
(trifluoromethyl)phenyl]‑benzo[h]‑1,6‑naphthyridin‑2(1H)‑one) 
and XL388 ([7‑(6‑Amino‑3‑pyridinyl)‑2,3‑dihydro‑1,4‑ 
benzoxazepin‑4(5H)‑yl][3‑fluoro‑2‑methyl‑4‑(methylsulfonyl)
phenyl]‑methanone)], all of which were purchased from Tocris 
Bioscience. Their efficacy in suppressing the mTOR pathway, 
and thereby inhibiting cell growth and migration was assessed 
specifically. Genetically, a p53 mutation on codon 238 
converting TGT (Cys) to TCT (Ser) is present in the LN‑18 
cell line and the status of PTEN is wild‑type. LN18 cells were 
maintained in DMEM (Invitrogen; Thermo Fisher Scientific, 
Inc.) supplemented with 10% (Invitrogen; Thermo Fisher 
Scientific, Inc.) FBS and 1% penicillin/streptomycin/ampho‑
tericin (Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C in a 
humidified incubator with 5% CO2.

Western blotting. Serum starved cells were treated with 100, 
500, 1,000, 1,500 or 2,000 nM Torin1, Torin2 or XL388. The 
concentration of these compounds used were determined 
based on Feldman et al (26). Control LN18 cells were treated 
with the vehicle (DMSO). Whole cell lysis buffer prepared 
using 1% Triton X‑100, 10 mM Tris‑HCl, pH 7.5, 150 mM 
NaCl and 5 mM EDTA supplemented with 1% phosphatase 
and protease inhibitors (Sigma‑Aldrich; Merck KGaA) and 
0.1 mM phenylmethylsulphonyl fluoride was used to extract 
proteins from cells. A colorimetric method was used to deter‑
mine the concentrations of protein using the improved Lowry 
method (Bio‑Rad Laboratories, Inc.). A total of 50 µg protein 
per lane was loaded on 10% gels and resolved by SDS‑PAGE.

Subsequently, resolved proteins were electrotransferred 
onto nitrocellulose membranes, and membranes were blocked 
with 5% non‑fat milk in 0.1% Tween, Tris‑HCl (pH 7.8) for 1 h 
at room temperature on a rocker. Next, the blots were incu‑
bated overnight at 4˚C with primary antibodies at a dilution of 
1:1,000 in 5% BSA for detection of phosphorylated proteins 
or 5% milk for detection of non‑phosphorylated proteins. 
Phosphorylated and total S6 (cat.  nos.  #4858 and #2217, 
respectively), 4E‑BP (cat. nos. #2855 and #9452, respectively), 
PRAS40 (cat. nos. #2997 and #2691, respectively) and AKT 
(cat. nos. #4060 and #12620) (Cell Signaling Technology, Inc.) 
were used in the present study. Bands were detected by chemi‑
luminescence using Pierce ECL Western Blotting Substrate 
(Thermo Fisher Scientific, Inc.). Blots were stripped with a 
stripping solution (Merck KGaA) and re‑probed with their 
respective total antibodies, which was used as a loading control. 
ImageJ (version 1.52; National Institutes of Health) was used 
for densitometry analysis, and density was normalized to the 
respective density of the loading control. Experiments were 
repeated three times.

Cell viability. Cell viability was measured using an MTT assay 
according to the manufacturer's protocol (United Chemicon, 
Inc.). Cells (~3x103 cells/well) were seeded onto a 96‑well 
plate. Quiescence was induced by culturing cells in serum 
free media for 24 h prior to performing the assay. Torin1, 

Torin2 and XL388 (300 and 1,000 nM) was given to cells in 
serum‑free media for 24 h. Cell proliferation was performed 
by separately averaging the two lowest concentrations, which 
were 300 and 1,000 nM of Torin 1 and Torin 2, to observe the 
effects of low and high concentrations. After completion of 
treatment, fresh media (90 µl) with MTT (10 µl) reagent/well 
was added and plates were incubated at 37˚C for 4 h. The 
reaction was stopped by adding DMSO and absorbance at 595 
and 630 nm was measured using a Multiskan™ FC Microplate 
Reader (Thermo Fisher Scientific, Inc.).

