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Neuroblastoma (NB) is the most common pediatric malignant extracranial solid tumor.
Despite multi-modality therapies, the emergence of drug resistance is an obstacle in the
treatment of high-risk NB patients (with MYCN amplification). In our previous study, we
found that rapamycin and MK-2206 synergistically induced cell death in MYCN-amplified
cell lines but the mechanisms remained unclear. In our present study, either 3-MA or
necroatatin-1 blocked the cell death induced by rapamycin and MK-2206, but z-VAD-fmk
did not block this cell death. The expressions of autophagy markers (ATG5, ATG7, Beclin-
1, LC3 B) and the necroptosis marker RIPK3 increased and another necroptosis marker
RIPK1 decreased after the combination treatment of rapamycin and MK-2206, and were
accompanied by the morphological characteristics of autophagy and necroptosis. In NB
xenograft tumor tissues, the expressions of autophagy and necroptosis markers were
consistent with observations in vitro. These data suggested that autophagy and
necroptosis contributed to the cell death induced by rapamycin and MK-2206 in NB
cells. To understand the role of MYCN in this process, MYCN expression was
downregulated in MYCN-amplified cell lines (NGP, BE2) using siRNAs and was
upregulated in MYCN non-amplified cell lines (AS, SY5Y) using plasmid. We found the
cell death induced by rapamycin and MK-2206 was MYCN-dependent. We also found
that the metabolic activity in NB cells was correlated with the expression level of MYCN.
This study delineates the role of MYCN in the cell death induced by combination treatment
of rapamycin and MK-2206 in MYCN-amplified NB cells.

Keywords: neuroblastoma, rapamycin, MK-2206, autophagy, necroptosis, MYCN
Abbreviations: NB, neuroblastoma; ATG5, autophagy related 5; ATG7, autophagy related 7; LC3 A/B, microtubule associated
protein 1 light chain 3 A/B; RIPK1, receptor interacting serine/threonine kinase 1; RIPK3, receptor interacting serine/
threonine kinase 3; 3-MA, 3-methyladenine; Nec-1, necrostatin-1; HE staining, hematoxylin-eosin staining; siRNA, small
interfering RNA; OCR, oxygen consumption rate; ECAR, extracellular acidification rate.
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INTRODUCTION

Neuroblastoma (NB) is the most common pediatric malignant
extracranial solid tumor and is derived from cells of the neural
crest. Although its incidence is only 7%–8%, it contributes to
15% of all pediatric cancer mortality (Smith et al., 2010; Gatta
et al., 2014). The current treatments include chemotherapy,
radiotherapy, surgery, biotherapies and immunotherapies.
According to the international NB stage system (INSS),
patients' clinical stage, histological grade and MYCN gene
amplification, NB patients are divided into low, moderate, and
high risk groups (Maris et al., 2007). Despite multi-modality
therapies, one of the barriers to treatment in high-risk patients
with NB is drug resistance. Therefore, novel agents for the NB
treatment are urgently needed.

MK-2206, an allosteric AKT inhibitor, binds to the AKT
protein in the pleckstrin homology domain resulting in a
conformational change of AKT that inhibits the AKT
activation by preventing its localization to the plasma
membrane (Lindsley et al., 2007). As an anticancer drug, MK-
2206 has been proved to be effective both in adult tumors
(Djuzenova et al., 2019; Hayasaka et al., 2019) and in a
spectrum of pediatric tumors (Gorlick et al., 2012). Phase I
studies showed that an oral dose of MK-2206 ranging from 0.25
to 100 mg was well-tolerated (Trucksis et al., 2009). Another
larger phase I exploration of MK-2206 is underway to examine
dose formulations and combined application with cytotoxic
drugs (Hudis et al., 2013). In addition, some studies have
shown that MK2206 synergized with molecularly targeted
drugs (mTOR inhibitors, MEK inhibitors, cisplatin) in lung
cancer, breast cancer, ovarian cancer and tuberous sclerosis
complex (Hirai et al., 2010; Meng et al., 2010; Choi et al., 2016;
Ji et al., 2017).

Mammalian target of rapamycin (mTOR) is a serine/
threonine protein kinase that regulates the proliferation, death,
survival and protein synthesis of cancer cells. Rapamycin is a
traditional mTOR inhibitor which forms a complex with
immunoglobulin FKBP12 (Benjamin et al., 2011). As one type
of mTOR inhibitors, rapamycin exerted effects on cancer growth
and survival in vitro and showed a promising suppression on
tumor growth in vivo (Grzmil and Hemmings, 2013; Zhao
et al., 2019).

