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Abstract

Purpose—mTORC1 inhibitors are promising agents for neuroblastoma therapy; however, they 

have shown limited clinical activity as monotherapy, thus rational drug combinations need to be 

explored to improve efficacy. Importantly, neuroblastoma maintains both an active p53 and an 

aberrant mTOR signaling.

Experimental Design—Using an orthotopic xenograft model and modulating p53 levels, we 

investigated the antitumor effects of the mTORC1 inhibitor temsirolimus in neuroblastoma 

expressing normal, decreased, or mutant p53, both as single agent and in combination with first- 

and second-generation MDM2 inhibitors to reactivate p53.
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Results—Nongenotoxic p53 activation suppresses mTOR activity. Moreover, p53 reactivation 

via RG7388, a second-generation MDM2 inhibitor, strongly enhances the in vivo antitumor 

activity of temsirolimus. Single-agent temsirolimus does not elicit apoptosis, and tumors rapidly 

regrow after treatment suspension. In contrast, our combination therapy triggers a potent apoptotic 

response in wild-type p53 xenografts and efficiently blocks tumor regrowth after treatment 

completion. We also found that this combination uniquely led to p53-dependent suppression of 

survivin whose ectopic expression is sufficient to rescue the apoptosis induced by our 

combination.

Conclusions—Our study supports a novel highly effective strategy that combines RG7388 and 

temsirolimus in wild-type p53 neuroblastoma, which warrants testing in early-phase clinical trials.

Introduction

Neuroblastoma is a MYCN-driven neural crest malignancy that accounts for approximately 

15% of all pediatric cancer mortality (1). At diagnosis, neuroblastoma has wild-type p53 and 

intact apoptosis response. However, at relapse, about 35% of patients accrue upstream 

defects in p53 regulation (2). MYCN serves multiple roles in neuroblastoma, such as 

altering metabolic programs, supporting angiogenesis, and inhibiting differentiation (3–5). 

The MYC genes (c-Myc, N-myc, and L-myc) drive tumorigenesis in part by activation of the 

mTOR pathway, a master regulator of translation, and protein synthesis (6, 7). Thus, 

effective inhibition of mTOR functions represents a potential strategy for therapeutic 

targeting of MYC in neuroblastoma and other cancers.

The mTOR pathway is a major integrator of cell metabolic responses to growth factors and 

nutrients, regulating cellular survival, including transcription and translation, cell motility, 

and angiogenesis (8). The PI3K/mTOR signaling pathway is constitutively active in 

neuroblastoma tumors and deregulates cell metabolism via increased expression of multiple 

growth factor receptors, including insulin-like growth factor I receptor (IGFR), epidermal 

growth factor receptor (EGFR), tyrosine receptor kinase B (TrkB), and platelet-derived 

growth factor receptor B (PDGF; refs. 9–11). Importantly, high PI3K/mTOR activity and 

phosphorylated AKT correlate with drug resistance and poor prognosis (12). Moreover, the 

PI3K/AKT/mTOR pathway drives oncogenic stabilization of MYCN protein (13). This is 

supported by findings that small-molecule inhibitors of PI3K/mTOR are effective in 

preclinical neuroblastoma models through MYCN destabilization (14, 15), and by 

transcriptome analyses of MYCN-amplified neuroblastoma tumors confirming tumor-

specific activation of mTOR signaling (16).

Temsirolimus is a potent and selective inhibitor of mTOR complex 1 (mTORC1) with on-

target activity at low concentrations (17). In early phase clinical trials, temsirolimus was 

well-tolerated and demonstrated some degree of efficacy in children with solid tumors (18). 

However, phase II studies demonstrated limited activity of temsirolimus as monotherapy 

(19). Furthermore, resistance to temsirolimus through increased AKT phosphorylation has 

also been described (20). This prompted to combine temsirolimus with chemotherapeutic 

agents such as irinotecan, temozolomide (21), and vinblastine (22).
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Neuroblastoma tumors maintain the two opposing pathways of active p53 that mediates 

growth arrest and apoptosis, and aberrant mTOR signaling that mediates growth and 

proliferation. Recent findings clearly demonstrate a molecular mechanism linking p53 

function with mTOR repression. In response to stress, p53 transcribes a group of negative 

regulators of the IGF/AKT/mTOR pathway, including IGF-BP3, PTEN, TSC2, AMPK β1, 

and SESN 1 and 2, all of which suppress mTOR signaling (23, 24) and initiate cell-cycle 

arrest, DNA repair, senescence, or apoptosis depending on tumor type and degree of stress 

(25). In addition, p53-mediated induction of autophagy occurs through mTOR inhibition 

(26). Supporting the link between p53 and mTOR, SESN2-deficient mice fail to inhibit 

mTOR signaling upon genotoxic challenge (27). Based on these findings linking p53 

activation to mTOR suppression, we hypothesized that p53 activation via MDM2 inhibition 

would sensitize neuroblastoma tumors to mTORC1 inhibitors.

