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Abstract
Our previous studies demonstrated that MEG3 was significantly downregulated in neuroblastoma (NB)
and its expression was negatively associated with the INSS stage. Overexpression of MEG3 promoted
apoptosis and inhibited proliferation in NB cells. In this study, we discovered more potential functions
and molecular mechanisms of MEG3 in NB. According to the database, MEG3 positively correlated with
the NB survival rate and was negatively associated with malignant clinical features. Moreover, we
determined that MEG3 was mainly located in the nucleus by nuclear-cytoplasmic separation and RNA fish
assays. Upregulation of MEG3 in stably transfected cell lines was accomplished, and CCK8, colony
formation, and EDU assays were performed, which indicated that MEG3 significantly suppressed cell
proliferation. Both wound healing and transwell experiments demonstrated that MEG3 decreased cell
migration and invasion. CHIRP enrichments showed the anticancer effects of MEG3 were probably linked
to autophagy and the mTOR signaling pathway. LC3 fluorescence dots and western blots showed that
MEG3 attenuated autophagy by inhibiting FOXO1, but not the mTOR signaling pathway. Furthermore,
MEG3 inhibited metastasis through epithelial-mesenchymal transition via the mTOR signaling pathway.
Consistent with the above results, downregulation of MEG3 facilitated NB malignant phenotypes.
Mechanistically, MEG3 and EZH2 regulated each other via a negative feedback loop and promoted NB
progression together. In conclusion, our findings suggested that MEG3 was a tumor suppressor in NB and
could be a potential target for NB treatment in the future.
Key words: neuroblastoma, lncRNA, autophagy, epithelial-mesenchymal transition, ubiquitination

Introduction
Neuroblastoma (NB) is a malignant tumor
originating from sympathetic nerves [1]. Tumors are
composed of undifferentiated neuroblasts. NB mainly
occurs in children with nearly half of NB cases
occurring in infants younger than 2 years of age [2, 3].
NB has complex clinical manifestations and can occur
in different parts of the body [4]. The current

multidisciplinary joint treatment has significantly
improved the cure rate [5]. However, NB is generally
malignant, and some high-risk NB is still difficult to
cure.
Long noncoding RNAs (lncRNAs) are a type of
RNAs with transcripts longer than 200 nt [6-8].
Generally, lncRNAs do not encode proteins, but
http://www.ijbs.com
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regulate gene expression in the form of RNA on the
transcriptional, post-transcriptional, and epigenetic
levels [9, 10]. LncRNAs were originally thought to be
“noise” in genome transcription and a byproduct of
transcription, which had no specific biological
function [11]. However, recent studies showed that
lncRNAs are involved in important biological
processes
such
as
chromatin
modification,
transcriptional activation, the cell cycle, cell
differentiation regulation, and nuclear transport
[12-14]. Although research on lncRNAs has made
rapid progress, the function of most lncRNAs is still
unclear.
The maternally expressed MEG3 is the first
lncRNA to be found to have tumor suppressor
functions [15]. Numerous studies show that MEG3 is
expressed in a variety of normal tissues, but not in
most tumor tissues or tumor cell lines [16-18]. MEG3
can stimulate transcriptional activity mediated by the
tumor suppressor p53, make p53 protein aggregate in
cells, reduce the expression of the p53 negative
regulator MDM2 protein, and selectively activate p53
downstream target genes [19, 20]. Zhu et al.
demonstrated that MEG3 participated in gastric
cancer progression and metastasis by regulating the
epithelial-mesenchymal transition (EMT) [21]. MEG3
promoted glioma cell autophagy and inhibited cell
proliferation and migration through positively
regulating Sirt7 by inhibition of the PI3K/AKT/
mTOR signaling pathway [22]. The expression of
MEG3 is controlled by epigenetics, and its gene is
abnormally CpG-methylated in various tumors [23,
24]. Furthermore, Mondal et al. demonstrated that
MEG3 and EZH2 shared common target genes [25].
Jin et al. showed that MEG3 was associated with
EZH2 and decreased its protein level by facilitating its
ubiquitination, and MEG3 exerted its functions
through EZH2 to regulate downstream target genes
[26].
Our previous study indicated that the expression
of MEG3 negatively correlated with the NB INSS
stage, and that overexpression of MEG3 inhibited
proliferation and promoted apoptosis of SK-N-BE(2)C cells [27]. In the present study, we first used a public
database to investigate the clinical significance of
MEG3. The results indicated that MEG3 was
negatively associated with event-free survival and
overall survival of NB patients. Low expression of
MEG3 in patients had a higher NB risk, advanced
International Neuroblastoma Staging System (INSS)
stages, and faster disease progression. Furthermore,
MEG3 was mainly located in the nucleus. Functional
studies showed that MEG3 suppressed cell
proliferation,
migration,
and
invasion.
Mechanistically, the anticancer effects of MEG3 were
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probably associated with autophagy via FOXO1, and
not the mTOR pathway. Moreover, MEG3 inhibited
tumor metastasis through the mTOR-mediated EMT.
Furthermore, MEG3 and EZH2 regulated each other
by forming a negative feedback loop and together
promoted NB progression. Taken together, MEG3 and
EZH2 could in the future be joint targets for the
treatment of childhood neuroblastomas.