S‑phase entry analysis using an EdU incorporation assay. Cell 
cycle analysis was performed using a Click‑iT EdU Imaging 
kit (Invitrogen; Thermo Fisher Scientific, Inc.). Briefly, serum 
starved cells were treated with regular media, starved media, or 
media containing one of the following platelet‑derived growth 
factor (PDGF; Sigma‑Aldrich; Merck KGaA; 5 ng/ml), Torin1 
(500 nM), Torin2 (500 nM), and XL388 (500 nM) for 4 h, and 
thereafter, 10 µM EdU was added and cells were incubated for 
a further 4 h. Following termination of experiments, cells were 
fixed in 4% paraformaldehyde for 15 min at room temperature 
and permeabilized for 15 min in 0.1% Triton X‑100 in PBS. The 
incorporation of EdU was performed by incubation with a reac‑
tion cocktail (provided in kit) containing Alexa 488‑Click‑iT 
at room temperature for 30 min. S‑phase cell cycle entry was 
assessed by reporting the signal intensity of Alexa 488. DAPI 
staining was performed using VECTASHIELD® Vibrance™ 
Antifade Mounting Medium with DAPI (Vector Laboratories, 
Inc.). The degree maps of the cell proliferation were generated 
from fluorescence images using a fluorescence microscope 
(Axiovert  200; Carl Zeiss, AG) (magnification, x10) and 
AxioVision software 4.7.2 Carl Zeiss microImaging GmbH 
Carl Zeiss, AG and analyzed using ImageJ. The number of 
Alexa 488 (green) labelled cells are presented as a percentage 
of the DAPI labelled cells (blue) to define entry into S‑phase. 
Slides were kept stored at ‑20˚C.

Scratch migration. Cells were plated until they reached 100% 
confluence. Cells were next serum starved for 24 h, after 
which the monolayer of cells was scratched using a pipette 
tip, and the cells were treated with Torin1, Torin2 and XL388. 
Migration assays were performed using a lower concentration 
of 50 nM, in addition to 300 and 1,000 nM of each drug, 
to detect the dose‑dependent effects of these drugs on glio‑
blastoma cell migration. Migration was measured 0, 1, 2 and 
3 days after scratching using AxioVision and analyzed using 
ImageJ.

Drug resistance assay. The GB cells were treated with Torin1, 
Torin2, XL388 and Rapamycin (500 nM) for 5 days, after 
which media was removed and drug‑free media was added 
for 24 h. Next media supplemented with drugs was added for 
a further 5 days. This process was continued for 4‑5 cycles, 
until week 5. Images were taken at the beginning and end of 
the experimental period using AxioVision and analyzed using 
ImageJ.

Statistical analysis. Statistically significant differences 
between multiple treatment groups in all experiments was 
determined using a one‑way ANOVA followed by a post‑hoc 
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Tukey's test in STATA (StataCorp LP version 16.1), and plotted 
using Microsoft PowerPoint (Microsoft Office 365; Microsoft 
Corporation) and Adobe Photoshop (Creative Suite 4; Adobe 
Systems, Inc.). P<0.05 was considered to indicate a statistically 
significant difference. Data are presented as the means ± the 
standard error of the mean and graphs were plotted using 
Microsoft PowerPoint and Adobe Pro DC 2021.

