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Abstract 

The prognosis for patients with relapsed or refractory high-risk neuroblastoma remains dismal and novel 
therapeutic options are urgently needed. The RIST treatment protocol has a multimodal metronomic 
therapy design combining molecular-targeted drugs (Rapamycin and Dasatinib) with chemotherapy 
backbone (Irinotecan and Temozolomide), which is currently verified in a phase II clinical trial 
(NCT01467986). With the availability of novel and more potent ATP competitive mTOR inhibitors, we 
expect to improve the RIST combination therapy. By comparing the IC50 values of Torin-1, Torin-2, 
AZD3147 and PP242 we established that only Torin-2 inhibited cell viability of all three MycN-amplified 
neuroblastoma cell lines tested at nanomolar concentration. Single treatment of both mTOR inhibitors 
induced a significant G1 cell cycle arrest and combination treatment with Dasatinib reduced the 
expression of cell cycle regulator cyclin D1 or increased the expression of cell cycle inhibitor p21. The 
combinatorial index depicted for both mTOR inhibitors a synergistic effect with Dasatinib. Interestingly, 
compared to Rapamycin, the combination treatment with Torin-2 resulted in a broader mTOR pathway 
inhibition as indicated by reduced phosphorylation of AKT (Thr308, Ser473), 4E-BP (Ser65), and S6K 
(Thr389). Furthermore, substituting Rapamycin in the modified multimodal RIST protocol with Torin-2 
reduced cell viability and induced apoptosis despite a significant lower Torin-2 drug concentration 
applied. The efficacy of nanomolar concentrations may significantly reduce unwanted immunosuppression 
associated with Rapamycin. However, at this point we cannot rule out that Torin-2 has increased toxicity 
due to its potency in more complex systems. Nonetheless, our results suggest that including Torin-2 as a 
substitute for Rapamycin in the RIST protocol may represent a valid option to be evaluated in prospective 
clinical trials for relapsed or treatment-refractory high-risk neuroblastoma. 

Key words: mTOR inhibitor, Torin-2, Rapamycin, neuroblastoma, ATP competitive mTOR inhibitors, 
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Introduction 
Neuroblastoma, derived from primitive nervous 

sympathetic cells, is the most common solid tumor of 
childhood and constitutes 7 % of all pediatric cancers 
[1,2]. Neuroblastoma is an ambiguous disease with 
spontaneous remissions in infants with stage 4s while 
children over 1 year of age with metastatic disease 
have a persistently poor outcome.3 Amplification of 
the MycN gene is found predominantly in advanced 

stage diseases and is associated with rapid tumor 
progression and poor prognosis [2,4-6]. Despite 
intensive therapy the prognosis of patients with 
high-risk relapsed or refractory neuroblastoma (rNB) 
comprising up about 60% of cases remains dismal 
[2,7]. Therefore, development of new treatment 
protocols is urgently needed. 
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The RIST protocol for rNB is currently being 
evaluated in a phase II prospective randomized 
clinical trial (ClinicalTrials.gov Identifier: 
NCT01467986) [8]. This novel metronomic multi-
modal treatment protocol combines two molecular- 
targeted drugs, the mTOR-inhibitor Rapamycin and 
the multi-kinase inhibitor and immunosuppressant 
Dasatinib with conventional chemotherapy, 
consisting of the topoisomerase inhibitor irinotecan 
and the alkylating agent temozolomide. The “pre- 
treatment” with Rapamycin and Dasatinib is 
anticipated to have an apoptotic, chemo-sensitizing 
and cell cycle synchronizing effect [9]. The 
metronomic therapy is expected to reduce toxicity 
[10], prevent drug resistance, and to alter the tumor 
microenvironment in a more anti-tumorigenic 
manner [9]. With targeting key cancer promoting 
pathways by synergistically acting drugs, the 
combination therapy is expected to enhance efficacy 
compared to the monotherapy. Combination therapy 
is assumed to reduce drug resistance and dosage, 
induce anti-tumor effects such as suppressing growth 
and metastatic potential, arrest mitotically active cells, 
reduce the cancer stem cell population and induce 
apoptosis [11]. In a compassionate use setting, the 
RIST therapy revealed promising results in rNB 
patients with an overall survival of 55 % and a 
tolerable adverse event profile [8]. 

Dysregulation of the PI3K/AKT signaling 
pathway is common in human malignancies [12-14], 
promoting neoplastic transformation [13], altering cell 
growth and survival [12]. Different studies 
demonstrated that the PI3K/AKT/mTOR pathway 
plays an important role in neuroblastoma 
pathogenesis and inhibition of this signaling pathway 
by mTOR inhibitors were effective in neuroblastoma 
models [7]. It has been shown that inhibiting 
PI3K/AKT/mTOR signaling cascade induces down-
regulation of MycN expression and reduces the 
growth of neuroblastoma cells in vitro and in vivo. In 
high-risk neuroblastoma, activation of the PI3K 
pathway is common [15] and phosphorylation- 
mediated activation of AKT was shown to be 
frequently triggered in neuroblastoma [16]. 
Furthermore activation of AKT by phosphorylation is 
associated with poor prognosis in primary 
neuroblastoma and correlates with amplification of 
the oncogene MycN, a well-known marker of an 
aggressive phenotype [16]. Hence, agents targeting 
this pathway are potential treatment options of 
high-risk and relapsed neuroblastoma [17-19]. 

Besides the activation of mammalian target of 
Rapamycin (mTOR) by the PI3K/AKT pathway, the 
protein kinase mTOR integrates various other cellular 
signals to control cell proliferation, growth and 

metabolism depending on growth factor signaling, as 
well as nutrient, energy and oxygen supply [14]. In 
more than 70% of cancer, mTOR is activated and 
promotes neoplastic growth and progression [20]. 
Therefore, mTOR is a promising target for cancer 
therapy. mTOR serves as core component for two 
distinct protein complexes, mTOR complex 1 
(mTORC1) and mTOR complex 2 (mTORC2) [21], 
which regulate different cellular processes [22]. The 
mTORC1 is one of the major downstream effectors of 
the PI3K/AKT signaling cascade [23]. Currently, the 
allosteric mTOR inhibitor Rapamycin is part of the 
RIST therapy protocol [8]. It has been shown that 
Rapamycin inhibits the mTORC1 incompletely [23-25] 
and that inhibition of mTORC2 is cell-line dependent 
and occurs after long-term treatment [26,27]. 
Additionally, Rapamycin-mediated mTORC1 
inhibition causes activation of PI3K/AKT by 
suppression of the negative feedback loop [28,29], 
promotes survival through AKT, and partly 
contributes to the known ineffectiveness of 
Rapamycin treatment [28]. The limited success of the 
allosteric inhibitor Rapamycin as an anti-cancer drug 
led to the development of ATP competitive mTOR 
inhibitors [30,31]. This new drug class potently 
inhibits both mTOR complexes and consequently may 
prevent AKT feedback activation [32]. 