Materials and Methods
Human NB cell lines
SH-SY5Y cells were purchased from the Cell
Bank of the Chinese Academy of Science (Shanghai,
China). SK-N-BE (2)C and SK-N-AS cells were gifts
from Professor Kai Li of Fudan University. All cells
were cultured in DMEM and F12 (1:1) with 10% fetal
bovine serum (FBS) in a humidified incubator with
5% CO2 at 37 °C. Cell culture dishes and plates were
purchased from Xinyou Biotechnology (Hangzhou,
China).

Nuclear and cytoplasmic extract preparation
The cell density reached 80%–90% confluency in
10-cm dishes, and cells were washed three times using
precooled PBS. Then, 0.5 mL cytoplasmic extraction
buffer (Invent Biotechnologies, Inc) was added to the
dishes on ice for 10 min. Lysates were transferred to
tubes and shaken vigorously for 30 s. After
centrifuging at 12,000 × rpm for 15 min at 4 °C, TRIzol
was added to the pellet and supernatant for RNA
extraction. For RNA fish assays, MEG3 probe and
relative control probes 18S and U6 were generated by
RiboBio (Guangzhou, China) and detailed protocols
were performed as previously described [28].

Construction of stably transfected cell lines
MEG3
overexpression
plasmids
were
constructed in the pcDH vector by Genomeditech
(Shanghai, China). Lentivirus packaging was in 293T
cells with l-pei. Following viral infection and
puromycin screening, stably transfected cells were
acquired. The Smart Silencer (mix of siRNA and ASO)
of MEG3 was purchased from RiboBio (Guangzhou,
China). Smart Silencer was transiently transfected
with Lipofectamine 3000 (Invitrogen, USA) for 48 h
and then was used for subsequent assays.

Quantitative real time-polymerase chain
reaction (qRT-PCR)
Total cell RNA was extracted with TRIzol
reagent (Takara, Japan) and the cDNA was
synthesized using cDNA Reverse Transcription kits
(Takara). The protocol was carried out at 42℃ for 2
min to degrade gDNA, followed by 37℃ for 15 min
and 85 °C for 5 s for reverse transcription. QRT-PCR
http://www.ijbs.com
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was performed using SYBR Green PCR Master Mix
(Takara) with a Roche machine. The PCR parameters
were: initial denaturation at 95 °C for 5 min, followed
by 35 cycles at 95 °C for 30 s, 58 °C for 30 s, and 72 °C
for 30 s. GAPDH was the internal control. Primers
were: MEG3-forward, 5ʹ-CCTCACCTCCAATTTCCT
CTTC-3ʹ, MEG3-reverse, 5ʹ-TCCAGCAGCTAACCTC
ATTAAC-3ʹ; GAPDH-forward 5'-GGAGCGAGATCC
CTCCAAAAT-3', GAPDH-reverse, 5ʹ-GGCTGTTGTC
ATACTTCTCATGG-3'. Relative gene expression was
analyzed by the 2-ΔΔCt method and data were
analyzed using GraphPad Prism 5 software.