We and others have previously shown that the first-generation MDM2 inhibitor Nutlin 3a 

stabilizes p53, induces the expression of p53 target genes, and sensitizes neuroblastoma cells 

to conventional chemotherapy (28–30). Recently, second-generation inhibitors of the p53–

MDM2 interaction with superior potency and selectivity (such as RG7388) have been 

developed. RG7388 showed promising preclinical efficacy against osteosarcoma and 

neuroblastoma, and clinical responses in completed phase I clinical trials (NCT01773408; 

refs. 31–33).

We present here a highly effective in vivo combination therapy by simultaneous 

nongenotoxic p53 activation (via RG7388) and mTORC1 inhibition (via temsirolimus). We 

demonstrate profound inhibition of in vivo tumor growth following the combination therapy 

in both MYCN-amplified and nonamplified tumor models. We also demonstrate markedly 

increased apoptosis and lack of tumor regrowth following the dual treatment. Overall, we 

provide strong preclinical data and a model supporting future clinical development of this 

therapeutic strategy.

Materials and Methods

Cell culture, antibodies, and expression vectors

Reagents, cell culture, and antibodies are described in Supplementary Experimental 

Procedures. For p53 shRNA, second-generation lentiviruses expressing shp53 and shLuc 

control were used as described in ref. (29). Briefly, 293T cells were transfected with 

pLSLPw construct along with packaging plasmids, pVSVG, and pLV-CMV-delta 8.2 by 

using lipofectamine 2000. Virus-containing supernatants were collected at 48 and 72 hours 

and cells transduced in the presence of 8 mg/mL polybrene (Sigma). For survivin 

overexpression, expression constructs were produced from a PCR product of survivin 

(CCDS11755.1: isoform 1) obtained from IMR32 cDNA and cloned into pLenti4/TO/V5-

Dest according to the manufacturer’s procedures (Invitrogen).

Cell proliferation and apoptosis

For cell proliferation, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assays were performed as in ref. (30). To measure cell size, LAN5 Si CTRL or LAN5 Si p53 
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cells were imaged under Olympus Microscope IX71 with ×20 magnification. Areas of 500 

to 1,000 cells per group were analyzed using Image J. Average area per cell was plotted as 

an indication of cell size. For apoptosis determination, Terminal Deoxynucleotidyl 

Transferase assay was performed following protocol as in ref. (30). Apoptosis was measured 

by FACS analysis of the percentage of cells positive for avidin FITC 48 hours after 

treatment. Error bars are SD (n = 3). Caspase 3 and 7 activation was also measured using a 

Caspase-Glo assay kit (Promega). Briefly, cells were seeded in 96-well plate at 5,000 cells/

well and then subjected to different treatments for 24 to 48 hours. Equal volume of caspase 

reagent was added to the wells and luminescence was measured in plate-reading 

luminometer after 3 hours. Error bars are SD (n = 3).

RNA isolation and real-time qPCR

Real-time qPCR assays were carried out as described in Supplementary Experimental 

Procedures.

In vivo models

In vivo studies were approved by the Institutional Animal Care and Use Committee at 

Baylor College of Medicine (AN 4810). Orthotopic xenografts of human neuroblastoma 

were generated as described previously (34). An inoculum of 106 tumor cells in 0.1 mL of 

PBS was injected under the renal capsule of 4- to 6-week-old female athymic Ncr nude mice 

(Taconic). Two weeks after cell implantation and confirmation of successful tumor 

engraftment by bioluminescent imaging (Xenogen IVIS 100 System, Caliper Life Sciences), 

mice were randomized and divided into treatment groups. Tumor growth was monitored by 

bioluminescent imaging after cell implantation. Four to 7 weeks after implantation, mice 

were sacrificed, tumors were resected, weighed, and preserved in 4% paraformaldehyde for 

immunohistochemical analysis. All animal data were compared using Kruskal–Wallis and 

Mann–Whitney tests.

Peripheral blood mononuclear cell isolation and flow cytometry

Peripheral blood mononuclear cell (PBMC) isolation and analysis are described in 

Supplementary Experimental Procedures.

CD34+ cell isolation and colony-forming unit assay

The effect of the combination therapy on maturation and differentiation of hCD34+ 

hematopoietic stem-progenitor cell (HSPC) was evaluated by colony-forming unit (CFU) 

assay (35). CD34+ cell isolation and CFU assay are described in Supplementary 

Experimental Procedures.