Our previous study showed that rapamycin and MK-2206
synergistically inhibited the growth of some NB cell lines,
particularly those with MYCN amplification (Li et al., 2012).
MYCN is an oncogene and encodes a transcription factor.
MYCN amplification has been used to determine NB prognosis
and led to poor therapeutic effect and low survival rate in 40%
high-risk patients (Cohn and Tweddle, 2004; Pinto et al., 2015).
Targeting stability of MYC family member proteins has been
extensively investigated in order to develop new pharmacologic
strategies against various cancers (Boboila et al., 2018; Wang et al.,
2018; Hu et al., 2019). Our previous study showed that the
caspase3/7 activity did not significantly increase in the NB cells
treated with rapamycin and MK-2206, indicating that NB cell
death induced by this combination of rapamycin and MK-2206
was caspase-independent (Li et al., 2012). To investigate the
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mechanisms of this cell death induced by rapamycin and MK-
2206, we performed microarray analysis of BE2 cells treated with
rapamycin and MK-2206. We found that genes involved in
autophagy and necroptosis were significant enriched. Thus, we
investigated the contribution of autophagy and necroptosis to the
cell death induced by combination treatment of rapamycin and
MK-2206 and evaluated whether this was MYCN-dependent.
MATERIALS AND METHODS

Reagents
Rapamycin and MK-2206 were purchased from Selleckchem
(Houston, TX, USA). 3-Methyladenine (3-MA) (M9281) and
necrostatin-1 (Nec-1) (N9037) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Pan-caspase inhibitor z-VAD-
fmk was purchased from ApexBio (Houston, TX, USA).
Primary antibodies anti-LC3 A/B, anti-ATG5, anti-ATG7, anti-
Beclin-1, and anti-RIPK3 used for Western Blot were purchased
from Cell Signaling Technology (Beverly, Mass, USA), anti-RIPK1
antibody used for Western Blot was purchased from Santa Cruz
(Beverly, Mass, USA) and anti-GAPDH antibody was purchased
from Kangchen biotech (Shanghai, China). Anti-RIPK1 and anti-
RIPK3 antibodies used for immunohistochemistry staining were
purchased from Proteintech Group (Rosemont, IL, USA).

Cell Culture and Treatments
Four human NB cell lines [MYCN-amplified cell lines: NGP and
SK-N-BE2 (BE2), MYCN-non amplified cell lines: SH-SY5Y
(SY5Y) and SK-N-AS (AS)] were used in our study and were
obtained from CT (National Institutes of Health, National
Cancer Institute, USA). NB cells were cultured at 37°C with
5% CO2 in RPMI-1640 medium (Biological Industries, Israel)
containing 10% fetal bovine serum (Biological Industries, Israel),
100 U/ml penicillin, 100 mg/ml streptomycin (Biological
Industries, Israel) and 2 mM/L glutamine (Biological
Industries, Israel). To assess synergy in NB cells, rapamycin
was given 2 h before MK-2206. To study the involvement of
autophagy or necroptosis, cells were pretreated with 3-MA or
Nec-1 for 2 h before addition of rapamycin and MK-2206.

Cell Viability Assay
To detect the cell survival, CCK-8 assay (Biotool, Shanghai,
China) was used according to the manufacturer's specification.
NGP or BE2 cells were seeded in a 96-well plate at the density of
3 × 104/well for 24 h. Cells were treated with rapamycin and MK-
2206 for 60 h, or were pretreated with 3-MA, Nec-1 or z-VAD-
fmk prior to the addition of rapamycin and MK-2206.
Subsequently, CCK-8 was added to each well and incubated
for 1 h. Cell viability was then quantified by measuring
absorbance at 450 nm optical density. Cell viability was
assessed as a percentage of absorbency relative to the control
with vehicle treatment as the control. YOYO-1 (Thermo Fisher
Scientific, MA, USA) is a high affinitive nucleic acid dye that
stains dead cells. IncuCyte Zoom (Essen BioScince, MI, USA)
was used to dynamically observe morphology of cells and cell
confluence (%) was calculated by phase-contrast images.
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Cell Transfection
Small interfering RNAs (siRNAs) purchased from Ruibo
(Guangzhou, China) were used to knock down MYCN. The
sequences of siRNAs were:

MYCN-siRNA1: CGGAGTTGGTAAAGAATGA;

MYCN-siRNA2: CGGAGATGCTGCTTGAGAA;

MYCN-siRNA3: CCAAAGGCTAAGAGCTTGA.

NGP and BE2 cells were seeded 2 × 105/ml in 6-well plate.
The siRNAs were transfected into cells using jetPRIME (Polyplus
Transfection, Illkirsch, France) and after 24 h, cells were treated
with rapamycin and MK-2206.

MYCN expression plasmids were isolated using the HiSpeed
Plasmid Maxi Kit (Qiagen, Germany) according to the
manufacturer's instructions. AS and SY5Y cells (1 × 105/ml)
were seeded in 6-well plate and transfected with MYCN plasmids
using jetPRIME. After 24 h, cells were treated with rapamycin
and MK-2206.

Transmission Electron Microscope
Cells were treated with rapamycin and MK-2206 for 12 h. Cells
were fixed with 2.5% glutaraldehyde overnight at 4°C, washed with
0.1 M natrium cacodylicum for three times and then fixed with 1%
osmium tetroxide at 4°C for 90 min. After fixation, the samples
were dehydrated in ethyl alcohol and acetone. After the
embedding and solidification process, ultrathin sections (60–80
nm) were double stained with 4% uranyl acetate and 0.1% lead
citrate, and examined under a transmission electron microscopy
(Hitachi, Japan).