Cell proliferation assays
The proliferation of NB cells was detected using
CCK-8 kits (Yeasen, Shanghai, China) in accordance
with the manufacturer’s instructions. Cells were
cultured in 96-well cell culture plates with 1,000 cells
in 100 µL medium, and were detected by a microplate
reader with 10 µL CCK8 reagent for 2.5 h. For EDU
assays, cells were treated with 50 µM EDU for 2 h,
followed by staining according to instructions
(RiboBio, Guangzhou, China). For cloning formation
experiments, 1,000 cells per well were cultured in
6-well cell culture plates for 14 days. After fixing
using 4% paraformaldehyde, the cells were stained
with 0.25% Crystal Violet for 45 min.

Wound healing assays
Cells were cultured in 6-well cell culture plates.
After the cells were attached, a gap was made using a
tip. The gap was observed at 100× magnification and
photographs were taken using a microscope
(Olympus, Japan) at 0 h, 24 h, and 48 h.

Cell migration and invasion assays
The 24-well cell culture plates with 8-μm
micropore inserts were used for cell migration and
invasion assays. For cell migration assays, 1 × 105 cells
were seeded into upper wells without FBS. In the cell
invasion experiments, upper wells were coated with
50 μL Matrigel (Becton, Dickinson) diluted five times
before 2 × 105 cells were seeded into upper wells
without FBS. After 48 h, the cells were fixed with 4%
paraformaldehyde and stained with 0.25% Crystal
Violet for 45 min.

Western blots
Cell proteins were extracted with protein lysis
buffer (Beyotime Institute of Biotechnology) and
boiled with 1× loading buffer at 105 °C for 10 min.
After electrophoresis and transfer, the membrane was
blocked with 8% skimmed milk. After 1 h, the
membrane was incubated with primary antibodies
overnight at 4 °C. After washing four times with
TBST, membranes were incubated with secondary
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antibodies for 1 h at room temperature. Signals of
proteins
were
detected
with
Enhanced
Chemiluminescent Reagent kits (New Cell &
Molecular Biotech, Suzhou, China).

Chromatin isolation by RNA purification
(CHIRP)
MEG3 sense and antisense DNA probes, and
β‑galactosidase sense and antisense DNA probes
were all designed by an online probe designer
(singlemoleculefish.com). Oligonucleotides were
biotinylated at the 3’ end with an 18‑carbon spacer
arm. The cells were collected and subjected to CHIRP,
as described by Chu et al. (29). GO and KEGG
analyses were performed using the DAVID
Functional Annotation web-based tool (http://david.
ncifcrf.gov).

Statistical analysis
All assays were repeated independently at least
three times. All results are presented as the mean ±
standard deviation (SD). Groups were compared
using Student’s t-test or one-way ANOVA. P < 0.05
was considered statistically significant.

Results
MEG3 was closely related to clinical features
Our previous study revealed that MEG3
negatively correlated with INSS NB stages in 32
tissues of patients in our hospital. To further confirm
the relationship between MEG3 and clinical
characteristics, R2 genomic analysis and a
visualization platform (http://r2.amc.nl) were used.
The website is based on genomic analyses and
visualization applications. The R2 database contains
mRNA gene expression profiles for more than 70,000
individual human samples. The samples are grouped
in so-called datasets, and each dataset has its own
characteristics such as tissue type, tumor type, or data
from cell line experiments. A GEO dataset (GSE62564)
analysis was performed for these data. Patients with
high MEG3 expression had higher 5-year event-free
survival
probabilities
and
overall
survival
probabilities (Figure 1A & B). High risk NB patients
had lower expression of MEG3 (Figure 1C). MEG3
expression was closely related to disease stages.
Furthermore, patients with stage IV NB had a lower
expression of MEG3 compared with patients with
stage I, II, and III. However, patients with stage IV
disease had higher expression of MEG3 than patients
with stage III disease (Figure 1D). In addition, lower
expression of MEG3 also was directly correlated with
disease progression and cause of death, but not the
MYCN amplification status (Figure 1E-G).
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Int. J. Biol. Sci. 2020, Vol. 16