Results

Effect of Torin1, Torin2 and XL388 in targeting mTORC1 
and mTORC2 in GB cells. To investigate the effect of the 
novel TORKis in suppressing the mTOR pathway, GB cells 
were treated to 100, 500, 1,000, 1,500 and 2,000 nM Torin1, 
Torin2 and XL388, and the levels of activation of mTORC1 
substrates, S6, 4E‑BP1, mTORC2 substrate and AKT were 
assessed. The results demonstrated that S6 phosphorylation 
at serine 235/236 was modestly suppressed by Torin1 at all 
doses assessed, with the least suppression observed at the 
lowest dose of 100 nM, whereas doses in the 500‑2,000 nM 
range exhibited similar suppression of phosphorylation of S6; 
expression of total S6 remained constant in all treatments, 
including vehicle treated controls. Torin2 treated cells showed 
a dose‑dependent suppression of phosphorylation of S6 with 
complete dephosphorylation of S6 at concentrations of 1,500 
and 2,000 nM. Densitometry analysis confirmed these find‑
ings revealing the highest level of phosphorylation at 100 nM 
with significant suppression at doses of 500 and 1,000 nM 
(P<0.05), and complete inhibition at 1,500 and 2,000 nM 
(P<0.05) (Fig. 1A). To investigate whether these TORKis also 
suppressed the activation of mTORC2, the effects of treatment 
on phosphorylation of the mTORC2 substrate, AKT serine 
473 were assessed. Torin1 and Torin2 exhibited complete 
dephosphorylation of AKT at all doses, suggesting that these 
compounds effectively and completely suppressed mTORC2 
activity. Total AKT expression, confirmed equal loading of 
protein in all treatments (Fig. 1A, bottom panel). The phos‑
phorylation of 4E‑BP1, a downstream substrate of mTORC1 
that regulates protein translation, following treatment with 
Torin1 and Torin2, was also studied. Torin1 reduced phos‑
phorylation of 4E‑BP1 at 100 nM (P<0.05), whereas complete 
dephosphorylation was observed at doses ≥500 nM (P<0.05). 
Phosphorylation of 4E‑BP1 was also suppressed by Torin2 at 
100 nM (P<0.05), but to a greater extent than Torin1. Torin2 
also completely suppressed phosphorylation at all doses 
>500nM (P<0.05). The intensity of phosphorylated proteins 
was calculated by densitometry analysis, measuring the phos‑
phorylated 4E‑BP1 serine 37/46 as a ratio of total 4E‑BP1. 
Expression of total 4E‑BP1 remained constant in all treatments 
including vehicle treated cells (Fig. 1B). The levels of activa‑
tion of pPRAS40 threonine 246, a substrate of AKT serine 473, 
that regulates mTORC1 activation via binding to Raptor was 
assessed. Torin1 significantly suppressed the phosphorylation 
of PRAS40 at all doses, as seen by the densitometry analysis 
of phosphorylated PRAS40 threonine 246 in relation to total 
PRAS40 (P<0.05). Similarly, Torin2 suppressed the phosphor‑
ylation of PRAS40 at 100 nM, and completely abolished the 
phosphorylation at doses >500 nM, as evident by the expres‑
sion and densitometry analysis of phosphorylated PRAS40 
threonine 246 relative to total PRAS40 (Fig. 1C; P<0.05). Next, 

the effects of the novel compound XL388, a highly potent and 
selective ATP‑competitive binding inhibitor of mTOR, on the 
activation of PRAS40 were assessed. Complete inhibition 
of phosphorylation of PRAS40 at threonine 246 occurred 
only at the higher doses of 1,500 and 2,000 nM. Moderate 
suppression was observed at 1,000 nM, whereas no change in 
the levels of PRAS40 phosphorylation were seen at 100 and 
500 nM. Total PRAS40 expression was equal at all treatment 
doses. Densitometry analysis of pPRAS40 threonine 246 over 
total PRAS40 demonstrated the levels of phosphorylation as 
shown by the bar graphs (Fig. 1C).

Effect of Torin1, Torin2 and XL388 on cell proliferation, 
S‑phase entry and migration in GB cells. To investigate the 
effect of the novel TORKi in suppressing GB cell proliferation, 
the cells were subjected to two doses (300 and 1,000 nM) of 
Torin1, Torin2 and XL388 for 24 h. Cell proliferation was then 
subsequently measured using an MTT assay. Cell prolifera‑
tion was significantly inhibited by Torin1 and Torin2 (P<0.05) 
in both treatments in a dose‑dependent manner. Conversely, 
XL388 was able to suppress cell growth only at a higher 
dose of 1,000 nM (P<0.05), though to a lesser degree when 
compared with Torin1 and Torin2 (Fig. 2A). 