Generation and treatment of humanized NSG mice

A detailed description of the generation of humanized NSG mice is described in 

Supplementary Experimental Procedures. Briefly, NOD/SCID/IL2rγnull pups were 

irradiated 24 hours after birth with a single dose of 110 cGy. Following irradiation, 0.75 × 

105 CD34+ HSCs were intrahepatically injected. Six weeks after injection, peripheral blood 

was collected and analyzed for human lymphocyte reconstitution by assessment of human 
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versus mouse CD45+ cell presence. Mice with greater than 40% human CD45+ 

reconstitution were selected (36).

Statistical analysis

All in vitro assays, including flow cytometry analyses, proliferation, and qPCR analyses, are 

expressed as mean ± SD and performed in triplicate. Data were compared using the Student 

t test. Tumor weights are expressed as mean ± SEM and compared using Kruskal–Wallis and 

Mann–Whitney tests; P values <0.05 were considered statistically significant.

Results

Functional p53 suppresses mTOR signaling in neuroblastoma cells and xenografts

mTORC1 is a critical mediator of cell growth and regulates cell size and protein synthesis 

through activation of its substrates, the ribosomal protein S6 kinase (p70S6K) and the eIF4E 

binding protein 1 (4EBP1). To confirm whether p53 regulates mTOR signaling in 

neuroblastoma, we silenced p53 expression in p53 wild-type lines via lentiviral-mediated 

siRNA (Supplementary Fig. S1) and used p70S6K phosphorylation as readout for mTOR 

activity. p70S6K activation can in turn be determined by phosphorylation of ribosomal S6 

protein (pS6) at S235/236. As predicted, p53 knockdown cells showed a significant increase 

in cell size (Fig. 1A). Because mTOR signaling is a major regulator of cell size, we then 

looked at mTOR activity in cells expressing normal or decreased wild-type p53 levels. p53 

knockdown cells showed a significant increase in pS6 levels, as determined by flow 

cytometry (Fig. 1B) and by Western blotting (Fig. 1C). They also have higher p4EBP1 levels 

(Fig. 1C), together indicating higher mTOR activity in these cells.

To evaluate the in vivo regulation of mTOR activity by p53, p53 wild-type and knockdown 

cells were then engrafted in nude mice using an orthotopic neuroblastoma model (34). 

Neuroblastoma tumors derived from p53 knockdown cells displayed low p53 levels 

compared with controls (Fig. 1D). They were also significantly larger (P = 0.049; Fig. 1E) 

and displayed a much higher mTOR activity measured as pS6 levels by 

immunohistochemistry (Fig. 1F), indicating that p53 efficiently suppresses mTOR signaling 

in vivo.

p53 induces the transcription of multiple upstream repressors of mTOR signaling. 

Evaluation of selected p53-dependent repressors in p53 wild-type and knockdown cells 

revealed that p53 activation is associated with increased expression levels of the mTOR 

signaling inhibitors sestrin 1 (SESN1), sestrin 2 (SESN2), tuberous sclerosis 2 (TSC2), and 

AMP-activated protein kinase β1 (AMPK β1). However, this upregulation was partially 

abrogated in the presence of reduced levels of p53, suggesting that p53 suppresses mTOR 

signaling via activation of these mTOR inhibitors (Fig. 2A).

To determine whether p53 activation suppresses mTOR signaling, we then treated 

neuroblastoma cells with a specific first-generation inhibitor of MDM2-p53 interaction 

(Nutlin 3a), which induces robust p53 stabilization (Supplementary Fig. S1). Treatment with 

Nutlin 3a resulted in a profound down-regulation of pS6 measured both by flow cytometry 

(Fig. 2B) and Western blotting (Fig. 2C). It also caused suppression of 4EBP1 
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phosphorylation as detected by Western blotting using p4EBP1 Thr37/46 and p4EBP1 

Thr70 antibodies (Fig. 2C). Collectively, these data confirm that p53 activation effectively 

inhibits mTOR activity in neuroblastoma cells.

p53 silencing attenuates temsirolimus response in vivo

We first characterized the effect of temsirolimus on neuroblastoma tumor growth, 

confirming that the in vivo antitumor response of temsirolimus was indeed mediated by the 

inhibition of pS6 (Supplementary Fig. S2). To test whether p53 could affect the in vivo 
response to mTORC1 inhibition, we then determined the antitumor effects of temsirolimus 

in p53 wild-type (LAN5 Si CTRL), p53 knockdown (LAN5 Si p53), and p53 mutant (SK-N-

AS) neuroblastoma orthotopic xenografts. Although mutant and silenced p53 enhanced 

neuroblastoma tumor growth (LAN5 Si p53 and SK-N-AS tumors were considerably larger 

than LAN5 Si CTRL tumors), p53 silencing significantly attenuated the in vivo antitumor 

effect of temsirolimus (Fig. 2D). A higher decrease in temsirolimus in vivo activity was 

observed in the p53-mutant xenografts (Fig. 2E), indicating that a functional p53 signaling 

enhances temsirolimus-mediated functions.