3053

Figure 1. MEG3 was associated with neuroblastoma (NB) with malignant clinical features. A, B. MEG3 expression was related to the 5-year event-free survival rate
and overall survival rate. Patients with higher MEG3 levels had longer lifetimes. C, Relationship of high risk NB and MEG3 expression: 0, not high risk; 1 high risk, 0 vs. 1, p = 1.7e-3.
D, Relationship of NB INSS stage and MEG3 expression: 1, 2, 3, 4, 4s represent different NB stages, 1 vs. 4, p = 5.0e-3, 2 vs. 4, p = 4.8e-3, 3 vs. 4 p = 1.8e-3, 4 vs. 4s, p = 4.3e-3. E,
Relationship of MYCN status and MEG3 expression: 0, MYCN no amplification; 1, MYCN amplification, 0 vs. 1, p = 0.48. F, Relationship of NB progression and MEG3 expression:
0, no disease progression, 1, disease progression, 0 vs 1, p = 1.8e-3. G, Relationship of cause of death and MEG3 expression; 0, no death from NB; 1, death from NB, 0 vs 1, p =
6.8e-4.

MEG3 was mainly located at cell nuclei and
inhibited cell proliferation
MEG3 was differentially expressed in various
kinds of NB cell lines (Figure S1A). To further
determine the function of MEG3, understanding its
expression and location was necessary. Both
nuclear-cytoplasmic separation (Figure 2A, B) and
RNA fluorescence in situ hybridization (Figure 2C, D;
Figure S1B) indicated that MEG3 was mainly located
in cell nuclei. Consequently, MEG3 was overexpressed in stably transfected NB cell lines SK-N-BE
(2)C, SK-N-AS, and SH-SY5Y (Figure 2E, F; Figure
S1C). To analyze proliferation, we used CCK-8 and
colony formation assays, and found that upregulation
of MEG3 inhibited cell proliferation (Figure 2G, H;
Figure S1F) and decreased cell colony formation
(Figure 2I–L). To further verify the negative influence
of MEG3 on cell proliferation, the EDU assay was
performed in three NB cell lines (Figure 2M–P; Figure

S1D, E). The results also showed that cell proliferation
was inhibited with MEG3 overexpression. Taken
together, these results demonstrated that MEG3
significantly inhibited NB cell proliferation.

MEG3 inhibited cell migration and invasion in
vitro
To study the function of MEG3 in migration and
invasion of NB cells, wound healing assays and
Transwell experiments were performed, respectively.
The wound healing assay showed that overexpression
of MEG3 inhibited cell migration (Figure 3A-C).
Similarly, Transwell experiments indicated that
MEG3 repressed cell migration and invasion (Figure
3D-G; Figure S1G). Furthermore, MEG3 might inhibit
migration and invasion by participating in the EMT
(Figure 3H, Figure S2A). Overall, our data showed
that MEG3 inhibited EMT-mediated migration and
invasion in NB cells.
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Figure 2. MEG3 inhibited neuroblastoma (NB) cell proliferation. A, B. Nuclear-cytoplasmic separation assays for NB cells SK-N-BE (2)C and SK-N-AS indicated that
MEG3 was mainly located in the nucleus, similar to U1 (actin was used for the cytoplasmic internal control, and U1 was used for the nuclear internal control). C, D. RNA
fluorescence in situ hybridization for SK-N-BE (2) C and SK-N-AS cells also showed that MEG3 was mainly located in the nucleus. DAPI (blue) represented nuclei, CY3 (red)
represented different kinds of probes (18S was a cytoplasmic internal control, and U6 was a nuclear internal control). E, F. QPCR was performed to detect the efficiency of MEG3
overexpression in SK-N-BE (2)C and SK-N-AS cells. G-P. The effects of MEG3 on cell proliferation were tested by the CCK-8 (G, H), and colony formation assay (I, J, K, L), and
by EDU incorporation (M, N, O, P). **P < 0.01; ***P < 0.005.
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Figure 3. MEG3 suppressed NB cell migration and invasion by affecting EMT. A, B. Wound healing assays for MEG3 overexpression and control groups in SK-N-BE
(2)C and SK-N-AS cells indicated that MEG3 inhibited cell migration. C. Statistics of the percentage of wound healing after 48 h, D, E. Overexpression of MEG3 significantly
decreased cell migration and invasion in both SK-N-BE (2)C and SK-N-AS cells when compared with the control groups. F, G. Statistics of migration and invasion cells in the
Transwell assay after treatment for 48 h. H. Western blots indicated that MEG3 overexpression significantly inhibited the EMT marker proteins in SK-N-BE (2)C and SK-N-AS
cells.

