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Background: Alterations in the cell metabolism, such as enhanced aerobic glycolysis, have
been identified as a prominent hallmark of cancer cells. 3-Bromopyruvate (3-BrPA) is
a proverbial hexokinase (HK)-II inhibitor, which can inhibit cancer cell energy metabolism.
Rapamycin is a new type macrocyclic lactone, which can inhibit the serine/threonine protein
kinase mTOR. In order to comprehend the influence of 3-BrPA on autophagy activity
in vitro, we conducted a series of experiments using different human neuroblastoma (NB)
cell lines.

Materials and Methods: The human NB cell lines were exposed to 3-BrPA and/or
rapamycin, and the proliferation activity of the cells was detected by Cell Counting Kit-8
(CCK-8) assay. The mRNA expression of the cells treated with 3-BrPA and/or rapamycin
was analyzed by quantitative real-time polymerase chain reaction (QPCR) assay. The protein
expression of the cells was analyzed by Western Blotting (WB) assay. The effects of 3-BrPA
and/or rapamycin treatment on cell cycle and cell apoptosis were analyzed by flow
cytometry assay. Meanwhile, the cellular glucose absorption rate, lactate secretion rate and
ATP content were also analyzed through the relevant metabolic analysis kits.

Results: Our results showed that 3-BrPA can induce growth inhibition in a dose-dependent
pattern by cell apoptosis. 3-BrPA combined with rapamycin played a synergistic suppression
role in NB cells, affected the cell apoptosis, cell cycle and the metabolic pathway. Up-
regulated LC3-II accumulation was conscious in NB cells incubated with 3-BrPA and
rapamycin. Rapamycin individually discourages the mTOR signaling pathway, while com-
bined with 3-BrPA can enhance this phenomenon and influence cell metabolism of the NB
cells.

Conclusion: The results suggested that 3-BrPA combined with rapamycin could induce cell
apoptosis in NB cells by inhibiting mTOR activity. In conclusion, our research proposed that
the dual inhibitory effect of the mTOR signaling pathway and the glycolytic activity may
indicate a valid therapeutic tactic for NB chemoprevention.
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Introduction

MYCN is a member of the MYC family, which is considered as an oncogenic
transcription factor. The MYC family members also include MYC and MYCL. The
principal function of MYCN is to improve cell growth and cell proliferation
through transcriptional regulation, which is similar to other MYC family
proteins.'* Neuroblastoma is a childhood malignant carcinoma, which is the most
general pediatric solid carcinoma, derived from the sympathetic nervous system,
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accounting for roughly 7% of pediatric malignant tumors
and 15% of pediatric malignant deaths.> The most malig-
nant neuroblastoma showed amplification of the oncogene
MYCN, which was discovered in nearly 25% of neuro-
blastoma and nearly 40% of the high-risk individuals.*®
Alternatively, in MYCN-nonamplified neuroblastoma, the
expression of C-MYC protein is up-regulated, which is
also correlated with poor prognosis.” There are various
strategies to treat neuroblastoma, including surgery, che-
motherapy, radiotherapy, immunotherapy, autologous stem
cell transplantation, ALK inhibitor and multiple combina-
tions of such strategies.® Nevertheless, the prognosis of
advanced NB children is still disappointing, even with
a battery of progressive adjuvant methods, especially for
those children older than 1 year, whose long-term survival
rate is usually below 40%.° Therefore, the current treat-
ment methods are limited, and more effective treatment
options need to be explored.

The oncogene MYCN is ordinarily amplified in the
high-risk neuroblastoma, and is related to the cellular
metabolism of neuroblastoma, including oxidative glyco-
lysis or Warburg metabolism.'>'" At present, it is difficult
to target oncogene MYCN directly. Therefore, we chose
the metabolic pathway activated by MYCN as a potential
drug candidate target. The distinction in metabolism
between neoplastic cells and normal cells has gradually
become one of the targets of tumor therapies.'''*

The transport of monocarboxylates (such as lactate and
pyruvate) is mediated by the proton-linked solute carrier
16 (SLC16) family membrane transport proteins, called
monocarboxylate transporters (MCTs).'> At present, 14
MCT-related genes have been identified in mammals.
Despite their sequence homology, only MCTI1-MCT4
have been shown to be proton-dependent transporters of
monocarboxylic acids, and the expression of MCTI-
MCT4 is often elevated in human cancers. Birsoy et al
have determined that MCT]1, the SLC16A1 gene product,
is the main determinant of 3-BrPA sensitivity. MCT1 is
necessary and sufficient for cancer cells to take up 3-BrPA.
In addition, SLC16A1 mRNA level is the best predictor of
3-BrPA sensitivity, with the highest level in glycolytic
cancer cells.'®