Western Blot
Protein lysates were extracted using RIPA buffer (Beyotime,
Shanghai, China) supplemented with PMSF (Beyotime, Shanghai,
China). The protein concentration was determined by BCA
(Beyotime, Shanghai, China). Total protein in each group was
loaded in SDS-PAGE gels and transferred to PVDF membranes
(Millipore, Bedford, MA, USA). Membranes were blocked with 5%
skim milk (BD, New Jersey, USA) at 4°C overnight and incubated
with the anti-LC3A/B antibody (1:1000), anti-ATG5 antibody
(1:1000), anti-ATG7 antibody (1:1000), anti-Beclin-1
antibody (1:1000), anti-RIPK3 antibody (1:1000), anti-RIPK1
antibody (1:100), and anti-GAPDH antibody (1:5000) at
4 °C overnight.

Cell Mitochondrial Stress Assay, Cell
Glycolytic Stress Assay and Cell Energy
Phenotype Assay
To determine glycolytic rate and mitochondrial stress in NGP
and AS cells, an XFe96 Analyzer (Agilent Technologies, USA)
was used according to the manufacturer's protocols. Cells
were seeded in XFe96 cell culture plates at a concentration
of 6,000 NGP cells/well and 3,000 AS cells/well in growth
medium. The next day, the cells were treated with the
combination of 10 nmol/L rapamycin and 10 mmol/L MK-
2206 in fresh medium for 24 h. Prior to the assay (1 h), the
Frontiers in Pharmacology | www.frontiersin.org 3
culture medium was replaced with Seahorse XF assay
medium (pH = 7.4) supplemented with 2 mM glutamine,
1 mM pyruvate and 10 mM glucose and incubated at 37°C
for 1 h in a CO2 free incubator. Carbonyl cyanide 4-
trifluoromethoxyphenylhydrazone (FCCP, a mitochondrial
oxidative phosphoric acid dissolution coupling agent),
oligomycin (an inhibitor of the ATP synthase subunit F1F0),
Glucose, 2-deoxyglucose (2-DG, a glycolysis inhibitor),
rotenone and antimycin A (Rot/AA, the respiratory chain
complex I and III inhibitors) were used at final concentrations
of 1 mM, 1 mM, 1 mM, 0.5 mM, and 0.5 mM, respectively.
XFe96 Extracellular Flux Analyzer (Seahorse Bioscience,
Billerica, MA, USA) was used to measure the oxygen
consumption rate (OCR) and extracellular acidification rate
(ECAR) in real-time.

In Vivo Studies
NGP cells were cultured in 10% fetal bovine serum RPMI-1640,
harvested and washed with Hank balanced salt solution
(HBSS), and re-suspended in HBSS. Cell suspension (100 ml)
containing 4 × 106 NGP cells was implanted into the right
armpits of BALB/c female nude mice (14–16 g) (Huafukang,
Beijing, China). MK-2206 (200 mg/kg) was administered by
oral gavage three times a week and rapamycin (5 mg/kg) was
given by intraperitoneal injection every day. Rapamycin and
MK-2206 were given for 10 d. A section of the tumor tissues
was frozen immediately in liquid nitrogen for western blot and
another section of the tumor tissues was fixed in 10% formalin
for the HE stand immunohistochemistry sta ining .
All experiments involving animals followed the guidelines
of Animal Center of Shengj ing Hospita l of China
Medical University, and all animal experimental protocols
were approved by the experimental Animal Ethical
Committee of Shengjing Hospital of China Medical
University (2014PS48K).

Hematoxylin and Eosin (HE) Staining
NGP tumor tissues were fixed in 4% paraformaldehyde for 24 h,
dehydrated with graded ethanol and transparentized with xylene.
After the tumor tissues were embedded with paraffin, they were
sectioned into 3 mm thickness slices. After staining with
hematoxylin and eosin, the slices were observed under a Nikon
300 microscope.

Immunohistochemistry Staining
Paraffin sections were dewaxed with xylene and were
dehydrated with graded ethanol in turn and sectioned into 3
mm thickness slices. Next, slices were retrieved by citric acid
buffer (PH = 6.0) microwave antigen retrieval and cooled to
room temperature. The slices were treated with 3% H2O2 for
endogenous peroxidase inactivation and goat serum albumin to
block nonspecific binding site. Then sections were incubated
with anti-RIPK1 (1:50), anti-RIPK3 (1:50) overnight at 4°C and
incubated with goat anti-rabbit IgG-HRP for 30 min at
room temperature. Finally, diaminobenzidine (DAB) was
used to visualize the immunocomplexes under a Nikon
300 microscope.
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Statistical Analysis
Data were expressed as mean ± SD. Statistical analysis were
carried out with GraphPad Prism 6. Comparisons between 2
groups were carried out with Student's t-test. P < 0.05 was
considered statistically significant.
RESULTS