Nongenotoxic p53 activation strongly enhances in vivo antitumor activity of temsirolimus

Because most neuroblastoma tumors retain a functional p53 that once activated is able to 

efficiently suppress mTOR signaling (Fig. 2B), we then asked whether p53 activation via 

MDM2 inhibition could potentiate the antitumor activity of temsirolimus. Multiple p53 

wild-type neuroblastoma cell lines (shown here LAN5 and CHLA255) were treated with 

increasing doses of Temsirolimus and fixed low doses of Nutlin 3a (first-generation MDM2 

inhibitor) or RG7388 (second-generation MDM2 inhibitor), and cell viability and apoptosis 

were assessed. MDM2 inhibition enhances temsirolimus-mediated cell growth arrest in all 

p53 wild-type cell lines. However, no additional effect was detected in p53-mutant and p53-

knockdown neuroblastoma cells (Supplementary Fig. S3A and S3B). Moreover, although 

single-agent temsirolimus and Nutlin 3a had a modest effect on apoptosis, the combination 

therapy led to a marked induction of apoptosis in both p53 wild-type SH-SY5Y and LAN5 

cells (Supplementary Fig. S3C). This effect was again abrogated when the combination 

therapy was tested in p53-mutant cells (LAN1), confirming the dependency on a p53-

dependent mechanism for apoptosis sensitization (Supplementary Fig. S3C, bottom right 

plot).

To then evaluate the in vivo activity and tolerability of our combination therapy, we used our 

orthotopic neuroblastoma model and RG7388, which has now completed phase I testing 

(31). Xenograft tumor models derived from LAN5 and SH-SY5Y neuroblastoma cell lines 

were generated. p53 wild-type MYCN-amplified luciferase-positive LAN5 cells were 

injected into the renal capsule of nude mice, and treatment was initiated 2 weeks after 

implantation. Vehicle control, temsirolimus (10 mg/kg), RG7388 (25 mg/kg), and the 

combination temsirolimus and RG7388 were given i.p. daily for 14 days, and effect on 

tumor growth was compared between groups at the end of the treatment. Temsirolimus 

exhibited potent antitumor effects as single agent (P = 0.020). However, the combination 

temsirolimus and RG7388 strongly potentiated the antitumor activity of both single 

monotherapies (P = 0.043 and P = 0.010, respectively; Fig. 3A). In addition, this drug 
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combination was very well tolerated, with all mice having normal body weight and 

parameters. To confirm our in vivo findings, a second p53 wild-type neuroblastoma line 

(SH-SY5Y) which differs in MYCN status, being MYCN nonamplified, was engrafted. 

Again, the combination of RG7388 and temsirolimus almost completely blocked the growth 

of these tumors (combination therapy vs. single-agent temsirolimus P = 0.0087, combination 

therapy vs. single-agent RG7388 P = 0.013; Fig. 3B), indicating that this combination is 

highly effective in our preclinical neuroblastoma models.

Nongenotoxic p53 activation prevents temsirolimus-mediated tumor regrowth after 
treatment suspension

Our in vitro data suggest that temsirolimus has mainly a cytostatic activity, being only 

modestly effective in inducing cell apoptosis (Supplementary Fig. S3C). Thus, we asked 

whether the in vivo response to temsirolimus as single agent or in combination with RG7388 

was persistent after treatment withdrawal. For this study, we orthotopically engrafted the 

neuroblastoma line tested as most sensitive to temsirolimus in vivo, SH-SY5Y. We then 

divided the mice in three treatment groups of 20 mice each: vehicle control, temsirolimus 