Our previous studies showed that 3-BrPA, a drug can-
didate that can inhibit cell glycolysis, preferentially
induced massive cell death of the human neoplastic cells
overexpressing the oncogene MY C, without obvious influ-
ences on those neoplastic cells with tiny or none MYC

7

expression.'” In addition, we also found that the

expression levels of MYC and MCT1 decreased in the
neuroblastoma cells treated with 3-BrPA at the mRNA
and protein levels.

Programmed cell death is a physiological and selective
process, refers to the autonomous cell death controlled by
a series of genes, which can maintain the stability of the
internal environment. There are three familiar forms sup-
posed to the programmed cell death, such as apoptosis,
autophagy and necrosis. There are three dominating path-
ways of protein degradation in the eukaryotic cells, such as
the ubiquitination pathway, the caspase pathway and the
lysosome pathway. Autophagy is a lysosomal pathway,
which can maintain the intracellular stability, response to
stress, and mediate a dynamic process including degrade
proteins, organelles, macromolecules and ribosomes.'®
Under the stress, autophagy can generate nutrients and
energy to maintain the cellular survival. There are many
studies reported that autophagy is related to the pathological
processes and pathogenical processes, containing infectious
diseases, neurodegenerative diseases, autoimmune diseases,
myopathy and malignant cancer diseases.'® ' The role of
autophagy is constantly changing during the occurrence and
development of different carcinomas.

Beclin, light chain 3 (LC3) A and B, SQSTM1/p62 and
sirtuin 1 (SIRT1) are known as the autophagy-related
proteins.”? Among them, LC3B and SQSTMI1/p62 are
autophagy markers widely used to monitor autophagy
activity. LC3B is involved in the formation of the autop-
hagosomes, while SQSTM1/p62 is used as a selective
autophagy substrate, which has multiple domains that
interact with autophagy machinery as an adaptor for the
target cargo.”> The up-regulation or down-regulation of
SQSTM1/p62 can play a tumorigenic or an anti-tumor
effect in cancers.”

Therefore, our research was to explore whether HK-II
inhibitor 3-BrPA can affect the metabolic level of the
neuroblastoma cells by the autophagy pathway, which
may provide a new therapeutic strategy for NB treatment.

Materials and Methods

Cell Culture and Materials

The neuroblastoma cell lines were purchased from Shanghai
Genechem Co., LTD., and cultured in RPMI-1640 medium
(Gibco) containing 10% fetal bovine serum and 1% penicil-
lin/streptomycin at 37°C of 5% carbon dioxide. The culture
medium was removed once every two days. The neuroblas-
toma cell lines SK-N-BE2 and IMR-32 are MYCN-
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amplified, while SK-N-AS, SH-SY5Y and SK-N-SH are
MYCN non-amplified cell lines. All the cells utilized in
our experiments were confirmed to be free of mycoplasma.
3-BrPA powder was purchased from Sigma Aldrich.
Rapamycin powder was purchased from MedChemExpress
(MCE). All reagents were dissolved in dimethyl sulfoxide
(DMSO, Sigma) and kept at —20°C. Antibodies were used as
follows: N-Myc (13987, CST), C-Myc (5605S, CST),
MCT!1 (AB3538P, Millipore), p-mTOR (Ser2448) (55368,
CST), SQSTM1/p62 (88588S, CST), LC3B (83506S, CST)
and B-actin (8457S, CST).

Cell Viability Assay

The cell proliferation of the NB cells treated with 3-BrPA
and/or rapamycin was detected by Cell Counting Kit-8
(CCK-8, Bestbio) assay. The NB cell lines (IMR-32, SH-
SYSY and SK-N-SH) were sown in 96-well plates with
5x10° cells per well overnight. And the cells were treated
with different concentrations (OuM, 25uM, 50uM, 75uM
and 100uM) of 3-BrPA for 24h, whereas DMSO was used
as the blank group. The supernatant were thoroughly
removed, subsequently the CCK-8 solutions were joined
in the wells and incubated for 4 hours at 37°C in dark
place. Finally, we use a microplate reader to measure the
absorbance of all the wells at 450 nm. Assays were per-
formed on three independent experiments.