Cell Death Induced by the Combination of
Rapamycin and MK-2206 Was Caspase-
Independent in NB Cells
To investigate the effect of rapamycin andMK-2206 on the cell viability
in MYCN-amplified NGP and BE2 cells, we performed CCK-8 assay
and IncuCyte Zoom cell confluence assays. The CCK8 assay results
showed that the combination of rapamycin and MK-2206 led to a
significant decrease of cell viability compared to the control or either
drug alone after 48 h of treatment (Figure 1A), which was consistent
with our previously report (Li et al., 2012). The cell morphology
changes after drug treatment were shown in Figure 1B. YOYO-1
stained dead cells and YOYO-1 counting showed that the number of
dead cells in rapamycin+MK-2206 group was significantly higher than
those in the control group or either drug alone after 48 h treatment
(Figures 1C, D), which was consistent with the CCK-8 assay result
(Figure 1A). To investigate whether the cell death induced by
rapamycin and MK-2206 was caspase-dependent, NGP and BE2
cells were pretreated with pan-caspase inhibitor z-VAD-fmk before
administration of rapamycin and/orMK-2206. Pretreatment of the NB
cells with z-VAD-fmk before the administration of rapamycin+MK-
2206 resulted in a 5.5% difference in NGP cells and 2.5% difference in
BE2 cells for the cell viability, indicating that z-VAD-fmk did not block
the cell death induced by a combination of rapamycin and MK-2206
(Figure 1E). These data indicated that the combined application of
rapamycin and MK-2206 induced more cell death than either drug
alone in NGP and BE2 cell lines and the cell death induced by
rapamycin and MK-2206 was caspase-independent.

Autophagy Contributed to the Cell Death
Induced by the Combination of Rapamycin
and MK-2206
To investigate the contribution of autophagy to the cell death
induced by the combination of rapamycin and MK-2206, we
pretreated NGP and BE2 cells with the autophagy inhibitor 3-
Methyladenine (3-MA) prior to rapamycin and MK-2206
treatment. In NGP cells, cell viability was 41.7% in the
rapamycin+MK-2206 group while pretreatment with 3-MA
significantly increased the cell viability to 86.3% (P < 0.01,
rapamycin+MK-2206 group vs rapamycin+MK-2206+3-MA
group) (Figure 2A, left). In BE2 cells, cell viability was 38.6%
in the rapamycin+MK-2206 group but pretreatment with 3-MA
significantly increased viability to 89.8% (P < 0.01, rapamycin
+MK-2206 group vs rapamycin+MK-2206+3-MA group)
(Figure 2A, right). We evaluated the changes of cell
ultrastructure by transmission electron microscopy in
rapamycin+MK-2206 treated NGP and BE2 cells. As shown in
Frontiers in Pharmacology | www.frontiersin.org 4
Figure 2B, compared to the control group, NGP and BE2 cells
displayed autophagic vacuoles (AVs) in rapamycin, MK-2206
and rapamycin+MK-2206 treated group; and there were more
AVs in the cells treated with the combination of rapamycin and
MK-2206 than in the cells treated with each agent alone. We
further evaluated the protein expressions of autophagy markers
(ATG5, ATG7, Beclin-1, and LC3 B) in NGP and BE2 cells after
combination treatment of rapamycin and MK-2206 by Western
Blot. Compared to the control or either drug alone, the
combination of rapamycin and MK-2206 induced a greater
increase in the expression levels of ATG5, ATG7, Beclin-1, and
LC3 B in NGP and BE2 cells (Figure 2C). These data indicated
that autophagy contributed to the cell death induced by the
combination of rapamycin and MK-2206.
Combination of Rapamycin and MK-2206
Induced Cell Death Partially Through
Necroptosis
To investigate the contribution of necroptosis to the cell death
induced by the combination of rapamycin and MK-2206, we
pretreated the cells with the necroptosis inhibitor Nec-1. As
shown in Fig.3A left panel, NGP cell viability in the rapamycin
+MK-2206 group was 38.0%, but in the Nec-1+rapamycin+MK-
2206 group cell viability increased to 89.9%. In Figure 3A right
panel, BE2 cell viability in the rapamycin+MK-2206 group was
39.4%, but the addition of Nec-1 to this combination increased
viability to 85.9%, indicating that pretreatment of the NB cells
with Nec-1 significantly attenuated the cell death induced by the
combination of rapamycin and MK-2206. Western blot results
showed that the rapamycin+MK-2206 treatment led to a
decrease in the protein level of the necroptosis marker RIPK1
and an increase of necroptosis marker RIPK3 compared to
control or single agent treatment in NGP and BE2 cells
(Figure 3B). Transmission electron microscopy results showed
that only the cells treated with the combination of rapamycin
and MK-2206 exhibited cytoplasm swelling and plasma
membrane integrity deficiency (Figure 3C). Therefore, these
results indicated that necroptosis contributed to the NB cell
death induced by the combination of rapamycin and MK-2206
treatment. We also evaluated the involvement of autophagy and
necroptosis in NB xenograft tumor tissues after the combination
treatment of rapamycin and MK-2206 in a xenograft murine
model. BALB/c nude mice borne NGP tumors were treated with
5 mg/kg rapamycin and 200 mg/kg MK-2206 for 10 d, either
alone or in combination. HE staining of the tumor tissues
showed that the number of dead cells (with swelled nuclei and
lighter staining signal) in rapamycin+MK-2206 group were
significantly higher than those in rapamycin or MK-2206
groups (Figure 3D). This was similar to the YOYO-1 staining
result in vitro (Figure 1D). To further verify that necroptosis was
involved in this cell death, we detected RIPK1 and RIPK3
expression levels in NGP xenograft tumor tissues by
immunohistochemistry staining. Compared to the control and
single agent group, RIPK1 expression level was downregulated
and RIPK3 expression level was upregulated in rapamycin+MK-
February 2020 | Volume 11 | Article 31
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FIGURE 1 | Cell death is induced by the combination of rapamycin and MK-2206 in neuroblastoma (NB) cells. NGP and BE2 cells were treated with rapamycin
(10 nmol/L) for 2 h followed by MK-2206 (10 mmol/L) treatment for 48 h. (A) Cell viability was evaluated by CCK-8 assay. Bar, SD. ##, P < 0.01 (rapamycin+MK-2206
group VS rapamycin or MK-2206 group). (B) The live cell morphology was photographed using IncuCyte Zoom. (C) Cells were stained with YOYO-1 (1:10000) and
dead cells were evaluated by YOYO-1 counting. (D) The dead cell morphology stained by YOYO-1 was photographed using IncuCyte Zoom. (E) NGP and BE2 cells
were pretreatment with pan-caspase inhibitor z-VAD-fmk (100 mM) for 2 h followed by rapamycin (10 nmol/L) and MK-2206 (10 mmol/L) treatment for 48 h, either
alone or in combination. Cell viability was evaluated by CCK-8 assay. Bar, SD. All experiments were conducted for three times. NS, no statistical significance.
Frontiers in Pharmacology | www.frontiersin.org February 2020 | Volume 11 | Article 315
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2206 group (Figure 3E). We further evaluated the protein
expressions of autophagy markers (ATG5, ATG7, Beclin-1,
and LC3 B) and necroptosis markers (RIPK1, RIPK3) in NGP
xenograft tumor tissues after rapamycin and MK-2206
combination treatment by Western Blot. Compared to the
control and single agent group, the combination of rapamycin
and MK-2206 induced more increases of ATG5, Beclin-1, LC3 B,
and RIPK3 protein expressions, and induced a decrease in RIPK1
Frontiers in Pharmacology | www.frontiersin.org 6
protein expression (Figure 3F). These results were consistent
with the changes of these markers in NGP cells in vitro.