In this study, we hypothesized that inhibition of 
the mTOR pathway by ATP competitive mTOR 
inhibitors enhances the efficacy of the conventional 
RIST therapy. Therefore, we performed a comparative 
study of Rapamycin with four different ATP 
competitive mTOR inhibitors, namely Torin-1, 
Torin-2, AZD3147 and PP242. Our results 
demonstrate that in the combination drug treatment 
Torin-2 and protein kinase inhibitor Dasatinib act 
synergistically. Furthermore, signaling pathway 
analysis revealed that inhibition of the mTOR 
pathway by Rapamycin was incomplete and leaky 
compared to Torin-2. Taken together, the cell-based 
studies demonstrate that at significant lower Torin-2 
drug doses, the alternative ‘T’-IST protocol reduced 
neuroblastoma cell viability as effective as the 
conventional RIST protocol. 

Materials and Methods 
Cell culture and drug treatment 

All neuroblastoma cell lines were purchased 
from Deutsche Sammlung für Mikroorganismen und 
Zellkulturen (DSMZ). The cells were cultivated for 
not more than 40 passages at 37 °C in a humidified 5 
% CO2 atmosphere. The cell line Kelly was cultured in 
RPMI 1640 (Gibco®, Cat. No. 11875093) 
supplemented with 15 % fetal bovine serum (FBS, 
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Biochrom), 1% penicillin/streptomycin (Biochrom, 
Cat. No. A2212) and 2 mM L-glutamine (Gibco®, Cat. 
No. 25030081). The cell line IMR-32 was cultured in 
RPMI 1640 with supplemented with 20% FBS, 1% 
penicillin/streptomycin and 1% non-essential amino 
acids (MEM NEAA, Gibco®, Cat. No. 11140050). The 
cell line SK-N-BE(2) was cultured in EMEM (Lonza, 
Cat. No. 12-125F)/Ham´s F12 (Biochrom, Cat. No. 
F0815) 1:1 supplemented with 10% FBS, 1% 
penicillin/streptomycin and 2 mM L-glutamine. All 
cell lines were tested periodically for mycoplasma 
contamination. 

AZD3147 (Cat. No. 5615), PP242 (Cat. No. 4257), 
Torin-1 (Cat. No. 4247), Torin-2 (Cat. No. 4248) and 
SN-38 (active metabolite of Irinotecan, Cat. No. 2684) 
were purchased from Tocris Bioscience. Rapamycin 
(Cat. No. R-5000) and Dasatinib (Cat. No. D-3307) 
were purchased from LC Laboratories. 
Temozolomide (TMZ) was purchased from BioVision 
(Cat. No. 2226-10). All drugs were dissolved in DMSO 
(Sigma, Cat. No. D2650) following the manufacturer´s 
instructions and stored at -20 °C. Cells were treated 
with indicated concentrations and for indicated 
time-periods. As control, cells were treated with 
appropriate DMSO concentrations. The applied drug 
concentrations for single or combination treatment are 
listed in Table 3 and Table 4, respectively. The 
treatment protocol has been performed as shown in 
Figure 12. 

Determination of the IC50 by applying the MTT 
cell viability assay 

The MTT assay was performed as described in 
David Morgan’s “Polyamine Protocols. Methods in 
Molecular Biology”33 with minor changes of the 
protocol as described: 24 h after plating, 50% 
confluent cells were treated in concentration series 
including the expected IC50 concentration of the 
respective substance. After 72 h of incubation the 
MTT reaction and photometric analysis was 
implemented. The cell culture medium was aspirated 
with a vacuum pipette before applying 100 µL MTT 
working solution (MTT stock solution: 20 mg/ml 
MTT (Sigma, Cat. No. M5655) in 1× PBS (D8537, 
Sigma); MTT working solution: 1:5-dilution of the 
stock solution with RPMI 1640 medium without 
phenol red). The reaction was stopped after 2 h at 
37 °C with 100 µL isopropanol (70 %, Cat. No. 
3889017). The photometric analysis at λ = 560 nm was 
performed in a TECAN Plate Reader after an 
additional 30 min incubation at room temperature 
(RT). The viabilities were normalized to DMSO 
controls. For the identification of the IC50 values all 
experiments were performed in three replicates and 
repeated in at least three independent experiments. 

Calculation of the Combination Index (CI) 
To describe the effect of the combination 

treatments with Dasatinib/Rapamycin or Dasatinib/ 
Torin-2 we calculate the Combination Index (CI) 
applying the Chou-Talalay-Method [34] as followed: 

𝐶𝐶𝐶𝐶 =
𝐶𝐶𝐶𝐶50(1+2)

𝐶𝐶𝐶𝐶501
+
𝐶𝐶𝐶𝐶50(1+2)

𝐶𝐶𝐶𝐶502
 

The calculations were done with the software 
CalcuSyn. We used normalized viability values 
determined by MTT assays as described above. For 
the calculation the viability values were converted to 
the “Fraction Affected” (FA) [35] as followed: 

𝐹𝐹𝐹𝐹 = 1 − (
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 [%]

100
) 

For the calculation, a constant dilution factor for 
both drugs is necessary. To test different 
concentration ranges we used various dilution factors 
(such as 1.5, 2.0 or 2.5). Three replicates were 
performed for each experiment. For calculation of the 
CI we used the results of at least two independent 
experiments. 

The calculation of the Dose Reduction Factor 
(DRF) was done as followed: 

𝐷𝐷𝐷𝐷𝐹𝐹 =
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑜𝑜 𝑑𝑑𝑣𝑣𝑠𝑠𝑠𝑠𝑣𝑣𝑑𝑑 𝑣𝑣𝑡𝑡𝑑𝑑𝑣𝑣𝑣𝑣𝑡𝑡𝑑𝑑𝑠𝑠𝑣𝑣

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑜𝑜 𝑐𝑐𝑑𝑑𝑡𝑡𝑣𝑣𝑣𝑣𝑠𝑠𝑣𝑣𝑣𝑣𝑣𝑣𝑑𝑑𝑠𝑠 𝑣𝑣𝑡𝑡𝑑𝑑𝑣𝑣𝑣𝑣𝑡𝑡𝑑𝑑𝑠𝑠𝑣𝑣
 