Additionally, the effect of Torin1, Torin2 and XL388 on 
GB cell S‑phase entry was assessed by analyzing cells treated 
with regular media (control), PDGF and starved media, and 
comparing them to cells treated with Torin1, Torin2 and 
XL388 (Fig. 2B). Cells given regular media showed a baseline 
S‑phase entry of ~15% of total cells. PDGF treatment facili‑
tated S‑phase entry of cells, showing an increase to 18% of 
total cells, whereas serum starved cells slightly halted S‑phase 
entry to ~14% of total cells. In cells treated with Torin1, signif‑
icant suppression of S‑phase entry was observed, resulting in 
only ~5% of total cells in the S‑phase (P<0.05). Torin2 also 
substantially inhibited S‑phase entry, showing S‑phase entry 
in ~8% of total cells (P<0.05). Out of the three novel inhibi‑
tors, XL388 resulted in the least suppression of S‑phase entry, 
showing 12% of total cells in S‑phase (Fig. 2B). 

Cell motility was determined by using the scratch wound 
migration assay. Migration patterns were analyzed in quiescent 
(serum deprived) cells treated with Torin1, Torin2 or XL388 
at doses of 50, 300 and 1,000 nM. Torin1 dose‑dependently 
suppressed migration, showing a stepwise increase in suppres‑
sion with significant inhibition seen at the highest dose of 
1,000 nM (P<0.05). GB cells treated with Torin2 also showed 
an even greater reduction in migration for 3  days at the 
highest dose of 1,000 nM (P<0.05). The lowest dose of Torin2 
(50 nM) showed initial suppression of migration, but that 
effect was largely absent by day 3. In contrast to these effects, 
XL388 showed no suppression of migration at all doses when 
compared to the control, showing uninhibited migration of 
cells for the 3 days (Fig. 2C). 

Effect of Torin1, Torin2 and XL388 on drug resistance in GB 
cells. Drug resistance was analyzed by subjecting GB cells to 
multiple cycles of on and off exposure to treatment drugs for 
4‑5 weeks. Every 5 days fresh media with inhibitors was added. 
Analysis of the images showed no appreciable difference 
between the start and conclusion of the experiment when cells 
were treated with Rapamycin or Torin1. However, treatment 
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with XL388 showed a greater density of cells at the conclu‑
sion of the experiment than at the commencement, suggesting 
that XL388 is susceptible to resistance by GB cells. Treatment 
with Torin2 completely eradicated the tumor cell population 
(Fig. 2E; top panel). The drug's susceptibility to resistance 
was quantified by the percent of viable cells at the end of the 
treatment regimen. Drug resistance analysis of Rapamycin 
was compared with the novel TORKis; Rapamycin did not 
confer resistance, abolishing the percentage of viable cells 
to <2%. Torin1 significantly suppressed cell viability, reducing 
the percentage of viable cells to ~5% (P<0.05). Torin2 showed 
almost complete eradication of GB cells, leaving <1% of viable 
cells at the end of the experiment (P<0.05). In contrast, XL388 
was less effective in reducing the viable cell count, with >15% 
of viable cells remaining (Fig. 2D).

Discussion

The results of the present study clearly demonstrated that the 
dual inhibitors of mTORC1 and mTORC2, Torin1 and Torin2, 
effectively suppressed both complexes. These inhibitors 
suppressed the phosphorylation of mTORC1 substrate 4E‑BP1 
and PRAS40 in a dose‑dependent manner. Whereas Torin2 
abolished the phosphorylation of mTORC1 substrate 4E‑BP1 
and PRAS40, Torin1 and Torin2 suppressed phosphorylation 
of AKTSer473. These results also showed that the ATP‑binding 
inhibitor XL‑388 reduced the activation of mTORC1 substrate 

only at higher doses. Torin1 and Torin2 were more effective 
in suppressing GB cell proliferation as well as S‑phase entry. 
Cell migration was suppressed by Torin1 and Torin2, but not 
by XL‑388. Both rapamycin‑ and Torin1 treated cells showed 
marked suppression of cell growth in drug‑resistance analyses, 
but Torin2 completely eradicated the GB cell populations. 
GB cells showed partial drug resistance to XL388 treatment. 
Torin 1, Torin2 and XL388 showed highly specific inhibition 
of mTORC1 and mTORC2. GB cell proliferation and migra‑
tion was suppressed by Torin2, which effectively inhibited 
both mTORC1 and mTORC2.