The Cell Death Induced by the
Combination of Rapamycin and MK-2206
Was MYCN-Dependent
To investigate whether the cell death induced by the combination
of rapamycin and MK-2206 was MYCN-dependent, we knocked
FIGURE 2 | Autophagy mediates the cell death induced by the combination of rapamycin and MK-2206. (A) NGP and BE2 cells were pretreated with autophagy
inhibitor 3-MA (5 mM) for 2 h followed by rapamycin (10 nmol/L) and MK-2206 (10 mmol/L) treatment, either alone or in combination for 48 h. Cell viability was
evaluated by CCK-8 assay. Bar, SD. ##, P < 0.01 (3-MA+rapamycin+MK-2206 group vs rapamycin+MK-2206 group). (B) The ultrastructural features of NGP and
BE2 cells treated with rapamycin, MK-2206 and rapamycin+MK-2206 for 8 h under electron microscopy. (C) NGP and BE2 cells were treated with rapamycin (10
nmol/L) for 2 h followed by MK-2206 (10 mmol/L) treatment for 8 h, either alone or in combination. Total protein was extracted to detect ATG5, ATG7, Beclin-1, LC3
B, and GAPDH levels. All experiments were conducted for three times.
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down MYCN using siRNAs in MYCN-amplified NGP and BE2
cell lines (Figure 4) and overexpressed MYCN in MYCN non-
amplified AS and SY5Y cell lines (Figure 5). Among the three
MYCN siRNAs, MYCN siRNA1 and siRNA2 were more effective
than siRNA3 on knocking down MYCN at protein levels in both
NGP and BE2 cells (Figure 4A), thus, we chose MYCN siRNA1
and siRNA2 for subsequent experiments. After transfecting
Frontiers in Pharmacology | www.frontiersin.org 7
MYCN siRNAs in NGP and BE2 cells, we treated the cells with
either rapamycin or MK-2206 or in combination. In the control
group, the viability of the cells treated with the combination of
rapamycin and MK-2206 was 38.7% in NGP cells and 34.2% in
BE2 cells. While in the MYCN siRNA transfected cells, the
viability of the cells treated with the combination of rapamycin
and MK-2206 increased to 73.9% (MYCN siRNA1) and 79.4%
FIGURE 4 | Cell death induced by combination of rapamycin and MK-2206 are attenuated when MYCN is silenced in NGP and BE2 cells. (A) Knock down MYCN
in NGP and BE2 cells by three siRNA fragments. Total protein was extracted to detect MYCN and GAPDH expressions. (B) The NGP and BE2 cells transfected with
si-MYCN1 and si-MYCN2 were treated with rapamycin (10 nmol/L) for 2 h followed by MK-2206 (10 mmol/L) treatment for 48 h, either alone or in combination. Bar,
SD. ##, P < 0.01 (rapamycin+MK-2206 si-MYCN1 group vs rapamycin+MK-2206 NC group and rapamycin+MK-2206 si-MYCN2 group vs rapamycin+MK-2206 NC
group). After knocking down MYCN in NGP and BE2 cells by si-MYCN1 and si-MYCN2, cells were treated with rapamycin (10 nmol/L) for 2 h followed by MK-2206
(10 mmol/L) treatment in combination. (C) Total protein was extracted to detect autophagy related 5 (ATG5), autophagy related 7 (ATG7), Beclin-1, microtubule
associated protein 1 light chain 3 B (LC3 B), receptor interacting serine/threonine kinase 1 (RIPK1), receptor interacting serine/threonine kinase 3 (RIPK3), and
GAPDH levels. All experiments were conducted for three times.
FIGURE 3 | Combination of rapamycin and MK-2206 induces cell death via necroptosis. (A) NGP and BE2 cells were pretreated with necroptosis inhibitor Nec-1
(40 mM) for 2 h followed by rapamycin (10 nmol/L) and MK-2206 (10 mmol/L) treatment, either alone or in combination for 48 h. Cell viability was evaluated by CCK-8
assay. Bar, SD. ##, P < 0.01, (Nec-1+rapamycin+MK-2206 group vs rapamycin+MK-2206 group). (B) NGP and BE2 cells were treated with rapamycin (10 nmol/L)
for 2 h followed by MK-2206 (10 mmol/L) treatment for 8 h, either alone or in combination. Total protein was extracted to detect RIPK1, RIPK3 and GAPDH levels.
(C) The ultrastructural features of NGP and BE2 cells treated with rapamycin, MK-2206 and rapamycin+MK-2206 for 8 h under electron microscopy. (D–F) BALB/c
nude mice borne NGP tumors were treated with 5 mg/kg rapamycin and 200 mg/kg MK-2206 for 10 days, either alone or in combination. Tumor tissues were
harvested. The morphological changes were observed under microscope after HE staining (D). The expressions of RIPK1 and RIPK3 were detected by
immunohistochemistry staining (E). The expressions of autophagy related 5 (ATG5), autophagy related 7 (ATG7), Beclin-1, microtubule associated protein 1 light