(10 mg/kg), and temsirolimus and RG7388 (25 mg/kg). After 2 weeks of treatment, half of 

the mice were sacrificed and tumor weights assessed, and half of the mice were kept alive 

without any additional treatment for 3 weeks (Fig. 4A). Effects on tumor growth and 

apoptosis were examined in xenografts tumors after 2 weeks of treatment and after 3 weeks 

of treatment withdrawal. Temsirolimus treatment as single agent for 2 weeks resulted in a 

drastic inhibition of primary tumor growth. However, treatment withdrawal led to rapid and 

significant tumor regrowth, as documented by tumor weights (Fig. 4B) and bioluminescent 

imaging (Supplementary Fig. S4) at 3 weeks after treatment suspension. Notably, tumor 

regression was not associated with induction of apoptosis, supporting our in vitro data. In 

contrast, the combination of temsirolimus and RG7388 resulted in significant induction of 

apoptosis and prolongation of tumor control, which persisted 3 weeks after treatment 

completion (P < 0.0001; Fig. 4B), suggesting that p53-mediated apoptosis is required to 

maintain a stable in vivo response. Moreover, consistent with these findings and our in vitro 
studies, cleaved caspase 3 staining, a marker of apoptosis, was markedly increased following 

the combination treatment at the 2-week time point (Fig. 4B). No toxicity was observed in 

tumor-bearing mice even 3 weeks after treatment suspension. Collectively, our in vivo data 

suggest that nongenotoxic p53 reactivation converts a cytostatic activity of temsirolimus into 

an apoptosis-inducing regiment with high activity in our preclinical models.

Combination of MDM2 and mTORC1 inhibition causes only moderate and transient human 
myelotoxicity

RG7388 is currently being tested in adults, both alone and in combination with intermittent 

schedules, which allows a faster bone marrow recovery, showing favorable responses in 

highly pretreated patients. Because MDM2 inhibitors have predominantly caused 

myelotoxicity in clinical trials, we evaluated the effect of the combination RG7388 and 

temsirolimus on both human PBMCs viability and CFU generation of human CD34+ 

HSPCs. Doses of RG7388 and temsirolimus that showed in vitro antitumor activity did not 

affect cell viability, apoptosis, and subpopulations’ distribution of PBMCs from three 

separate donors (Supplementary Figs. S5 and S6). Moreover, 14-day treatment with RG7388 
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alone and in combination with temsirolimus did not significantly alter CFU generation of 

human CD34+ HSPCs from three independent donors. Only a modest decrease in CD34+ 

CFU was detected with the highest RG7388 concentration (Supplementary Fig. S7). To then 

address the concern that MDM2 inhibitors have on-target toxicity in humans that has not 

been seen in rodent models due to limited p53 activation, we developed an in vivo system to 

test the effect of our combination therapy on human lymphocyte reconstitution. Humanized 

NOD/SCID/IL2rγnull (NSG) mice with greater than 40% human CD45+ reconstitution were 

treated with vehicle or the combination therapy for 2 weeks, and human and mouse CD45+ 

cells were evaluated in the peripheral blood at different time points after treatment (Fig. 5A). 

Percentages of human CD45+ cells significantly drop at day 21 after treatment in mice 

treated with the combined therapy compared with controls; however, their levels are robustly 

restored at day 35 after treatment, suggesting only a transient effect of our combined therapy 

on human lymphocyte reconstitution (Fig. 5B–D).

Combination of MDM2 and mTORC1 inhibition uniquely suppresses survivin sensitizing 
neuroblastoma cells to apoptosis

To gain insight into the mechanisms underlying the ability of our combination to promote 

high levels of apoptosis, we looked at changes in expression of different known pro- and 

antiapoptotic proteins in response to single and combined treatments. As expected, we 

confirmed the ability of single-agent RG7388 to induce p53 and Bax protein expressions, 

and the ability of single-agent temsirolimus to repress pS6 levels. However, we did not 

observe any changes in Bcl2, PUMA, BID, and p73 protein levels following our 

combination compared with single-agent treatment (Supplementary Fig. S8).

Survivin (BIRC5) levels predict neuroblastoma poor survival and are linked to acquired drug 

resistance (37). Interestingly, we found that our combination therapy uniquely represses 

survivin protein levels in all the cell lines tested. This finding was confirmed using both first-

generation (Nutlin 3a) and second-generation (RG7388) MDM2 inhibitors (Fig. 6A, C, and 

D; Supplementary Fig. S9). Moreover, we show that our combination profoundly represses 

survivin expression at both mRNA and protein levels in wild-type p53 cells (Fig. 6B, 6C, 

and 6D). However, this effect was totally abrogated when the combination therapy was 

tested in a p53-mutant line, confirming that a functional p53 is required for survivin 

suppression (Fig. 6E). This lack of survivin suppression in p53-mutant cells is consistent 

with the observation that our combination did not induce apoptosis in these cells 

(Supplementary Fig. S3C). Furthermore, the dual therapy uniquely suppresses RG7388-

mediated p21 induction (38), suggesting an additional potential mechanism for the enhanced 

sensitization (Fig. 6A). We then engineered IMR32 cells to express high levels of survivin 