Molecular‑targeted therapy has garnered increasing 
attention in the treatment of GB  (23,28,30). The mTOR 
pathway, which regulates cell survival and cell growth, has 
been actively investigated as a target for therapies in GB. 
Rapamycin and its chemically related compounds (commonly 
known as rapalogues) are used in clinical trials for the treat‑
ment of cancer due to their inhibitory effects on the mTOR 
pathway (32). Clinical trials using rapamycin and its analogs 
(CCI‑779/temsirolimus, RAD001/everolimus, AP23573 
and others) have shown promising yet challenging results in 
the treatment of numerous tumors, including GB (33‑35). A 
clinical trial of PTEN‑negative recurrent GBs were treated 
with rapamycin pre‑ and postoperatively and demonstrated a 
reduction in the proliferative index after the second surgery. 
As shown in Fig. 2E, increased AKT signaling due to loss of 
negative feedback resulted in increased activation of PRAS40, 

Figure 1. Effect of Torin1, Torin2 and XL388 on mTORC1 and mTORC2. (A) Western blot analysis of downstream targets of mTORC1 and mTORC2, 
including p‑S6KSer235/236, total S6K, and p‑AKTSer473. GB cells were treated with 100, 500, 1,000, 1,500 or 2,000 nM Torin1 or Torin2 for 24 h. A dose‑dependent 
suppression of S6K phosphorylation by Torin1 and Torin2 was seen. Densitometry analysis of p‑S6KSer235/236 relative to total S6K expression (Right panel). 
Phosphorylation of AKTSer473 was totally abolished by treatment with Torin1 and Torin2 at all doses assessed. (B) Western blot analysis of downstream targets 
of mTORC1, p‑4EBP1Thr37/46 and total 4E‑BP1, following the treatment of GB cells with 100, 500, 1,000, 1,500 and 2,000 nM Torin1 or Torin2 for 24 h. 
A dose‑dependent suppression in p‑4E‑BP1Thr37/46 levels was observed following treatment with Torin1 or Torin2 as shown by densitometry analysis (Right 
panel). (C) Western blot analysis of p‑PRAS40Thr246 and total PRAS40 following treatment with 100, 500, 1,000, 1,500, and 2,000 nM Torin1, Torin2 or XL388 
for 24 h. Torin1 significantly suppressed the phosphorylation of PRAS40 at all doses assessed, whereas Torin2 reduced the phosphorylation of PRAS40 at the 
lowest dose (100 nM), and completely abolished it at 500, 1,000, 1,500 and 2,000 nM. XL388 completely inhibited phosphorylation of PRAS40 only at higher 
doses of 1,500 and 2,000 nM, a modest suppression was observed at 1,000 nM, and no changes in the levels of PRAS40 phosphorylation was noted at 100 and 
500 nM. Densitometry analysis of p‑PRAS40Thr246 relative to total PRAS40 confirms these results (Right panel). Data are presented as the mean ± the standard 
error of the mean. *P<0.05, **P<0.01, ***P<0.001 vs. Control. mTORC, mTOR, mechanistic target of rapamycin complex; S6K, ribosomal protein S6 kinase; 
p‑, phosphorylated‑; 4E‑BP1, 4E‑binding protein 1; PRAS40, The proline‑rich AKT substrate of 40 kDa; GB, glioblastoma. 

https://www.spandidos-publications.com/10.3892/ijo.2021.5263


AMIN et al:  NOVEL mTOR COMPLEX INHIBITORS IN THE TREATMENT OF GLIOBLASTOMA6

leading to enhanced mTORC1 activity  (36). It was shown 
that the activation of the AKT pathway may be the result of a 
negative feedback loop produced by mTOR effector molecule 
S6K1, causing phosphorylation of IRS1 (37). Inhibition of 
mTOR by rapamycin can negate this negative feedback and 
activate AKT as seen in GB (36), but the clinical implications 
remain to be seen. Interestingly, a human trial in patients with 
GB using rapamycin showed activation of AKT at the Ser473 
site, which was associated with activation of PRAS40 at 
Thr246. PRAS40 was previously shown to inhibit mTOR, and 
this inhibition was relieved by AKT phosphorylation (38,39). 
Importantly however, PRAS40 contains an mTOR signaling 

motif, and its overexpression can potentially result in competi‑
tion with other mTORC1 targets for phosphorylation (40).