chain 3 B (LC3 B), receptor interacting serine/threonine kinase 1 (RIPK1), receptor interacting serine/threonine kinase 3 (RIPK3), and GAPDH were detected by
Western Blot (F). All experiments were conducted for three times.
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(MYCN siRNA2) in NGP cells, and 78.6% (MYCN siRNA1) and
74.9% (MYCN siRNA2) in BE2 cells (Figure 4B). We also found
that downregulation of MYCN expression in NGP and BE2 cells
attenuated the changes of autophagy markers and necroptosis
Frontiers in Pharmacology | www.frontiersin.org 8
markers that were induced by the combination of rapamycin and
MK-2206 (Figure 4C). These data indicated that down-regulation
of MYCN in NGP and BE2 cells attenuated the cell death induced
by the combination of rapamycin and MK-2206.
FIGURE 5 | AS and SY5Y cells are more sensitive to the combination of rapamycin and MK-2206 treatment when MYCN is overexpressed. (A) Overexpress MYCN
in AS and SY5Y cells by plasmid. Total protein was extracted to detect MYCN and GAPDH levels. After overexpressing MYCN in AS and SY5Y cells, cells were
treated with rapamycin (10 nmol/L) for 2 h followed by MK-2206 (10 mmol/L) treatment, either alone or in combination. (B) Cell viability was detected by CCK-8
assay at 48 h time point. #, P < 0.05 (rapamycin+MK-2206 OE-MYCN group vs rapamycin+MK-2206 NC group). (C) Cell confluence was detected by IncuCyte
Zoom for 48 h. (D) Total protein was extracted to detect autophagy related 5 (ATG5), autophagy related 7 (ATG7), Beclin-1, microtubule associated protein 1 light
chain 3 B (LC3 B), receptor interacting serine/threonine kinase 1 (RIPK1), receptor interacting serine/threonine kinase 3 (RIPK3), and GAPDH levels. All experiments
were conducted for three times.
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FIGURE 6 | The effects of MYCN expression on glycolysis and mitochondrial respiration. (A) The glycolytic function in NGP cells after treatment by combination
treatment of rapamycin and MK-2206 for 48 h was assessed and glycolytic capacity was demonstrated by detecting extracellular acidification rate (ECAR. (B) The
glycolytic function in NGP cells after treatment by knocking down MYCN for 24 h was assessed and glycolytic capacity was demonstrated by detecting ECAR.
(C) The mitochondrial function in AS cells after treatment by overexpressing MYCN for 24 h was assessed. (D) The mitochondrial function in NGP cells after treatment by
knocking down MYCN for 24 h was assessed and mitochondrial respiration was demonstrated by detecting OCR. (E) The mitochondrial function in AS cells after
treatment by overexpressing MYCN for 24 h was assessed. (F) The metabolism capacity in NGP cells after treatment by knocking down MYCN for 24 h was assessed.
(G) The metabolic capacity in AS cells after treatment by overexpressing MYCN for 24 h was assessed. All experiments were conducted for three times.
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In our previous study we found that there was no synergistic
effect of rapamycin and MK-2206 combination in the MYCN
non-amplified AS and SY5Y cells (Li et al., 2012). Here, we
overexpressed MYCN in AS and SY5Y cells by transfecting a
MYCN expression plasmid (Figure 5A). After overexpressing
MYCN in AS and SY5Y cells, we treated the cells with either
rapamycin or MK-2206 or in combination. Cell viability
decreased from 76.34% to 46.21% in AS cells and from 74.93%
to 50.76% in SY5Y cells (Figure 5B). Cell confluence detected by
IncuCyte Zoom showed that the growth curve of the MYCN-
overexpressed cells treated with rapamycin+MK-2206 was lower
than those of the control group, rapamycin group and MK-2206
group (Figure 5C). We also found that in the MYCN
overexpressed AS and SY5Y cells, there were higher protein
levels of ATG5, ATG7, Beclin-1, LC3 B, and RIPK3, and lower
expression of RIPK1 in the cells treated with the combination of
rapamycin and MK-2206, compared to the cells in the control
group and rapamycin or MK-2206-treated group (Figure 5D).
These data indicated that upregulation of MYCN expression in
AS and SY5Y cells increased the sensitivity of these cells to the
treatment of rapamycin+MK-2206 and this was accompanied by
an increase in autophagy and necroptosis.