RNA Extraction and Quantitative

Real-Time PCR

We use the TRIzol Reagent (15,596,018, Thermo
Fischer Scientific) to extract total RNA of the cells,
and then use a reverse transcriptase kit (R211-02,
Vazyme) to synthesize cDNA according to the manufac-
turers’ protocols. Quantitative Real-time PCR (QPCR)
was executed with the NovoStart® SYBR QPCR
SuperMix Plus Kit (E096-01B, Novoprotein) and the
Bio-Rad CFX 96 Real-time System. The relative
mRNA expression was calculated by 274" method
and normalized to B-actin expression. Specific QPCR
primer sequences are listed in Table 1.

Western Blotting Analysis

The human neuroblastoma cells were treated with
3-BrPA and/or rapamycin, total proteins were isolated
on ice with RIPA lysing buffer, and the protein concen-
tration was measured using a BCA protein assay kit
(Beyotime). A total of 40pg proteins were submitted to

Table | Primers Used for Reverse Transcription-Quantitative
PCR

Gene Sequence (5'-3")
N-Myc F: ACCACAAGGCCCTCAGTACC

R: TCTCCACAGTGACCACGTCGATTT
C-Myc F: GTAGTGGAAAACCAGCAGCC

R: AGAAATACGGCTGCACCGAG
MCTI F: GGCCACCACTTTTAGGTCGGCT

R: AGGACGACGCCACATGCCCA
HK2 F: GACCAACTTCCGTGTGCTTT
R: TCCATGAAGTTAGCCAGGCA
F: GGGAAAGGGCTTGCACCGGG
R: CTGGCCACCCGAAGTGTCCG
PDK F: TGCAAAATCACCAGGACAGC
R: TACCCAGCGTGACATGAACT

SQSTMI

PKM F: CGGAACACTGGCATCATCTG
R: AGGATGGGGTCAGAAGCAAA

LDHA F: TTAAGCTGTCATGGGTGGGT
R: AAGACCCTCTCAACCACCTG

[-actin F: CATGTACGTTGCTATCCAGGC

R: CTCCTTAATGTCACGCACGAT

SDS-PAGE and transferred to the PVDF membrane. The
PVDF membranes were blocked with 5% skimmed milk
supplemented with 0.05% Tween 20 (Sigma Aldrich) in
PBS for | hour, and then incubated with the primary
antibody at 4°C overnight. The next day, the PVDF
membranes were incubated with secondary antibody
for 1 hour at the room temperature. Washing with
TBST 3 times, the PVDF membranes were further
ECL Plus
Detection Reagents and Analysis System (BioTek). To

developed with the Western Blotting
control the equal amount of protein loading, the PVDF
membranes were calibrated with B-actin antibody.

Annexin V-FITC/PI Staining

The Annexin V-FITC Apoptosis Kit (Biovision) was used
to detect the cell apoptosis in neuroblastoma cells (SH-
SYS5Y and SK-N-SH) treated with 3-BrPA and/or rapamy-
cin. We treated SH-SY5Y and SK-N-SH with 3-BrPA and/
or rapamycin, collected the supernatant and the cells,
centrifuged and resuspended, added 1xBinding Buffer
and S5ul Annexin V-FITC, mixed gently and incubated
on ice for 10 minutes in dark place, added 10uL PI stain-
ing solution, then gently mixed and incubated on ice for 5
minutes. The data were performed on the Accuri C6 (BD
Biosciences), and the data were analyzed using Treestar
FlowJo software.
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Flow Cytometric Evaluation of Cell Cycle
The neuroblastoma cells (SH-SYSY and SK-N-SH) were
seeded into a 6-well plate at a density of 3x10° cells per
well. The cells were treated with 3-BrPA and/or rapamy-
cin, harvested with 0.25% trypsin (without EDTA),
washed with pre-cooled PBS, fixed with 75% ethanol at
4°C for 2 hours or overnight, then washed twice with pre-
cooled PBS, suspended in 100uL of 5 mg/mL RNase
solution, incubated in darkness at the room temperature
for 30 minutes, and then stained with 50 pug/mL Propidium
Iodide (PI) solution for 30 minutes at 4°C in darkness. The
analysis was performed with the FACS Calibur Flow
Cytometer (BD Biosciences).