Immunoblot analysis 
24 h after plating, 50% confluent cells were 

treated. The drug concentrations applied are listed in 
Table 3 (single treatment) respectively Table 4 
(combination treatment). After 6 h, 24 h or 72 h for 
single or combination treatment, respectively at day 8 
of the multimodal RIST and TIST treatment, the cells 
were harvested. The whole cell lysates were separated 
by gel electrophoresis and the proteins were 
transferred to nitrocellulose membranes 
(AmershamTM ProtranTM 0,45 µm, GE Healthcare Life 
Science, Cat. No. 10600002). After the transfer, the 
membranes were incubated with primary antibodies 
(1:1000, respectively 1:2000 for LC3B and GAPDH 
antibody). The primary antibodies AKT (pan, #4691), 
phospho-AKT (Ser473, #4060), phospho-AKT 
(Thr308, #13038), 4E-BP1 (#9644), phospho-4E-BP1 
(Ser65, #9456), MycN (#9405), p70S6 kinase (#9202), 
phospho-p70S6 kinase (Thr389, #9234), Src kinase 
(#2108), phospho-Src family (Tyr416, #2101), 
caspase-3 (#9665) and p21 Waf1/Cip (DCS60, #2946) 
were purchased from Cell Signaling. The LC3B 
antibody (#NB100-2220SS) was purchased from 
NovusBio, the PARP-1 antibody (#1072-1) was 
purchased from Epitomics and the GAPDH antibody 
(#Sc-47724) was purchased from Santa Cruz. ImageJ 
was used for quantification of the protein expression. 
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Cell cycle analysis 
For the cell cycle analysis, we followed the 

univariate cell cycle analysis protocol for the 
MACSQuant® Analyzer (Miltenyi) with minor 
changes: We used 20 µg propidium iodide (Sigma, 
#P4864) and 0,2 mg RNase A (Thermo Fisher, 
#EN0531). The measurement of the fluorescence 
signal was done with the MACSQuant Analyzer10 
(Miltenyi). 

Statistical analysis 
For the IC50 value of a single drug we created a 

graph of cell viability versus the logarithm of the 
molar drug concentration in GraphPad Prism 6 using 
the viability values of the MTT assay: First the cell 
viabilities were transformed to logarithmic values and 
then normalized to get a range between 0 and 100% 
viability. Afterwards, a non-linear regression analysis 
was performed. The results are presented as the mean 
± standard deviation (SD). To evaluate the effect on 
viability reduction by combination treatment or 
multimodal treatments compared to the control an 
unpaired t-test was performed. For the P value 
consistent SD were not assumed. For statistical 
significance, the Holm-Sidak method and a 
significance level of α = 5,00% were used. 

Results 
Inhibition of cell viability by Torin-2 compares 
to Rapamycin 

Firstly, the half maximal inhibitory 
concentration (IC50) of four different ATP competitive 
mTOR inhibitors was determined by performing MTT 
assays for the neuroblastoma (NB) cell lines Kelly and 
IMR-32 (Table 1, Fig. S1 and S2). The IC50 values for 
Torin-1, AZD3147 and PP242 varied widely in the two 
cell lines tested. In contrast, the IC50 value of Torin-2 
was in both cell lines in the low nanomolar range 
(Kelly: 11.69 nM, IMR-32: 29.67 nM, Table 1, Fig. S2A 
and B). Due to the consistent effect of Torin-2 in two 
cell lines and the large variability of sensitivity to the 
inhibitors Torin-1, AZD3147, and PP242, further 
studies were performed with Torin-2. Moreover, we 
confirmed in an additional NB cell line that Torin-2 is 
effective in nanomolar range by establishing an IC50 of 
28.52 nM for SK-N-BE cells (2) (Fig. S2C). The 
comparison of the IC50 values demonstrated a 
thousand-fold lower IC50 for Torin-2 compared to 
Rapamycin in three different NB cell lines (Table 1). 
Hence the cell viability of all NB cell lines tested is 
impaired by treatment with low nanomolar 
concentrations of the ATP-competitive mTOR 
inhibitor Torin-2. 

Table 1. Viability test to determine half maximal inhibitory 
concentration (IC50) of various mTOR inhibitors in neuroblastoma 
(NB) cell line Kelly and IMR-32 

NB cell line/mTOR inhibitor Kelly [IC50] IMR-32 [IC50] 
Rapamycin 27.21 ± 0.006 μM 37.47 ± 0.003 μM 
Torin-1 42.41 ± 0.017 nM 397.10 ± 0.037 nM 
Torin-2 11.69 ± 0.019 nM 29.67 ± 0.013 nM 
AZD3147 0.88 ± 0.015 nM 662.40 ± 0.033 nM 
PP242 191.50 ±0.019 nM 390.50 ± 0.015 nM 
Note: IC50 of Rapamycin = [24.27 ± 0.003 μM] and Torin-2 = [28.52 ± 0.012 nM] in 
NB cell line SK-N-BE(2). 

 

Induction of a G1 cell cycle arrest by Torin-2 
It has been shown earlier that the allosteric 

mTOR inhibitor Rapamycin inhibits the progression 
of the cell cycle from G1 to S phase [36]. In an effort to 
study the underlying cellular mechanisms whereby 
Torin-2 impairs NB cells viability, we tested the 
impact of Torin-2 on cell cycle progression. Our data 
confirm the cell cycle inhibiting effect of Rapamycin 
and demonstrate for the first time that Torin-2 induces 
a G1 arrest in NB cells as shown by a significant 
increase in cell counts in G1 and a significantly 
decrease in the S phase (Fig. 1A and B). 

Effect of single drug treatment with Torin-2 or 
Rapamycin on the expression of cell cycle 
regulator cyclin D1 and p21 as well as 
autophagy marker LC3B-II 

We have shown that Rapamycin and Torin-2 
treatment at IC50 concentrations (Table 1) induced a G1 

arrest in both NB cell lines (Fig. 1). Next, we tested 
whether those drug concentrations change the 
expression of two important cell cycle regulators 
cyclin D1 and cyclin-dependent kinase inhibitor p21 
regulating the cell cycle progression from G1 to S 
phase. As shown, cyclin D1 expression was increased 
by Torin-2 treatment in Kelly but barely in IMR-32 
cells and p21 expression was reduced by Rapamycin 
in Kelly, but only slightly increased in IMR-32 cells 
(Fig. 2). Those data suggest that the observed G1 arrest 
in single drug treated Kelly and IMR-32 cells did not 
result from reduced cyclin D1 or increased p21 
expression. 

Because ATP competitive mTOR inhibitors such 
as Rapamycin can induce autophagy [37], we asked 
next whether single drug treatment induces the 
expression of autophagy marker LC3B-II [38]. Torin-2 
treatment at IC50 concentrations or even several 
magnitudes higher did not increase the expression of 
LC3B-II in Kelly nor IMR-32 cells, whereas 
Rapamycin treatment caused an increase of LC3B-II in 
both NB cell lines at concentrations slightly higher 
than the IC50 value (Fig. 4). In summary, in both cell 
lines the expression of autophagy marker LC3B-II was 
not induced at IC50 concentrations. However, 
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increasing Rapamycin but not Torin-2 concentrations 
lead to enhanced LC3B-II expression suggesting that 
autophagy induced by Rapamycin but not Torin-2 
treatment contributes to the observed G1 arrest [39] in 
both cell lines. 