(Fig. 7A) and asked whether we could rescue the effect of the combination therapy on cell 

apoptosis. Although conditional overexpression of survivin did not affect temsirolimus-

mediated apoptosis, and only moderately attenuated Nutlin 3a-mediated apoptosis, it 

profoundly impaired the apoptosis induced by the combination therapy (P =0.030; Fig. 7B), 

suggesting that the suppression of survivin contributes to the efficacy of our combination 

therapy. In addition, pharmacologic inhibition of survivin via YM155 significantly enhances 

the apoptosis induced by the combination therapy (P = 0.017), confirming the protective role 

of survivin (Fig. 7C).
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Discussion

Enhanced protein synthesis by MYCN is critical for its oncogenic functions (6). Thus, 

mTOR blockade by inducing MYCN destabilization represents an effective way of targeting 

this MYCN function (39). Although well tolerated, temsirolimus showed modest activity as 

single agent in a phase II study in children with solid tumors (19). Diverse adaptive 

processes have been linked to acquired resistance to mTORC1 inhibitors, including 

upregulation of glutamine metabolism, PTEN expression, and negative feedback activation 

of PI3K/AKT signaling (40, 41). Therefore, we sought to identify ways to improve the 

clinical activity of mTORC1 inhibitors for MYC-driven tumors via rational drug 

combination. Supporting this concept, combinations of mTORC1 inhibitors with other 

treatment modalities (e.g., cytotoxic chemotherapy, hormonal therapy, and targeted agents) 

have shown promising results in different tumor models (42, 43). We present here a novel 

potent combination for neuroblastoma therapy by adding non-genotoxic p53 reactivation to 

mTORC1 inhibition.

Although it is known that p53 inhibits mTORC1 in response to cellular stress, the 

complexity of the interplay between p53 and mTOR has been only partially explored and is 

context-dependent. Activated p53 inhibits mTORC1 through AMPK and REDD1 via 

TSC1/2 complexes (44). Conversely, mTOR signaling positively regulates p53 function 

under certain circumstances (45). Our data confirm that p53 effectively suppresses mTOR 

signaling in neuroblastoma by inducing negative regulators of the PI3K/AKT/mTOR 

pathway. They also indicate that p53 is one of the factors that potentially affect the response 

to mTORC1 inhibition.

Importantly, our in vivo data suggest that dual inhibition of MDM2 and mTOR signaling is 

highly effective in blocking neuroblastoma tumor growth. Supporting our findings, it has 

been shown that inhibition of mTOR signaling sensitizes p53 wild-type neuroblastoma cells 

to genotoxic-induced apoptosis (46). In our neuroblastoma models, single-agent 

temsirolimus does not induce apoptosis both in cells and xenografts, and tumors rapidly 

regrow after therapy withdrawal. However, in vivo dual inhibition of MDM2 (via RG7388) 

and mTOR signaling dramatically blocks neuroblastoma tumor growth and most importantly 

results in a sustained antitumor response due to p53-mediated induction of apoptosis.

Second-generation MDM2 inhibitors have been recently developed. A phase I trial with the 

first molecule RG7112 demonstrated clinical activity in patients with leukemias (47). 

However, the dose required for efficacy led to neutropenia, thrombocytopenia, and GI 

intolerance (47). MDM2 is critical for normal hematopoiesis, and treatment with MDM2 

antagonists leads to bone marrow suppression of normal progenitors. To address this issue, 

RG7388 (Idasanutlin), a second-generation MDM2 inhibitor from Hoffman-La Roche with 

enhanced potency, selectivity, and bioavailability, has been recently developed and 

formulated for oral administration. RG7388 is currently being tested in adult patients with 

solid and hematologic malignancies, both as single agent and in combination with 

conventional and targeted therapies (e.g., NCT02633059, NCT02828930, and 

NCT02545283). This study evaluates for the first time the effect of RG7388 in combination 

with temsirolimus on neuroblastoma tumor growth, providing valuable preclinical data that 

Moreno-Smith et al. Page 9

Clin Cancer Res. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



will guide future clinical efforts in pediatrics. The development of more selective and potent 

compounds (such as RG7388), together with the identification of effective combinations 

(such as RG7388 and temsirolimus), will allow to achieve higher clinical efficacy with lower 

toxicity. This is supported by our in vivo studies, which demonstrated only a transient 

suppression of human CD45+cells following the treatment with our combination.

Biochemical analyses of neuroblastoma cells also indicate that a potential mechanism 

underlying the efficacy of our combination is the p53-mediated suppression of survivin. 