Metabolites Analysis

The neuroblastoma cells were cultured in RPMI-1640 med-
um with DMSO, 25uM rapamycin, S0uM 3-BrPA or 25uM
rapamycin + 50uM 3-BrPA for 6 hours. The cellular glucose
uptake, lactate production and ATP production were deter-
mined using respective assay kits obtained from BioVision
(Milpitas). Data were an average of triplicate and presented
as a percentage of the control group.

Statistical Analysis

Data were expressed as mean + SD, and each result was
detected from at least three independent experiments. The
experimental results were analyzed by independent sam-
ple’s ¢test and SPSS.21 (Armonk) was used for the ana-
lysis. All the
performed using two-tailed Student’s #-test. P<0.05 was

residual significance analyses were

considered statistically significant.

Results

MCT| Expression in Neuroblastoma

We detected the expression level of MCT1 in 5 neuroblastoma
cell lines, such as MYCN-amplified neuroblastoma cell lines
(SK-N-BE2 and IMR-32), MYC-amplified neuroblastoma
cell lines (SK-N-AS and SH-SY5Y) and SK-N-SH
(Figure 1A and C) at the mRNA level and the protein level
by QPCR analysis and WB analysis. The expression level of
genes related to glucose metabolism in these cells was also
detected by QPCR analysis (Figure 1B). Our results exhibited
that the expression of MCT1 was connected with the expres-
sion of N-Myc and C-Myc at the mRNA level, and also
correlated with the expression of N-Myc and C-Myc at the
protein level. In addition, we also found that the expression of
SQSTM1/p62 in neuroblastoma was negatively correlated

with N-Myc and C-Myc at the protein level. By QPCR ana-
lysis, we also found that the expression of genes related to
glucose metabolism in five neuroblastoma cell lines them-
selves had little difference (Figure 1B, P>0.05). Our results
showed that 3-BrPA treated in neuroblastoma was concentra-
tion-dependent, and the inhibitory effect was more pro-
nounced in MCTl-expressed neuroblastoma cell lines
(Figure 1D). When IMR-32 treated with 50uM 3-BrPA, the
cell inhibition efficiency of IMR-32 was particularly obvious.

Expression of SQSTMI/P62 is Reduced in
MYCN-Amplified Neuroblastoma

Primary Tumors

To evaluate the relationship of MYCN and autophagy, we
analyzed the expression of MYCN, MCTI and autophagy
relative genes in microarray data from 493 primary neuroblas-
toma tumors (GSE62564) respectively (Figure 2A and B). We
found that the expression of MYCN and MCTIwas signifi-
cantly elevated in the MY CN-amplified neuroblastoma tumors
compared with non-amplified neuroblastoma tumors (Figure
2A, Supplementary Figure 1), while sequestosome-1
(SQSTM1/p62) was lower expressed in the MYCN-
amplified neuroblastoma tumors (Figure 2A). We found that
the autophagy relative genes such as SQSTM1/p62, ATGS,
BECLINI1, ATG7 and LC3B were negatively related with
MYCN (P<0.001, Figure 2A). Meanwhile, the autophagy
relative genes such as SQSTM1/p62, BECLINI1, ATG7 and
LC3B were negatively related with MCT1 (P<0.001, Figure
2B). We also detected the expression of N-Myc, MCT1 and
SQSTM1/p62 in primary neuroblastoma tumors by immuno-

chemistry assay. We found that the expression of N-Myc,
MCT1 was markedly elevated in MYCN-amplified tumors,
whereas the expression of SQSTM1/p62 was reduced (Figure
2C). In MYCN-amplified neuroblastoma cell (IMR-32), we
found that the protein expression levels of LC3-II/LC3-I and
SQSTM1/p62 in the neuroblastoma cells treated with 3-BrPA
of different concentration were increased (Figure 2D).