Reduced induction of apoptosis by Torin-2 
compared to Rapamycin 

Further, we analyzed whether treatment with 
Rapamycin or Torin-2 induces apoptosis in NB cells. 
Therefore, we monitored the apoptosis-dependent 
processing of PARP-1 upon treatment with increasing 
concentrations of Rapamycin or Torin-2 in Kelly and 
IMR-32 cells. Treatment of cells with Rapamycin 
concentrations slightly above the IC50 value 
(Rapamycin in Kelly (IC50: 27 µM) or IMR-32 (IC50: 37 
µM)) clearly induced PARP-1 cleavage (Fig. 3A and 
B). In contrast, treatment of NB cells with even a high 
dose – more than tenfold – of Torin-2 (160 nM) only 
marginally induced PARP-1 cleavage (Fig. 3A and B). 
We therefore conclude that nanomolar Torin-2 
concentrations do not induce apoptosis and impair 
cell viability mainly through induction of a G1 cell 
cycle arrest. 

Synergistic effect of combination treatment 
with Dasatinib and Torin-2 

Next, we tested whether the drug combination 
Dasatinib and Torin-2 (D+T) inhibits cell viability as 
effective as the combination of Dasatinib and 
Rapamycin (D+R). Accordingly, we first determined 
the IC50 values for Dasatinib in Kelly (IC50: 9.47 µM), 
IMR-32 (IC50: 1.53 µM), and SK-N-BE(2) (IC50: 25.73 
µM) (Fig. S3, Table S1). 

Subsequently, we determined the combinatorial 
index (CI) for the combination treatments (Dasatinib/ 
Rapamycin (D+R) and Dasatinib/Torin-2 (D+T)) by 
using the Chou-Talalay method [34]. Both 
combination treatments showed a synergistic effect in 
Kelly (D+R: CI = 0.23; D+T: CI = 0.60, Table 2) and in 

IMR-32 (D+R: CI = 0.20; D+T: CI = 0.17, Table 2). In 
SK-N-BE(2) the combination Dasatinib/Rapamycin 
was synergistic (D+R: CI = 0.75, Table 2) as well, 
whereas Dasatinib/Torin-2 showed a slight 
antagonistic effect (D+T: CI = 1.25, Table 2). Due to the 
increased efficacy of all drug combination treatments 
compared to single treatments, it was possible to 
calculate a dose reduction factor (DRF) for each drug 
(Table S2 and S3). Based on the combinatorial effects 
and the calculated DRF, all drugs were used at 
concentrations below their IC50 applied for the single 
drug treatment (compare Table 3 and Table 4) in the 
following combination treatment experiments. 

The combination treatment with Dasatinib/ 
Rapamycin (D+R) induced a significantly stronger 
inhibition of cell viability compared to the treatment 
with both single drugs in Kelly (Fig. 5A; (D): 5 µM, 
(R): 2 µM) and SK-N-BE(2) (Fig. 5C; (D): 20 µM, (R): 5 
µM), however, in IMR-32 cells the viability was not 
significant but strongly reduced (p=0.20, Fig. 5B; (D): 
0.05 µM, (R): 0.13 µM). The combination treatment 
with Dasatinib/Torin-2 (D+T) induced a significantly 
stronger inhibition of cell viability compared to the 
treatment with both single drugs in IMR-32 (Fig. 5B; 
(D): 1 µM, (T): 6 nM) and SK-N-BE(2) (Fig. 5C; (D): 
12.5 µM, (T): 15 nM), however, in Kelly cells the 
viability was not significant but strongly reduced 
(p=0.07, Fig. 5A; (D): 1.5 µM, (T): 9 nM) in the 
combination treatment compared to the single 
treatment with Torin-2. 

 

Table 2. Combinatorial viability tests to determine the 
combinatorial index (CI) of Dasatinib (D) combined with mTOR 
inhibitor Rapamycin (R) or Torin-2 (T) in neuroblastoma (NB) cell 
line Kelly, IMR-32, and SK-N-BE(2) 

NB cell line/mTOR inhibitors Kelly [CI] IMR-32 [CI] SK-N-BE(2) [CI] 
Dasatinib/Rapamycin (D+R) 0.23 ± 0.07 0.20 ± 0.12 0.75 ± 0.02 
Dasatinib/Torin-2 (D+T)  0.60 ± 0.15  0.17 ± 0.11 1.25 ± 0.11 
Note: CI < 0.9 = synergistic; 0.9-1.1 = additive; > 1.1 = antagonistic  

 

 
Figure 1. Cell cycle analysis comparing Rapamycin (R) and Torin-2 (T) at the corresponding IC50 concentrations in neuroblastoma cell line (A) Kelly [R: 30 μM, T: 12 nM] and 
(B) IMR-32 [R: 40 μM, T: 30 nM]. Con: DMSO-treated control cells. G1-, S-, and G2M cell cycle phases. Cells were seeded 24h before treatment with Rapamycin and Torin 2, 
respectively, and DMSO concentrations applied as vehicle for control cells. After an incubation of 72h, the cells were harvested, prepared and stained following the univariate cell 
cycle analysis protocol for the MACSQuant® Analyzer (Miltenyi) with minor changes described in Materials and Methods. 
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Figure 2. Immunoblot for cell cycle regulator Cyclin D1 and p21. Kelly cells were 
treated with IC50 concentration of Torin-2 (T) [IC50 = 12 nM] or Rapamycin (R) [IC50 
= 30 μM]. IMR-32 cells were treated with IC50 concentrations of Torin-2 [IC50 = 30 
nM] or Rapamycin [IC50 = 40 μM]. C: DMSO-treated control cells. GAPDH was 
applied as loading control. Numbers below bands state protein expression 
normalized to GAPDH. Cells were harvested 24 h (Cyclin D1), respectively 72 h 
(p21) after treatment. 