Survivin is overexpressed in neuroblastoma, and its expression strongly correlates with 

patient poor survival (48). Differential expression of survivin in tumors is transcriptionally 

regulated by oncogenic signaling (e.g., IGF-1/mTOR signaling; ref. 49) and loss of p53-

mediated gene repression (50). Our data show that the combination therapy uniquely 

suppresses survivin protein levels in a p53-dependent manner, promoting cell death. In turn, 

ectopic expression of survivin confers resistance to the combination therapy. This 

observation suggests that nongenotoxic p53 activation enhances temsirolimus activity via 

p53-dependent inhibition of survivin and supports a role for survivin in chemoresistance and 

tumor relapse. Of note, therapeutic targeting of survivin is currently under investigation with 

great potential (51). However, another possible mechanism of action for our combination is 

the suppression of p53-mediated upregulation of p21 (CDKN1A). p21 is a critical cell-cycle 

regulator, which may counteract induction of apoptosis.

Increasing evidence shows that the PI3K/Akt/mTOR pathway plays an important role in the 

development and progression of neuroblastoma. Our in vivo studies clearly demonstrate that 

nongenotoxic p53 activation via RG7388 strongly enhances the antitumor activity of 

temsirolimus, leading to improved efficacy and limited toxicity. This combination warrants 

testing in early-phase clinical trials.
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Translational Relevance

Growing preclinical and clinical evidence indicates that targeting mTOR signaling in 

combination with genotoxic drugs or targeted biologicals is a potential highly effective 

approach for different tumor types. Here, we describe a novel therapeutic strategy 

inhibiting mTORC1 signaling in combination with nongenotoxic p53 reactivation, which 

overcomes limitations of previous single-agent therapies. We demonstrate that 

nongenotoxic reactivation of functional p53 suppresses mTOR signaling, and when 

combined with mTORC1 inhibition profoundly and irreversibly blocks neuroblastoma 

tumor growth. We also describe a novel role for survivin in chemoresistance and tumor 

relapse that can be applicable to other tumor types retaining a wild-type p53. Overall, we 

present preclinical data supporting the further clinical evaluation of the combination 

temsirolimus plus RG7388 in high-risk neuroblastoma and other tumors with intact p53 

signaling.
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Figure 1. 
p53 silencing activates mTOR signaling in neuroblastoma cells and xenografts. A, Silencing 

p53 significantly increases cell size. Cell area from p53-silenced cells was quantitated using 

ImageJ software; *, P < 0.05 by the Student t test. B, Increased cell size is associated with 

increased mTOR activity measured as levels of pS6 by flow cytometry. C, Western blotting 

analysis of total S6, pS6, total 4EBP1, and its phosphorylated forms p4EBP1Thr37/46 and 

p4EBP1Thr70 in Si CTRL and Si p53 LAN5 cells. D, Cohorts of 6 mice were orthotopically 

implanted with Si CTRL and Si p53 LAN5 cells. p53 mRNA expression was confirmed by 

qPCR in Si CTRL and Si p53 tumors (t test, P =0.00001). E, Average tumor weights ±SEM 

(g) of Si CTRL and Si p53 tumors at 3 weeks after implantation. F, pS6 levels, analyzed by 

immunohistochemistry, in Si CTRL and Si p53 tumors. Staining of representative tumors is 

shown.
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Figure 2. 
p53 reactivation inhibits mTOR activity in neuroblastoma cells. A, mRNA levels 

(determined by qPCR) of the mTOR inhibitors SESN1, SESN2, TSC2, and AMPKβ1 in p53 

wild-type LAN5 and SH-SY5Y cells upon Nutlin 3a treatment (10 μmol/L for 8 hours). This 

effect is completely abrogated in LAN5 Si p53 cells. Error bars, two biological replicates. B, 
Nutlin 3a treatment (10 μmol/L for 16 hours) decreases pS6 protein levels as determined by 

flow cytometry in two p53 wild-type lines (CHLA-255 and LAN5). C, Western blotting 

analysis shows reduced protein levels of both pS6 and p4EBP1 following Nutlin 3a 

treatment (10 μmol/L for 16 hours) in CHLA-255 and LAN5 cells. p4EBP1 was detected 

using p4EBP1 Thr37/46 and p4EBP1 Thr70 antibodies, and β-actin served as loading 

control. D, Silencing of p53 attenuates the in vivo antitumor effect of temsirolimus (TEM). 

LAN5 Si CTRL and Si p53 xenografts were generated and treated with either vehicle or 

temsirolimus (10 mg/kg i.p.) for 2 weeks. Tumor weights at the end of treatment are shown 

(LAN5 Si CTRL: P = 0.025, n = 9 in each group; LAN5 Si p53: P = 0.083, n = 8 in each 

group). E, No significant inhibition of tumor growth by temsirolimus in p53-mutant (SK-N-

AS) xenografts (P = 0.31, n = 10 control and n = 8 treated).
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Figure 3. 
The combination temsirolimus and RG7388 strongly inhibits neuroblastoma tumor growth. 