The Effects of MYCN Expression on
Glycolysis and Mitochondrial Respiration
To investigate the relationship between MYCN expression levels
and the metabolic processes of NB cells, we analyzed the two
main energy-producing cellular processes, glycolysis and aerobic
oxidation. OCR and ECAR were measured by the XFe96
Extracellular Flux Analyzer in real time. ECAR represented the
glycolysis function and OCR represented the mitochondrial
aerobic respiration function.

In NGP cells, after combination treatment of rapamycin and
MK-2206, glycolytic capacity decreased in rapamycin+MK-2206
group (Figure 6A). To investigate whether the decrease in glycolytic
capacity induced by combination of rapamycin and MK-2206 was
related to expression ofMYCN, we compared the glycolytic capacity
(indicated by the changes of ECAR) in NGP and AS cells after the
expression ofMYCNwasmodified. There was a significant decrease
of ECAR in NGP cells when MYCN was knocked down (Figure
6B), while there was an increase in AS cells when MYCN was
overexpressed (Figure 6C). These data indicated that cells with
higher expression of MYCN had higher glycolytic capacity.

We also compared the mitochondrial aerobic respiration
function (indicated by the changes of OCR) in NGP and AS cells
after the expression of MYCNwas modified. There was a significant
increase of OCR for the basal respiration in NGP cells whenMYCN
expression was down-regulated, but a change for the spare
respiration capacity was not detected (Figure 6D), while there
was a decrease for both basal respiration and spare respiration
capacity in AS cells when MYCN expression was up-regulated
(Figure 6E). These data indicated that cells with higher expression
of MYCN had lower mitochondrial aerobic respiration function. As
shown in Figure 6F, after silencing of MYCN expression in NGP
cells, the baseline phenotype and the stressed phenotype did not
Frontiers in Pharmacology | www.frontiersin.org 10
significantly change. In contrast, the baseline phenotype and the
stressed phenotype were both increased in MYCN-overexpressed
AS cells (Figure 6G). These results were the same as the glycolytic
and mitochondrial changes in Figures 6B–E.
DISCUSSION

In this study, we found that the combination of rapamycin and
MK-2206 treatment induced more cell death in MYCN-
amplified NB cells compared to single agent alone, and both
autophagy and necroptosis contributed to this cell death in NB
cells. The cell death induced by the combination of rapamycin
and MK-2206 was MYCN-dependent.

AKT plays an important role in cell signaling and cancer cell
growth. mTOR is the downstream of AKT and is present in two
distinct complex, mTOR complex 1 (mTORC1) and mTOR
complex 2 (mTORC2). mTORC2 is a upstream complex of
AKT and promotes cell survival through AKT(Sparks and
Guertin, 2010), but for mTORC1, it is a downstream complex of
AKT and has a negative feedback effect on AKT in some diseases
(Sengupta et al., 2010; Liu et al., 2018). In this case, a combination
of AKT inhibitor and mTOR inhibitor may have a better effect
compared to each inhibitor alone. Similar to these findings, in our
study rapamycin did increase the P-AKT expression in NB cells
(data not shown). MK-2206 is an allosteric inhibitor of AKT and
has been proved to be effective in inhibiting cancer cell growth.
Some other studies showed that combination use of rapamycin
and MK-2206 had synergetic effect in multiple myeloma, breast
cancer, colon cancer and tuberous sclerosis complex
(Ramakrishnan et al., 2012; Ji et al., 2017). MK-2206 had
synergetic effects with other mTOR inhibitors like RAD001 in
cholangiocarcinoma and hepatocellular carcinoma (Grabinski
et al., 2012; Ewald et al., 2013). In NB, Lei Q et al. found that
another mTOR inhibitor, AZD8055, prohibited cell growth in
MK-2206-resistant NB sublines (Qi et al., 2015). Our previous
study showed that rapamycin and MK-2206 had a synergistic
effect in some NB cell lines (Li et al., 2012), and we further proved
the cell death induced by rapamycin and MK-2206 was caspase-
independent in this study. But Neri et al. reported that a
combination treatment of MK-2206 with another mTOR
inhibitor RAD001 induced a caspase-dependent apoptosis in B-
precursor acute lymphoblastic leukemia (B-pre ALL) cells and
patient samples. This synergistic effect induced apoptosis through
the extrinsic and intrinsic pathways which was accompanied by
increases in cleaved caspase-8, caspase-9, and PARP. Furthermore,
combination of the two drugs potentiated autophagy induction by
increasing LC3 A/B protein level (Neri et al., 2014). However, they
did not test whether an autophagy inhibitor could block the cell
death induced by RAD001 and MK-2206. Moreover, the
mechanism of cell death induced by mTOR inhibitor and MK-
2206 in a solid tumor has not been reported.