Rapamycin (sirolimus) and its analogs, including RAD001 
(everolimus) and CCI‑779 (temsirolimus), suppress mTOR 
activity through an allosteric mechanism that acts at a distinct 
site away from the ATP binding catalytic site. These compounds 
are partial inhibitors of downstream effectors of mTORC1, 
primarily 4E‑BP (33‑36). Additionally, use of rapalogues to 
target the PI3K/AKT/mTOR‑pathway resulted in development 
of resistance with long‑term treatment. These drugs target 
only mTORC1 and reactivate AKT and mTORC2, leading 
to the reactivation of other oncogenic pathways (14,25). With 

Figure 2. Effect of Torin1, Torin2 and XL388 on cell proliferation, S‑phase entry, cell migration and drug resistance. (A) Cell proliferation was measured following 
treatment of GB cells with two doses (300 and 1,000 nM) of Torin1, Torin2 or XL388 for 24 h followed by an MTT assay. Torin1 and Torin2 significantly inhibited 
cell proliferation in a dose‑dependent manner. XL388 modestly suppressed cell growth only at the higher dose of 1,000 nM. (B) S‑phase entry was examined 
following treatment with Torin1, Torin2 or XL388, by counting EdU‑positive cells, which represent the cells in the S‑phase. Cells were also treated with control 
(FBS), PDGF or serum starved media. Cells cultured in the control media or media supplemented with PDGF showed higher counts of EdU‑positive cells. Torin1 
and Torin2 inhibited S‑phase entry as determined by the lower counts of EdU‑positive cells. XL388 treatment modestly reduced the counts of EdU‑positive 
cells. (C) Scratch wound migration analysis was performed after treatment of cells with 50, 300 or 1,000 nM Torin1, Torin2 or XL388 over a period of 4 days. 
Torin1 and Torin2 displayed a dose‑dependent suppression of cell migration, where Torin2 exhibited a more potent effect in reducing migration. Treatment with 
XL388 failed to suppress GB cell migration at all doses as compared to the controls. (D) Drug resistance was analyzed by subjecting GB cells to multiple cycles 
of exposure to treatment drugs over 5 weeks. Images showed no appreciable difference between start and the conclusion of the experiment when cells were 
treated with rapamycin, Torin1, Torin2 or XL388. Rapamycin or Torin1 treatment marginally suppressed the cell count by week 5. XL388 treatment moderately 
suppressed cell counts. Torin2 treatment completely eradicated the GB cell population (Top panel). Quantitative analysis using MTT assay revealed that rapamycin 
or Torin1 treatment resulted in only 2 and 5% viable cells, respectively. Torin2 showed almost complete obliteration of GB cells, leaving <1% viable cells at the end 
of the experiment. XL388 treated cells resulted in 15% viable cells remaining (Bottom panel). (E) Schematic representation of mTORC1 and mTORC2 signaling 
pathways depicting regulation of PRAS40 phosphorylation by AKT and mTORC1. Activated PI3K phosphorylates PIP2 to form PIP3. PIP3 binds to the pleckstrin 
homology domains of PDK1/AKT to mediate the phosphorylation of AKT. Phosphorylation of AKT is facilitated by activation of mTORC2. Activated AKT then 
promotes the phosphorylation of PRAS40 on Thr246. Activation of mTORC1 is achieved via AKT which inhibits the activity of the TSC1/TSC2 complex, resulting 
in increased GTP‑bound Rheb levels. Activated mTORC1 then phosphorylates multiple protein substrates, including 4E‑BP1, S6K and PRAS40. Phosphorylation 
of PRAS40 dissociates the mTORC1 complex by detaching it from the complex. Phosphorylation of 4E‑BP1 and S6K regulates numerous functions including 