A, LAN5 MYCN-amplified xenografts were treated with vehicle, single-agent temsirolimus 

(10 mg/kg), single agent RG7388 (25 mg/kg), and their combination. Average tumor 

weights for each cohort ± SEM are shown (n = 10 in each group). Tumors treated with dual 

therapy are significantly smaller than those treated with single therapy. B, SH-SY5Y MYCN 

nonamplified xenografts received treatment as described above (A; n = 10 in each group). 

Tumors treated with dual therapy are significantly smaller than those treated with single 

therapies.
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Figure 4. 
The combination therapy temsirolimus and RG7388 blocks tumor regrowth after treatment 

withdrawal. A, Schematic representation of the experimental design. SH-SY5Y 

neuroblastoma cells were orthotopically injected, and three treatment groups of 20 mice 

each generated: control, temsirolimus (10 mg/kg) as single agent, and temsirolimus in 

combination with RG7388 (25 mg/kg). After 2 weeks of treatment, half of the mice were 

sacrificed and tumor weight assessed, and half of the mice kept alive without any additional 

treatment for 3 weeks. Tumors were followed for 3 weeks after their last treatment. B, 
Average tumor weights for each cohort ± SEM and percentage of tumor change after 2 

weeks of treatment and 3 weeks of treatment withdrawal are shown. Single-agent 

temsirolimus is ineffective in controlling tumor regrowth. However, there is no evidence of 

tumor regrowth upon dual therapy. Cleaved caspase 3 immunostaining of representative 

tumor samples from each cohort after 3 weeks of treatment withdrawal is shown.
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Figure 5. 
Effect of the combination RG7388 and temsirolimus on human lymphocyte reconstitution in 

humanized NSG mice. A, Schema of drug treatment and peripheral blood (PB) and bone 

marrow (BM) collections. B, Mice with greater than 40% human CD45+ reconstitution at 7 

weeks of age were selected. Six mice received vehicle controls, and six received the 

combination therapy. Percentages of human CD45+(hCD45) and mouse CD45+(mCD45) 

cells were assessed in the PB at time 0 and at the indicated time points, and in the BM at day 

35 after treatment. Percentages of hCD45 are shown for each individual mouse at the 

different time points. C, Mean values ± SD of hCD45% in control and treated mice at the 

indicated time points after treatment. Percentages of hCD45 significantly drop at day 21 

after treatment in mice treated with the combination therapy compared with controls. 

However, they are robustly restored at day 35 after treatment. D, No differences in 

percentages of hCD45 in PB were detected at day 35 after treatment between controls and 

treated mice.
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Figure 6. 
Dual therapy profoundly downregulates survivin expression. A, Expression levels of pro- 

and antiapoptotic proteins after single and combined treatments in p53 wild-type CHLA255 

and SH-SY5Y. Cells were either left untreated (CTRL), treated with 200 nmol/L of RG7388, 

5 μmol/L of temsirolimus, or their combination for 16 hours. Protein expression levels were 

analyzed by Western blotting, and β-actin served as loading control. Western blotting images 

were quantified by densitometry using Image J Software. Values are mean ±SD of two 

independent experiments; *, P < 0.05 by Student t test. B, Survivin mRNA expression 

(determined by qPCR) in CHLA255 and SH-SY5Y cells after single (temsirolimus 10 

μmol/L or Nutlin 3a 5 μmol/L) and combined therapy for 16 hours. **, P < 001; ***, P < 

0001; ****, P < 0.00001 by Student t test; FC, fold change. C, Survivin protein expression in 

CHLA255 cells after single (temsirolimus 10 μmol/L or Nutlin 3a 5 μmol/L) and combined 

therapy for the indicated time points. D, Survivin protein levels in response to single and 

combined therapy for 16 hours in p53 wild-type IMR32 cells. E, Survivin protein levels in 

p53-mutant LAN1 cells. No changes in expression are detected with both single and 

combined treatments.
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Figure 7. 
Survivin overexpression rescues cell apoptosis induced by the dual therapy. A, Conditional 

survivin overexpression was confirmed in IMR32 cells after 48-hour induction with 

doxycycline by qPCR and Western blotting. B, Apoptosis of IMR32 cells with and without 

survivin overexpression following single and combination therapy for 24 hours. Survivin 

overexpression significantly attenuates the apoptosis induced by the combination therapy. C, 
Survivin protein levels are suppressed in IMR32 cells following YM155 treatment. 

Induction of apoptosis in IMR32 cells by the combination therapy with or without YM155 

treatment for 24 hours. YM155 significantly potentiates the apoptotic response to the 

combination therapy.
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