Influence of 3-BrPA and Rapamycin on

NB Cells Proliferation

The effect of 3-BrPA, rapamycin, chloroquine (CQ) treated in
NB cells on cell proliferation was evaluated. NB cell lines SH-
SYS5Y and SK-N-SH were treated with 50uM 3-BrPA, 25uM
rapamycin and 25uM CQ. Cells were harvested, and the cell
proliferation was measured using CCK-8 assay. As shown in
Figure 3A, 3-BrPA combined with rapamycin significantly
inhibited the proliferation of NB cells, especially in SH-
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Figure |1 Gene expression level in un-treated NB cells and the cell viability of NB cells treated with 3-BrPA of different concentration. (A) The mRNA expression level of
N-Myc, C-Myc, P53, MCT| and SQSTMI in NB cell lines (SK-N-BE2, IMR-32, SK-N-AS, SH-SY5Y and SK-N-SH) by QPCR analysis. (B) Metabolism related gene expression
(HK2, LDHA, PDK and PKM) in NB cell lines by QPCR analysis. (C) The protein expression level of N-Myc, C-Myc, MCT1, SQSTMI and LC3 (LC3-II/LC3-l) in NB cell lines by
WB analysis. (D) The cell proliferation ability of 3-BrPA treated NB cells in different concentration by CCK-8 analysis (*P<0.05; **P<0.01; ***P<0.001).

SY5Y (P<0.001, 3-BrPA combined with rapamycin vs con-
trol). We also detected the cell proliferation of MYCN-
amplified neuroblastoma cell lines SK-N-BE2 and IMR-32
treated with 50uM 3-BrPA, 25uM rapamycin and 25uM CQ
(Supplementary Figure 2).

3-BrPA and Rapamycin Down-Regulated the
Expression of p-mTOR, Increased the
Expression of LC3-ll/LC3-I and SQSTMI/
p62

For a more thorough analysis of the influence of 3-BrPA
combined with rapamycin on autophagy and the related sig-
naling pathways, we also analyzed the expression of related

proteins by Western Blotting analysis. We found that p-mTOR
levels were obviously reduced by 3-BrPA combined with
rapamycin treatment compared to the control cells (P<0.05),
LC3-II/LC3-I and SQSTM1/p62 mRNA and protein expres-
sion levels were dramatically increased in 3-BrPA combined
with rapamycin treatment (Figures 3B and 4A—C). All experi-
ments were conducted in triplicate. Together, these data
strongly show that 3-BrPA combined with rapamycin inhib-
ited autophagy ability via the mTOR pathway.

Effect of 3-BrPA and Rapamycin

Treatment on NB Cells Apoptosis
We treated SH-SYS5Y and SK-N-SH of variant MCT1
expression with rapamycin alone, 3-BrPA alone, and
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Figure 2 The expression of SQSTMI/p62 is reduced in MYCN-amplified neuroblastomas. (A) Relative expression of MYCN, SQSTM I, ATG5, BECLIN|, ATG7 and LC3B in 493
primary neuroblastoma tumors, non-amp: MYCN-nonamplified tumors (n=401); amp: MYCN-amplified tumors (n=92). (B) Correlation between mRNA levels of MCT| and
representative autophagy targets in MYCN-amplified neuroblastoma tumors. (C) Representative N-Myc, MCT| and SQSTMI/p62 immunochemical staining in primary
neuroblastoma tumors; sample No.| and No.2: MYCN-amplified, high stage; sample No.3: MYCN-nonamplified, low stage. The scale bar represents 50pum. (D) The protein
expression of LC3-II/LC3-l and SQSTMI1/p62 in NB cells treated with 3-BrPA of different concentration by WB analysis.

3-BrPA combined with rapamycin. Through the micro-
scope, we found that the neuroblastoma cell morphology
turned round and the number is lower than the group with
3-BrPA SA,
Supplementary Figure 3). We also utilized the cell apop-

rapamycin alone or alone (Figure

tosis method, the results show that in the group with
3-BrPA and rapamycin, the cell apoptosis is significantly
increased (Figure 5B and C).

Effect of 3-BrPA and Rapamycin

Treatment on NB Cells Cycle
Cell proliferation analysis showed that 3-BrPA combined

with rapamycin treatment remarkably inhibits the

proliferation of NB cells. In order to evaluate whether
the inhibitory effect on cell proliferation is related to cell
cycle progression, we performed cell cycle analysis by
FCM. As shown in Figure 6, FCM analysis showed that
compared with the control group, 25uM rapamycin treat-
ment resulted in an increase in the proportion of NB cells
in the GO/G1 phase (P<0.05), and a decrease in the pro-
portion of NB cells in the G2/M phase compared with the
control group (P<0.05). Our results revealed that rapamy-
cin can impede the cell cycle at the GO/G1 stage in NB
cells. FCM analysis indicated that SOuM 3-BrPA treatment
resulted in a reduce in the proportion of NB cells in the
GO0/G1 phase compared with the control group (P<0.05).
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Figure 3 Effect of 3-BrPA and rapamycin in NB cells by CCK-8 analysis and QPCR analysis. (A) The cell proliferation effect of 3-BrPA, rapamycin, 3-BrPA + rapamycin, CQ,
3-BrPA + CQ treatment in SH-SY5Y and SK-N-SH by CCK-8 analysis. (B) Gene expression level in SH-SY5Y and SK-N-SH treated with control, 3-BrPA, rapamycin, 3-BrPA