Table 3. Drug concentrations for single treatment 

Drug/NB cell line  Kelly IMR-32 SK-N-BE(2) 
Rapamycin 27.2 µM 37.5 µM 24.3 µM 
Torin-2 11.7 nM 29.7 nM 28.5 nM 
Dasatinib 9.5 µM 1.5 µM 25.7 µM 
Irinotecan (SN-38) 2.7 nM 0.7 nM - 
Temozolomide (TMZ) 246.0 µM 159.9 µM - 
Torin-1 42.4 nM 397.1 nM - 
AZD3147 0.9 nM 662.4 nM - 
PP242 191.5 nM 390.5 nM - 

 

Table 4. Drug concentrations for combination treatment 

NB cell line/drug Drug Kelly IMR-32 SK-N-BE(2) 
Dasatinib/Rapamycin Dasatinib [µM] 5.00 0.05 20.00  

Rapamycin [µM] 2.00 0.13 5.00  
Dasatinib/Torin-2 Dasatinib [µM] 1.50 1.00  12.50 

Torin-2 [nM] 9.00  6.00  15.00  
Irinotecan (SN-38)/ 
Temozolomide (TMZ) 

Irinotecan [nM] 1.00 0.40    - 
Temozolomide [µM] 225.00 120.00    - 

 
 
Taken together, both Dasatinib/Rapamycin and 

Dasatinib/Torin-2 treatments inhibited the cell 
viability of NB cells at reduced concentrations 
compared to single drug treatments. 

Combination treatments impact the 
expression of cell cycle regulator cyclin D1 and 
p21 

We have shown that Rapamycin as well as 
Torin-2 treatment induced a G1 arrest in NB cell line 
Kelly and IMR-32 (Fig. 1). In a next step we wanted to 
test whether combination treatments with Dasatinib 
inhibit the cell cycle progression as well. Therefore, 
we tested the expression of cell cycle regulators cyclin 
D1 after 24 h and p21 after 72 h in NB cells treated 
with Dasatinib/Rapamycin (D+R) and Dasatinib/ 
Torin-2 (D+T) using immunoblot analysis. As shown, 
D+R treatment reduced cyclin D1 expression in both 
cell lines compared to the control-treated cells (Fig. 
6A). On the contrary, we did not detect any reduction 
of cyclin D1 expression upon D+T treatment in Kelly 
and only a slight reduction in IMR-32 cells (Fig. 6A). 

In both NB cell lines, the D+T treatment resulted in a 
significant increase in p21 expression compared to 
untreated controls (Fig. 6B). The effect of D+R 
treatment on p21 expression was approximately 
strong in IMR-32 cells and less pronounced in Kelly 
cells compared to D+T treatment. We concluded that 
both mechanisms – inhibition of cyclin D1 and 
induction of p21 expression – might contribute to 
induction of the G1 cell cycle arrest in NB cells by 
Dasatinib/Rapamycin and Dasatinib/Torin-2 
combination treatment. 

Both combination treatments only marginally 
induced apoptosis or autophagy 

Next, we investigated the effect of the 
combination treatment with Dasatinib/Rapamycin 
(D+R) or Dasatinib/Torin-2 (D+T) on induction of 
apoptosis. In Kelly cells both treatment combinations 
did not induce the cleavage of caspase-3 or PARP-1 
(Fig. 7, compare lane 1-3), which was applied as 
marker for apoptosis, however, both D+R and D+T 
induced apoptosis in IMR-32 cells (Fig. 7, lane 4-6). 
Because ATP competitive mTOR inhibitors, such as 
Rapamycin, can induce autophagy [37], we asked next 
whether D+R or D+T treatment induces the 
expression of the autophagy marker LC3B-II [38]. 
Both combination treatments caused a minor increase 
of LC3B-II in Kelly cells only (Fig. 7, lane 4-6). Taken 
together, D+R and D+T combination treatments 
marginally induced apoptosis in IMR-32, but 
autophagy in Kelly cells. 

Combination treatment with Dasatinib/ 
Torin-2 results in stronger mTOR pathway 
inhibition compared to Dasatinib/Rapamycin 

To determine and compare how Dasatinib/ 
Torin-2 (D+T) or Dasatinib/Rapamycin (D+R) 
combination treatment affects the mTOR signaling 
pathway, we analyzed the phosphorylation status of 
downstream targets of mTORC1 (4E-BP, Ser65 and 
ribosomal protein kinase S6, Thr389) and mTORC2 
(AKT, Ser473), as well as AKT phosphorylation at 
Thr308 by PDK-1, a kinase activated by PI3K 
signaling [31] in NB cell lines Kelly and IMR-32 6 and 
24 h after treatment using immunoblot analysis. 

It is shown that phosphorylation of 4E-BP at 
Ser65 (P-4E-BP, Ser65), a well-known regulator of 
protein synthesis and downstream target of mTORC1, 
was more strongly inhibited by D+T compared to 
D+R treatment in Kelly (Fig. 8, set 1, lane 1-6), but 
only modestly in IMR-32 (Fig. 8, set 1, lane 7-12). In 
both cell lines, D+T and D+R treatment dramatically 
reduced phosphorylation of ribosomal protein kinase 
S6 at Thr389 (P-p70S6K, Thr389), which is another 
well-known mTORC1 target (Fig. 8, set 2, lane 1-12).
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Figure 3. Immunoblot (IB) analysis of apoptosic marker expression (PARP cleavage) comparing Rapamycin (R) and Torin-2 (T) in neuroblastoma cell line (A) Kelly and (B) 
IMR-32. C: Vehicle (DMSO)-treated control cells. GAPDH served as loading control. To test for the induction of apoptosis, neuroblastoma cells were seeded 24h before 
treatment with Torin-2 or Rapamycin at the corresponding IC50 and higher concentrations in (A) Kelly [T: IC50 = 12nM, R: IC50 = 30μM] and (B) IMR-32 [T: IC50 = 30nM, R: IC50 

= 40 μM]. 72 h after treatment cells were harvested. 

 
Figure 4. Immunoblot for autophagy marker LC3B-II. (A) Kelly cells were treated with IC50 and increasing concentrations of Torin-2 [IC50 = 12nM] or Rapamycin [IC50 = 30μM]. 
(B) IMR-32 cells were treated with IC50 and increasing concentrations of Torin-2 (T) [IC50 = 30nM] or Rapamycin (R) [IC50 = 40μM]. C: DMSO-treated control cells. Numbers 
below bands state ratio between autophagy marker LC3B-II/I. GAPDH was applied as loading control. 

 
Figure 5. Viability tests of single and combination drug treatment applying tyrosine kinase inhibitor Dasatinib (D), and mTOR inhibitors Rapamycin (R) or Torin-2 (T) in 
neuroblastoma cell line (A) Kelly, (B) IMR-32, and (C) SK-N-BE(2). Con: Vehicle (DMSO)-treated control cells. Neuroblastoma cells were seeded 24h before treatment. For 
single treatments the concentrations of the combination treatments was used: (A) Kelly [D+R = 5μM + 2μM; D+T = 1.5μM + 9nM]; (B) IMR-32 [D+R = 0.05μM + 0.13μM; D+T 
= 1μM + 6nM]; (C) SK-N-BE(2) [D+R = 20μM + 5μM; D+T = 12.5μM + 15nM]. After an incubation of 72h, the cell viability was tested by applying the MTT test as described 
under Methods. The cell viability was normalized to control-treated cells. 