There are many types of caspase-independent cell death, such
as autophagy, necroptosis and pyroptosis (Moreno-Gonzalez et al.,
2016; Grootjans et al., 2017). RIPK1 and RIPK3 were both critical
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regulators of necroptosis. As necroptosis occurred, RIPK3 level
consistently increased, but RIPK1 level may increase (Xu et al.,
2019; Zhang et al., 2019) or decrease (Motani et al., 2011; Tian
et al., 2013) under different stimuli-inducing necroptosis. In our
study, the RIPK1 expression decreased after the combination
treatment of rapamycin and MK-2206. We detected necroptosis
and autophagy markers and used necroptosis and autophagy
inhibitors to explore the cell death induced by the combination
of rapamycin and MK-2206, and found that necroptosis and
autophagy contributed to this cell death.

As an important prognostic marker, the ability to target NB
cells expressing MYCN would have potential clinical
significance. In Gamble LD's study, inhibition of polyamine
uptake with the small-molecule drug AMXT 1501, in
combination with ODC1 (ornithine decarboxylase 1) inhibitor
DFMO (difluoromethylornithine), inhibited or retarded NB
growth and prolonged survival in murine models. Moreover,
ODC1 is a direct transcriptional target of MYCN. The authors
considered that MYCN was the key to the synergistic effect of the
two inhibitors, but the specific mechanism of this action has not
been described (Gamble et al., 2019).

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) plays an important role in necroptosis. TRAIL
sensitivity in NB cells can be improved by reconstituting
caspase-8 with IFN-g and TR2 with chemotherapeutic agents
(Yang et al., 2003). MYCN, as a downstream molecule of TRAIL
receptors, regulates extracellular death. TRAIL-resistant IMR-32
cells treated with cisplatin resulted in increases in DR5
expression but failed to trigger TRAIL sensitivity. Furthermore,
in these cells, the downregulation of MYCN expression and
restoration of caspase-8 expression induced apoptosis by
activating TRAIL pathway. Pretreatment the cells with cisplatin
dramatically enhanced TRAIL cytotoxicity via DR5 expression
increased (Lee et al., 2019). In our study, combination of
rapamycin and MK-2206 produced a synergistic effect in
MYCN-amplified cell lines (NGP and BE2), but this synergistic
effect was not observed in cell lines without MYCN amplification
(AS and SY5Y). Consistently, the knockdown of MYCN in
MYCN-amplified NB cells decreased the sensitivity to the
combination treatment of rapamycin and MK-2206, while the
overexpression of MYCN in MYCN non-amplified NB cells
increased the sensitivity to the combination treatment of
rapamycin and MK-2206. Despite MYCN amplification
predicted poor prognosis and drug resistance, our results
indicated that MYCN-amplified NB cells were more sensitive
to rapamycin+MK-2206 therapy. Therefore, our study shows the
existence of MYCN oncogene addiction in MYCN amplified NB
cells, which provides a theoretical basis for the synthetic therapy
for MYCN-amplified NB patients.

Glycolysis is a main metabolic mode of tumor cells. The
transformation of cancer cells from aerobic respiration to
glycolysis plays an important role in the occurrence and
development of drug resistance. In drug resistant cells and
tissues of breast cancer, gastric cancer, glioblastoma, pancreatic
adenocarcinoma and non-small cell lung cancer, glycolytic
Frontiers in Pharmacology | www.frontiersin.org 11
activity increased and reprogramed, and associated metabolic
processes changed had been found (Ruprecht et al., 2017; Ye
et al., 2017; Zhao et al., 2017; Liu et al., 2019; Sun et al., 2019). In
our study, down-regulation of MYCN in NGP cells resulted in a
decrease of glycolysis capacity and an increase of basal and
maximal respiration; overexpression of MYCN in AS cells
induced the increment of glycolysis capacity and decrement of
spare respiration capacity. We also found that the combination
treatment of rapamycin and MK-2206 increased the glycolysis of
cells and decreased the mitochondrial function through the
regulatory effect of MYCN, thus increasing the sensitivity of
NB cells to rapamycin+MK-2206. The underlying mechanism
remains to be further studied.

In conclusion, our study indicated that autophagy and
necroptosis mediated the cell death induced by the
combination of rapamycin and MK-2206, and this cell death
was MYCN-dependent. A combination use of rapamycin and
MK-2206 may be a new strategy for the treatment of high-risk
NB patients with MYCN amplification.
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