+ rapamycin by QPCR analysis (*P<0.05; **P<0.01; **P<0.001).

Furthermore, the proportion of NB cells in the G2/M phase
was extremely increased after 3-BrPA treatment compared
with the control group (P<0.05). Our results revealed that
3-BrPA can impede the cell cycle at the G2/M stage in NB
cells. In addition, 3-BrPA combined with rapamycin can
induce significant cell apoptosis, especially in SH-SYSY
(Figure 6A and B).

3-BrPA inhibits aerobic glycolysis, which can cause
a serious metabolic dysfunction when combined with rapa-
mycin. In order to comprehend how 3-BrPA and rapamy-
cin execute MY C-overexpressing cells, we observed their
effects on the cell metabolism of SH-SY5Y and SK-N-SH.
Figure 7A briefly shows the process of glucose producing

lactic acid and producing acetyl-CoA to participate in the
tricarboxylic acid (TCA) cycle. Administration of 3-BrPA
combined with rapamycin caused a substantial decrease in
the cellular glucose uptake and lactate production related
with an apparent decline in the intracellular adenosine
triphosphate (ATP) production (Figure 7B-D).

Discussion

Neuroblastoma is the most well-known and fatal solid
tumor in children, the majority of the NB children have
metastatic disease typically characterized by prompt over-
growth and diffuse infiltration. Although the use of
enhanced diagnostic methods and assorted multimodal
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Figure 4 Effect of 3-BrPA and rapamycin in NB cells by Western Blotting analysis. Effect of 3-BrPA and rapamycin on the phosphorylation of mTOR and autophagy related
proteins in (A) IMR-32 (B) SH-SY5Y and (C) SK-N-SH, cell lysates were suspended with rapamycin 25uM or 3-BrPA 50uM for 24 hours. And the cells were suspended with
rapamycin and 3-BrPA of the same concentration concurrently for 24 hours. Actin was used as an internal control.

therapies has made progress to improve the cure rate of
other pediatric tumors, the survival rate for NB patients is
still daunting.**** Therefore, it remains essential for
researchers to explore neoteric treatment strategies for
NB children.

Metabolic reprogramming is one hallmark of cancer
cells.”® Even in the exposure of oxygen, malignant cancer
cells priorly rely on glycolysis, instead of oxidative phos-
phorylation, for adenosine triphosphate (ATP) production.
The metabolic abnormity is generally referred to as the
“Warburg effect”
a proliferative advantage to malignant cancer cells.

(aerobic glycolysis) and confers

27,28

For a long time, selective targeting of tumor glucose
metabolism has been considered a potential treatment
method. In our previous study, we have revealed that
3-BrPA preferentially induced cell death in human malig-
MYC
overexpression.'’ Overall, our results identified a novel

nant cancer cells strictly dependent on
mechanism whereby MYC sensitizes malignant cancer
cells to metabolic inhibitors and confirm 3-BrPA as
a potential MY C-selective cancer therapy.

Qianwen Zhang found that HK-II inhibitor 3-BrPA can
induce autophagy by stimulating ROS formation in human
breast cancer cells.”” Ganapathy-Kanniappan S found that
3-BrPA can induce endoplasmic reticulum stress, over-

come autophagy and cause cell apoptosis in human HCC

cell lines.*® In addition, we found that autophagy activity
was different in neuroblastomas with different levels of
MYCN amplification, and the glucose metabolism inhibi-
tor 3-BrPA treated in neuroblastoma cells could induce
autophagy activity.