 
Figure 6. Immunoblot (IB) analysis of cell cycle regulator (A) cyclin D1 expression and (B) cyclin-dependent kinase inhibitor p21 expression comparing Dasatinib combined with 
Torin-2 (D+T) or Rapamycin (D+R) treatment in neuroblastoma cell line Kelly and IMR-32. C: Vehicle (DMSO)-treated control cells. GAPDH served as loading control. Protein 
expression corrected to GAPDH is indicated in numbers below bands. Cells were seeded 24 h before drug treatment with a combination of Dasatinib with Torin-2 or Rapamycin, 
respectively. Drug concentration used for the combination treatment in Kelly [D+T = 1.5 μM + 9 nM; D+R = 5 μM + 2 μM;] and IMR-32 [D+T = 1 μM + 6 nM; D+R = 0.05 μM 
+ 0.13 μM]. Cells were harvested 24 h (cyclin D1), respectively 72 h (p21) after treatment. 
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Figure 7. Immunoblot (IB) analysis of apoptosis (caspase-3 and PARP) and autophagy 
(LC3B) marker expression comparing Dasatinib combined with Torin-2 (D+T) or 
Rapamycin (D+R) treatment for 72h in neuroblastoma cell line Kelly and IMR-32. C: 
Vehicle (DMSO)-treated control cells. GAPDH served as loading control. Numbers 
below bands state protein expression normalized to GAPDH. Numbers below bands 
of autophagy marker LC3B represent the ratio between LC3B-II/I. Cells were seeded 
24h before drug treatment with a combination of Dasatinib with Torin-2 or 
Rapamycin, respectively. Drug concentrations used for the combination treatments in 
Kelly [D+T = 1.5 μM + 9 nM; D+R = 5 μM + 2 μM;] and IMR-32 [D+T = 1 μM + 6 nM; 
D+R = 0.05 μM + 0.13 μM]. Cells were harvested 72h after treatment. 

 
Further, we investigated the phosphorylation of 

AKT at Ser473, representing a downstream target of 

mTORC2. The combination treatment with D+R did 
not reduce phosphorylation at Ser473 after 6 h in both 
cell lines (Fig. 8, set 3, lane 2 and 8). The effect at 24 h 
was cell line-specific: In Kelly cells the 
phosphorylation was not reduced by D+R compared 
to the control (Fig. 8, set 3, lane 5 and 6), while there 
was a clear reduction in IMR-32 cells (Fig. 8, set 3, lane 
11 and 12). It has been shown that Rapamycin can 
affect mTORC2 in a cell line-specific manner and after 
prolonged treatment.26 In contrast, AKT (Ser473) was 
effectively inhibited by D+T treatment at 6 and 24 h in 
both cell lines (Fig. 8, set 3, compare lane 1 and 3, lane 
4 and 6, lane 7 and 9, lane 10 and 12). 

Besides the inhibition of AKT phosphorylation at 
Ser473 we also assessed the effect of D+T or D+R 
treatment on phosphorylation site Thr308, a direct 
target site of protein kinase PDK-1. The D+T 
treatment impaired Thr308 phosphorylation at 6 and 
24 h in Kelly cells (Fig. 8, set 3, compare lane 1 and 3, 
lane 4 and 6), whereas D+R treatment only inhibited 
Thr308 phosphorylation at 6 h after treatment and 
slightly increased after 24 h of treatment compared to 
control cells (Fig. 8, set 3, compare lane 2 and 3, lane 5 
and 6). Puzzlingly, in IMR-32 cells D+T as well as 
D+R treatment induced Thr308 phosphorylation (Fig. 
8, set 3, compare lane 7, 8 with 9, and lane 10, 11 with 
12). 

 

 
Figure 8. Immunoblot (IB) analysis comparing Dasatinib combined with Rapamycin (D+R) or Torin-2 (D+T) in neuroblastoma cell line Kelly and IMR-32. C: Vehicle 
(DMSO)-treated control cells. GAPDH served as loading control. Cells were seeded 24 h before drug treatment with a combination of Dasatinib with Torin-2 or Rapamycin, 
respectively. Drug concentrations used for the combination treatments in Kelly [D+T = 1.5 μM + 9 nM; D+R = 5 μM + 2 μM;] and IMR-32 [D+T = 1μM + 6nM; D+R = 0.05 μM 
+ 0.13 μM]. The cells were harvested 6 h or 24 h after treatment. 
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Figure 9. Immunoblot (IB) analysis of oncogene expression MycN comparing Dasatinib combined with Rapamycin (D+R) or Torin-2 (D+T) treatment for 24 h and 72 h in 
neuroblastoma cell line Kelly and IMR-32. C: Vehicle (DMSO)-treated control cells. GAPDH served as loading control. Cells were seeded 24 h before drug treatment with a 
combination of Dasatinib and Torin-2 or Rapamycin, respectively. Drug concentrations used for the combination treatment in Kelly [D+T = 1.5 μM + 9 nM; D+R = 5 μM + 2 μM;] 
and IMR-32 [D+T = 1 μM + 6 nM; D+R = 0.05 μM + 0.13 μM]. The cells were harvested 24 h and 72 h after treatment. 

 

 
Figure 10. Viability test of multimodal drug treatment applying the RIST or TIST 
protocol in neuroblastoma cell line (A) Kelly and (B) IMR-32. Control: Vehicle 
(DMSO)-treated cells. Cells were seeded and treated with RIST, respectively TIST 
combination therapy as shown in Figure 10. Cells were seeded 24 h before drug 
treatment with a combination of Dasatinib with Torin-2 or Rapamycin, respectively. 
Drug concentrations used for the combination treatments in Kelly [D+T (TIST) = 1.5 
μM + 9 nM; D+R (RIST) = 5 μM + 2 μM; SN-38+TMZ = 1 nM + 225 μM] and IMR-32 
[D+T (TIST) = 1 μM + 6 nM; D+R = 0.05 μM + 0.13 μM; SN-38+TMZ = 0.4nM + 120 
μM]. At day 8, the cell viability was tested by applying the MTT test as described under 
Methods. The cell viability was normalized to control-treated cells. 

 
Figure 11. Immunoblot (IB) analysis of apoptotic marker expression (PARP 
cleavage) after multimodal drug treatment applying the RIST or TIST protocol, 
respectively, in neuroblastoma cell line Kelly and IMR-32. C: Vehicle (DMSO)-treated 
control cells. GAPDH served as loading control. Drug concentrations used for the 
combination treatment in Kelly [D+T (TIST) = 1.5 μM + 9 nM; D+R (RIST) = 5 μM + 
2 μM; SN-38+TMZ = 1 nM + 225 μM] and IMR-32 [D+T (TIST) = 1 μM + 6 nM; D+R 
= 0.05 μM + 0.13 μM; SN-38+TMZ = 0.4 nM + 120 μM]. At day 8 cells were harvested 
and cell lysates were analyzed.  