mRNA translation, growth and proliferation. Furthermore, S6K has been linked to the inhibition of the insulin‑signaling pathway. This feedback is broken 
following acute inhibition of mTORC1, leading to activation of IRS and subsequently PI3K. PRAS40 phosphorylation on Ser183 is regulated by several stimuli 
that control the activation of mTORC1. Data are presented as the mean ± the standard error of the mean. *P<0.05, **P<0.01, ***P<0.001 vs. Control. GB, glioblas‑
toma; PDGF, platelet‑derived growth factor; mTORC, mTOR, mechanistic target of rapamycin complex; p‑, phosphorylated‑; PRAS40, The proline‑rich AKT 
substrate of 40 kDa; PIP2, phosphoinositol bisphosphate; PIP3, PIP trisphosphate; PDK1, phosphoinositide‑dependent kinase 1; S6K, ribosomal protein S6 kinase; 
TSC, tuberous sclerosis complex; Rictor, rapamycin‑insensitive companion of mTOR; Raptor, rapamycin‑sensitive adapter protein of mTOR; IRS, insulin receptor 
substrate; Proctor, stress‑activated protein kinase‑interacting protein 1 and protein‑binding Rictor; mSin1, mammalian stress‑activated protein kinase‑interacting 
protein 1; mLST8, mammalian lethal with SEC13 protein 8; Deptor, DEP‑domain containing mTOR‑interacting protein. 
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the discovery of novel small ATP‑binding site inhibitors, it 
has become possible to directly inhibit both mTORCs (26). 
Additionally, several ATP‑binding site inhibitors with 
pyrazolopyrimidines exhibit improved selectivity of suppres‑
sion of mTOR over PI3K  (15,26). Various compounds, 
such as AZD3147, KU0063794, eCF309 and PP242 are 
ATP‑competitive inhibitors of mTOR, and they exhibit potent 
and selective inhibition of mTORC1 and mTORC2 (15,26,28). 
These molecules are often referred to as ‘TORKi’, given their 
ability to inhibit TOR kinase (26,28). In previous years, several 
small molecules have been identified, which directly inhibit 
mTOR by targeting the ATP binding site, and these include 
PP242, PI‑103 and NVP‑BEZ235. Of these, PP242 and PP30, 
are the first potent and selective ATP‑competitive inhibitors 
of mTOR. Unlike Rapamycin, these molecules inhibit both 
mTORC1 and mTORC2, and similarly in contrast to the PI3K 
family of inhibitors, including LY294002, these molecules 
inhibit mTOR with a higher degree of selectivity. Notably, 
the mTORC1/2 inhibitor KU‑0063794 was more effective 
than the PI3‑K inhibitor, LY294002, or the PI3‑K/mTORC1 
inhibitor, PI‑103, in suppressing cell cycle progression and 
proliferation  (22,41). In addition, using everolimus and 
other rapalogues to target the PI3K/AKT/mTOR‑pathway 
may result in the development of drug resistance following 
prolonged treatment, as these drugs only target mTORC1. 
Furthermore, rapamycin and other related compounds 
suppress mTORC1‑mediated S6K inhibition, thus blocking 
a negative feedback loop and leading to activation of 
PI3K/AKT and Ras/MEK/ERK signaling pathways, in‑turn 
promoting cell survival and growth (25). The third generation 
of mTOR inhibitors, such as RapaLink‑1, which was designed 
by linking rapamycin to the ATP‑competitive inhibitor 
MLN0128, overcomes the mTOR‑mutant induced resistance 
to the rapalogues or TORKi (42,43). RapaLink‑1 treatment 
effectively overcomes resistance in MCF‑7 breast cancer cells 
which harbor three somatic mutations in mTOR within the 
FRB‑FKBP1 and kinase domain (42). RapaLink‑1 potently 
inhibited the mTORC1 pathway by inhibiting the phosphory‑
lation of 4E‑BP1 and thus impeded cell/tumor growth both 
in vitro and in vivo (43), signifying that RapaLink‑1 may be a 
suitable treatment for inhibition of mTOR pathway in GB as 
well (44).