Autophagy is a response of cells to metabolic stress and
plays an important role in tumorigenesis,”’ which is an
ancient catabolic process used by cells to eliminate excess
or dysfunctional organelles or large subcellular structures
and thus performs an important housekeeping role for the
cells. Autophagy can degrade and eliminate misfolded/
aggregated proteins and damaged organelles through the
lysosomal pathway, thereby maintaining the homeostasis
of the cells.**?* Autophagy is vital for the majority of
normal tissues, malignant cancer cells appear to be espe-
cially dependent on autophagy for survival under ischemic
stress or therapeutic stress, and in response to loss of matrix
attachment. In cancers, autophagy can modulate tumor sup-
pression as well as tumor promotion.***> Autophagy is up-
regulated markedly in cancers as they progress to
malignancy.

In the context of human cancer, as tumors develop into
invasive and malignant tumors, autophagy increases
significantly.’® Studies showed that increased LC3B stain-
ing was associated with increased metastasis and poor

prognosis in breast cancer and melanoma.>”
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Figure 5 3-BrPA combined with rapamycin induced cell apoptosis in SH-SY5Y and SK-N-SH. (A) Morphological changes of NB cells were observed under a microscope. (B)
The cell apoptosis ratio of SH-SY5Y and SK-N-SH treated with control, 25uM rapamycin, 50uM 3-BrPA, 50uM 3-BrPA + 25uM rapamycin was detected by flow cytometry
analysis. (C) The bar chart shows cell apoptosis after drug treatment (control, 25uM rapamycin, 50uM 3-BrPA, 50uM 3-BrPA + 25uM rapamycin). *P<0.05; **P<0.01.
Abbreviations: FITC /PI*, necrosis cells; FITC*/PI*, late apoptosis cells; FITC*/PI", early apoptosis cells; FITC/PI", live cells.
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Figure 6 Cell cycle analysis of 3-BrPA and rapamycin in NB cells compared with the control cells analyzed by flow cytometry. (A) Cell cycle analysis in SH-SY5Y. (B) Cell

cycle analysis in SK-N-SH.

Rapamycin, which can be used as immunosuppressant, is
a new type macrocyclic lactone, isolated from Streptomyces
hygroscopicus.*’ Preceding investigations showed that rapa-
mycin down-regulated MYCN protein expression, which can

prohibit neuroblastoma cells proliferation, and this process was
intimately correlated with the PI3K/Akt/mTOR pathway.*'*
Rapamycin has been generally utilized as an anti-proliferative

drug and immunosuppressant agent in the clinics. Recently,
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generous researches have focused on the functions of rapamy-
cin in malignant tumors. Xiaokun Lin showed that rapamycin
restrains the cell proliferation of neuroblastoma cells and
induces autophagy.** Our research primarily explored the
influence of rapamycin in human neuroblastoma cell lines.
The cell proliferation experiments such as CCK-8 assay
showed that rapamycin hampered the proliferation of human
neuroblastoma cells. We notarized that cell growth restriction
is the foundation of rapamycin’s anti-tumor capacity, and also
proved that rapamycin can play a synergistic character in tumor
inhibitory. Cell cycle regulation dysregulation is another dis-
tinguishing feature of malignant tumor, causing cancer cells
proliferate indefinitely. We detected the GO/G1 stage, S stage
and G2/M stage in human neuroblastoma cells treated with
3-BrPA and rapamycin. Cell cycle experiments suggested that
rapamycin prevented the cell cycle in the GO/G1 stage of SH-
S5Y and SK-N-SH, thereby inhibiting DNA replication and
cancer cell proliferation.

Our study also found that autophagy protein SQSTM1/p62
was down-regulated in MY CN-amplified neuroblastoma, sug-
gesting that autophagy activity was high in high-risk neuro-
blastoma and might play a carcinogenic role. However, with
the addition of the glucose metabolism inhibitor 3-BrPA, the
autophagy pathway of neuroblastoma was damaged. The com-
bination of rapamycin and 3-BrPA can exert a synergistic
inhibitory effect on tumor, which not only affects the relevant
genes in the autophagy pathway, but also affects the intracel-
lular glucose metabolism level. This study provides a new
therapeutic strategy for the combination of 3-BrPA and rapa-
myecin in the treatment of high-risk neuroblastoma. Therefore,
there might be a coupling relationship between metabolic
reprogramming and autophagy ability. The notion that cancer
cells reprogram their metabolism to meet the biosynthetic
challenges of cell growth and cell proliferation may influence
autophagy ability, which may provide opportunities for manip-
ulating cell metabolism in the direction of cancer therapy.
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