 
As expected, in both cell lines, D+T and D+R 

treatments inhibited the phosphorylation of Src 
kinase at Tyr416 (Fig. 8, set 4, lane 1-12) by the 
tyrosine-kinase inhibitor Dasatinib. 

In summary, Dasatinib/Torin-2 treatment 
potently inhibits both mTOR complexes, whereas the 
Dasatinib/Rapamycin treatment inhibited mainly 
mTORC1 and – in a cell line dependent manner – also 
mTORC2 after prolonged drug treatment. 

Both combination treatments strongly impair 
MycN expression in IMR-32 cells 

MYC transcription factors significantly stimulate 
cell growth and differentiation explaining why 
increased expression of MYCN leads to progression of 
cell cycle and inhibition of apoptosis of 
neuroblastoma cell lines [2]. Hence, therapeutic 
reduction of MycN expression is a noteworthy 
approach to improve treatment of neuroblastoma [40] 
as supported by studies in mouse models of 
MYCN-driven neuroblastoma. In those studies, 
inhibition of PI3K/AKT/mTOR induced 
destabilization of the MYCN oncoprotein and 
triggered anti-tumor effects [41,42]. Therefore, we 
tested the impact of D+R and D+T treatment on 
MycN expression in Kelly and IMR-32 cells 24 h and 
72 h after treatment using immunoblot analysis. 
Whereas both treatments had no effect on MycN 
expression in Kelly cells, a marked decrease of MycN 
expression was observed in IMR-32 cells (Fig. 9). 

Comparable efficacy of TIST and RIST 
treatment despite a thousand-fold reduced 
mTOR inhibitor Torin-2 concentration 

The multimodal RIST treatment protocol 
includes pre-treatment with the molecular targeted 
drugs Dasatinib and Rapamycin followed by 
treatment with the chemotherapeutics Irinotecan and 
Temozolomide (Fig. S4 and S5). To compare the RIST 
protocol with the alternative TIST protocol – replacing 
the allosteric mTOR inhibitor Rapamycin with the 
ATP competitive mTOR inhibitor Torin-2 – we first 
carried out an MTT assay to measure the cell viability. 
The in vitro treatment protocol is represented 
graphically (Fig. 12). All drugs were applied in IC50 

concentrations of the corresponding combination 
treatments as listed in Table 4. Both multimodal drug 
treatment protocols showed a comparable inhibition 
of cell viability with 57.6 % for RIST and 64.1 % for 
TIST treatment in Kelly (Fig. 10) compared to control 
treated cells. In IMR-32, the inhibition of cell viability 
by TIST was significantly stronger (27.3%) compared 
to RIST treatment (61.7%) (Fig. 10). 
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Figure 12. In vitro protocol for the multimodal RIST, respectively TIST treatment. Pre-treatment with the drug combination Dasatinib + Rapamycin for RIST respectively 
Dasatinib + Torin-2 for TIST for 72 h. Thereafter the medium was changed and 24h later the drug combination of conventional chemotherapeutics Irinotecan (SN-38) + 
Temozolomide (TMZ) was applied for additional 72 h. 

 
We also investigated the induction of apoptosis 

by PARP-1 cleavage after both multimodal treatment 
protocols using immunoblot (Fig. 11). Compared to 
the control, both treatment protocols showed a 
marked cleavage of PARP-1 in NB cell line Kelly and 
IMR-32, indicating effective induction of apoptosis by 
both RIST and TIST treatment in neuroblastoma cells. 
In IMR-32 the induction of apoptosis by TIST 
treatment was even stronger compared to RIST as 
shown by increased PARP-1 cleavage products and – 
as a result of the strong cleavage – a marked decrease 
in full-length protein. 

Taken together, although the reduction in cell 
viability as well as induction of apoptosis was 
comparable upon RIST or TIST treatment, it is 
important to note that the treatment concentration of 
Torin-2 is a thousand-fold lower compared to 
Rapamycin. 

Discussion 
Targeting the PI3K/AKT/mTOR signaling 

pathway exhibits promising efficacy against human 
cancer and has been tested in various clinical trials, 
however, the complexity of the signaling network 
involving feedback loops and compensatory 
pathways, and intrinsic and acquired resistance limits 
the therapeutic success but may be addressed with 
combination treatments [43,44]. Specifically for 
neuroblastoma numerous studies have shown that 
targeting the PI3K/AKT/mTOR signaling pathway is 
a valid treatment option for aggressive neuroblastoma 
and decreased proliferation in vitro and reduced 
tumor growth in vivo [17-19,41,42,45-48]. 

The limited success of Rapamycin as an anti- 
cancer drug led to the development of ATP 
competitive mTOR inhibitors such as Torin-2 [30,31]. 
Herein we demonstrate that the treatment of 

neuroblastoma cells with Torin-2 alone or in 
combination with Dasatinib have several advantages 
over Rapamycin treatment. Whether our results 
suggest that the replacement of Rapamycin by Torin-2 
may improve the RIST treatment protocol will be 
discussed. 

First, the IC50 of Torin-2 is reduced by more than 
a thousand-fold compared to Rapamycin (Table 1) 
which may result in a decrease of the required dose in 
clinical applications. Torin-2 is a highly selective 
mTOR inhibitor [49] with a 800-fold selectivity over 
PI3K [50] implicating that at low Torin-2 
concentrations other kinases may only be minimally 
affected which also may result in reduced clinically 
relevant adverse events. Additionally, Torin-2 
exhibits favorable pharmacokinetic properties. 
Compared to Torin-1, bioavailability, metabolic 
stability and plasma exposure was significantly 
improved [50]. Moreover, it has been shown that 
Torin-2 induces a strong cytotoxic effect on T-ALL 
cells and stimulated T lymphocytes whereas it did not 
affect the viability of quiescent healthy CD4+ T 
lymphocytes [51]. Therefore, Torin-2 rather preserves 
the immune system during molecular targeted 
anti-cancer therapy in contrast to the well-known 
immunosuppressive properties of Rapamycin that is 
broadly applied for prevention of acute rejection in 
transplant patients [36]. 

Aiming to illuminate the underlying cellular 
mechanism leading to impaired cell viability of 
neuroblastoma cells as observed in single as well as 
combination drug treatments, we found that cell cycle 
progression was inhibited. These results are well in 
line with Rapamycin and Torin-2 studies performed 
in other cancer cell types demonstrating reduced G1 to 
S cell cycle progression as well [36]. We further 
analyzed potential mechanisms of the cell cycle arrest 
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and detected a marked increase of p21 expression by 
both combination treatments (Fig. 6B). The 
overexpression of p21, an inhibitor of cyclin- 
dependent kinases, resulted in inhibition of 
proliferation in various types of cancer cells [52]. 
Furthermore, p21 is associated with cellular 
senescence [53]. It is assumed that senescence has an 
inhibitory effect on tumorigenesis and loss of 
senescence markers is associated with malignant 
progression [54]. Therapy-induced senescence 
represents a new approach of anti-cancer treatment. It 
has been shown that senescent tumor cells are 
efficiently eliminated by immune cells migrating into 
the tumor leading to tumor regression [54]. 