Torin1 is an ATP‑competitive mTOR inhibitor of the 
quinoline class, which inhibits the phosphorylation of both 
mTORC1 and mTORC2 (26,28). However, it is metabolized 
quickly by the liver and is not water‑soluble. Therefore, 
Torin2 was designed by Liu et al (30), with a longer half‑life 
and improved water‑solubility for better oral bioavailability, 
as well improved selectivity for mTOR over PI3K  (30). 
Torin2 also exhibited potent biochemical and cellular activity 
against the phosphatidylinositol‑3 kinase‑like kinase (PIKK) 
family of kinases including Ataxia‑telangiectasia mutated, 
at a nanomolar range (45). Torin2 was shown to have anti‑
tumor activity in several tumor types (46). Torin2 inhibited 
growth and metastasis of anaplastic thyroid cancer in an 
in vivo study (47). A recent study comparing 3 drugs for their 
cytotoxicity and cell cycle inhibitory response demonstrated 
that the preclinical mTOR‑PIKK inhibitor, Torin2 was 
highly potent, exhibiting its effects in the nanomolar range 
as compared to the phase 3 PI3K p110 pan‑isoform inhibitor 

buparlisib and the phase 1 PI3K‑mTOR inhibitor Omipalisib 
in triple‑negative breast cancer cells (48). Furthermore, inves‑
tigators have also found that Torin2 was effectively cytotoxic 
against tumor cells and not cytotoxic to the non‑malignant 
cells. Pre‑treatment with Torin2 enhanced the efficacy of 
radiotherapy in breast cancer cells (49). Consistent with these 
findings, the results of the present study showed a significant 
effect of both Torin1 and Torin2 in suppressing cell growth 
and proliferation, with Torin2 demonstrating a higher degree 
of efficacy.

Another novel dual mTOR inhibitor is XL388, a benzox‑
azepine class of compound, which targets ATP‑binding sites 
in a similar manner to Torin1 and Torin2  (31). The major 
advantages of this drug include selectivity to mTOR over 
PI3K, improved oral bioavailability and improved effective‑
ness at lower concentrations. It is also highly potent and 
selective with favorable pharmacokinetics (31). Furthermore, 
studies have revealed that XL388 effectively suppressed cell 
viability and was shown to be pro‑apoptotic in renal cell 
carcinoma and osteosarcoma (50,51). XL388 inhibited the 
survival and proliferation of renal cell carcinoma cell lines 
in vitro and in vivo, and was more efficient than the typical 
mTORC1 inhibitors rapamycin and its analogs (51). In the 
present study however, XL388 remained ineffective, as it 
modestly suppressed cell proliferation only at a higher dose of 
1,000 nM and failed to inhibit migration, suggesting a modest 
effect of XL388 in GB cells. This may be due to its inability to 
suppress targets of mTORC1 and mTORC2, only suppressing 
the phosphorylation of PRAS40 at higher doses. These results 
showed, for the first time, that Torin2 is most suitable for 
suppression of mTORC1 and mTORC2, which in turn inhibit 
proliferation and migration. Importantly, it was demonstrated 
that Torin2 could overcome drug resistance. The phosphoryla‑
tion of PRAS40Thr246 is used as an important biomarker for 
assessing the effects of inhibitors that are used in targeting 
the PTEN/PI3K/AKT/mTOR‑mediated signaling pathways in 
human cancers. The PRAS40Thr246 phosphorylation state is an 
excellent predictor of hyperactivation of the PTEN/PI3K/AKT 
pathway and their sensitivity to inhibitors of components of 
these signaling pathways, as was demonstrated here and shown 
by Cloughesy et al (36).

In summary, the selectivity of Torin2‑like compounds 
appears promising as they inhibit cell proliferation, migration 
and block S‑phase entry. Most importantly, Torin2 eradicated 
drug‑resistant tumor cells, inhibited the phosphorylation of 
PRAS40 and effectively inhibited the downstream effectors 
of the mTOR pathway (4E‑BP1 and S6K). Torin2 also mark‑
edly suppressed the phosphorylation of AKT, an important 
signaling (PI3K/AKT/mTOR) pathway in GB cells. These 
results underscore the use of Torin2 in targeting the mTOR 
pathway for treatment of GB.
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