Rapamycin is known to only incompletely 
inhibit mTORC1 while ATP competitive inhibitors 
were shown to additionally suppress these 
Rapamycin-resistant functions [23,24,55]. In this 
study, combination treatment with Dasatinib/ 
Rapamycin only slightly reduced phosphorylation of 
mTORC1 substrate 4E-BP while Dasatinib/Torin-2 
potently suppressed 4E-BP phosphorylation (Fig. 8). 
By regulating the translation of specific mRNAs, 
4E-BP strongly affects proliferation [56]. The increased 
inhibition of mTORC1 by Torin-2 resulting in reduced 
phosphorylation of 4E-BP is likely to significantly 
contribute to the strong anti-proliferative effect of 
ATP competitive mTOR inhibitors [24,55]. 

Our study confirmed the known cell line specific 
mechanism of mTORC2 inhibition by Rapamycin 
after prolonged treatment (Fig. 8) [26]. Interestingly, 
Rapamycin treatment induced even a slight 
hyper-phosphorylation of the mTORC2 substrate 
AKT (Ser473) at 6h post treatment compared to the 
control-treated cells whereas Torin-2 efficiently 
blocked the phosphorylation at this site (Fig. 8). This 
increased AKT phosphorylation may be caused by 
activation of PI3K signaling as a result of reduced 
negative feedback inhibition by Rapamycin-mediated 
inhibition of mTORC1 [28,29]. This AKT activation is 
likely to weaken the anti-tumor properties of 
Rapamycin by stimulating cancer promoting 
pathways [28]. Furthermore, our data demonstrate 
that Torin-2 suppresses in addition the 
phosphorylation of AKT at Thr308 in cell line Kelly 
(Fig. 8). This phosphorylation site is a direct target of 
PDK-1 downstream of PI3K signaling [31]. 
Phosphorylation of AKT at both sites is required for 
full activation of AKT [31,57,58]. Studies have shown 
earlier that the inhibition of the phosphorylation of 
AKT at Ser473 by mTORC2 suppression also affects 
phosphorylation at Thr308 [24,49,58,59]. Feldman et 
al. [24] have shown that the reduced phosphorylation 
at Thr308 by an ATP competitive mTOR inhibitor 
(PP242) was dependent on the inhibition of Ser473 

phosphorylation. A possible explanation for this 
might be that the inhibition of Ser473 phosphorylation 
transiently reduces the recruitment of AKT to the 
plasma membrane where AKT phosphorylation at 
Thr308 is catalyzed by the kinase PDK-1 [49]. 
Therefore, we conclude that reduced AKT Thr308 
phosphorylation is a consequence of reduced Ser473 
phosphorylation caused by Torin-2 induced mTORC2 
inhibition as observed in both neuroblastoma cell 
lines (Fig. 8). In summary, the effective inhibition of 
mTORC2 by Torin-2 causes a strong suppression of 
cell survival, proliferation and metabolism promoting 
kinase AKT [28,31,60]. Hence, replacing Rapamycin 
with Torin-2 may improve the anti-tumor property of 
the RIST treatment protocol. 

Amplification of the oncogene MycN is frequent 
in neuroblastoma and is associated with a poor 
prognosis and rapid tumor progression [4,5]. Hence, a 
therapy-induced decrease of MycN expression 
represents a promising approach for neuroblastoma 
therapy [40]. Several studies have shown a decrease of 
MycN expression mediated by mTOR inhibitors 
[17,48]. Our data demonstrate a reduction of MycN 
expression after both combination treatments in 
IMR-32 cells, whereas the MycN expression was not 
affected by any combination in Kelly cells (Fig. 9). 
This observed cell line-dependent impact of mTOR 
inhibition on MycN expression might be based on 
differences in expression of protein kinases like 
Aurora-A kinase or Anaplastic Lymphoma Kinase 
(ALK). Aurora A is known to prevent MycN 
degradation by protein:protein interaction [61]. 
Thereby, neuroblastoma cells with high Aurora A 
expression are less dependent on growth factor and 
active PI3K/AKT signaling to maintain high MycN 
levels [61,62]. Consequently, in Kelly cells the 
oncogene MycN may escape mTOR inhibition- 
mediated degradation by potentially high Aurora A 
expression. For a deeper understanding MycN 
expression should be examined in combination with 
an Aurora-A inhibitor that changes the conformation 
and prevents protein:protein interaction with MycN 
[for Aurora-A inhibitors: see 63]. On the other hand 
ALK is known to enhance the protein stability by 
reducing the phosphorylation of MycN at Thr58 [62]. 
In contrast to IMR-32, ALK is mutated in cell line 
Kelly (ALKF1174L) [64]. Overexpression of ALKF1174L 
has been shown to increase the oncogenic potential of 
MycN and led to early onset and lethality of disease 
[65]. The protein stability of MycN was enhanced by 
ALKF1174L-mediated constitutive signaling [65]. While 
Torin-2 induced ablation of MycN amplified tumors 
and reduction of MycN protein level, the ATP 
competitive mTOR inhibitor alone did not affect 
growth of tumors with both MycN amplification and 
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ALKF1174L mutation. Further, in those double mutated 
tumors, combination treatment with the ALK 
inhibitor Crizotinib and Torin-2 reduced tumor 
growth and partly initiated tumor regression [65]. 
Therefore, in our study the ALKF1174L mutation in 
Kelly cells is a likely cause of the failure to reduce 
MycN expression by the tested treatments with 
mTOR inhibitors Torin-2 and Rapamycin. In the 
future this assumption should be clarified by 
analyzing the MycN expression in Kelly cells treated 
with a combination of mTOR and ALK inhibitor such 
as Crizotinib. 

Concluding, the combination treatment with 
Dasatinib and Torin-2 instead of Rapamycin revealed 
an increased mTOR pathway inhibition in 
neuroblastoma cells. In agreement, the alternative 
TIST treatment protocol inhibits cell viability and 
induces apoptosis despite a considerably reduced 
drug concentration. Our results suggest replacing 
Rapamycin by Torin-2 for the treatment protocol of 
relapsed or refractory high-risk neuroblastoma. 
However, in vivo testing in murine neuroblastoma 
models is critical to proof the validity of the TIST 
protocol and test for adverse effects. 
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