CHIRP for MEG3
CHIRP assays were used to study the molecular
mechanism of MEG3 in NB. Thousands of genes were
shown to interact with MEG3. For further analysis, we
selected genes enriched in the promoter region using
a MEG3 probe. GO analysis showed that MEG3 may
be involved in biological processes such as cell

metabolism process and catalytic activity (Figure 4A).
KEGG pathway analysis demonstrated that MEG3
was connected to animal autophagy and the mTOR
signaling pathway (Figure 4B-C). It is well-known
that mTOR is a classic autophagy regulatory pathway.
Whether MEG3 modulated autophagy via a typical
mTOR pathway in NB was further studied.

http://www.ijbs.com
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Figure 4. CHIRP analysis for enriched DNA binding with MEG3 in NB cells. A. GO analysis for CHIRP results showed that MEG3 may participate in various biological
processes. B, C. KEGG analysis for CHIRP results indicated that MEG3 was associated with autophagy, the mTOR signaling pathway, and the cell cycle.

MEG3 did not inhibit autophagy through the
mTOR pathway
To determine the relationship among MEG3,
mTOR, and autophagy, RFP-GFP-LC3 virus
(Genomeditech) was used to construct stably
transfected cells to observe autophagosomes in NB
cells. Overexpression of MEG3 suppressed autophagy
at an early stage (Figure 5A-D). Protein levels of

autophagy markers also indicated that upregulation
of MEG3 inhibited autophagy (Figure 5E-G, Figure S2
B). In our results, the mTOR signaling pathway was
inactivated by MEG3 upregulation (Figure 5H, Figure
S2C). It showed that MEG3 did not affect autophagy
through the mTOR signaling pathway because it is
well-known that inhibition of mTOR increases
autophagy. To further characterize the putative
mechanism involved in autophagy, we used
http://www.ijbs.com
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inhibitors of all pathways enriched in CHIRP.
Therefore, inhibitors of p53 (pifithrin), FOXO1
(AS1842856), AMPK (dorsomorphin), and Notch
(FLI-06) pathways were used to detect relative
autophagy proteins, lc3 and p62. We found that
autophagy significantly decreased with the FOXO1
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inhibitor, AS1842856 (Figure 5I-J). Furthermore,
upregulation of MEG3 also suppressed FOXO1
expression (Figure 5K). Rapamycin, an mTOR
pathway inhibitor, did not affect autophagy in NB,
but subsequent results showed it significantly
inhibited EMT (Figure 5L).

Figure 5. MEG3 attenuated NB cell autophagy via inhibition of the FOXO1 signaling pathway. A-D. MEG3 overexpression attenuated cell autophagy in SK-N-BE
(2)C cells (A, B), and SK-N-AS cells (C, D)., GFP+RFP+ yellow puncta represented autophagosomes. E. Western blots for autophagy markers showed that upregulation of MEG3
decreased the LC3 II/LC3 I ratio, Beclin1, ATG3, ATG5, and ATG12 levels, but increased autophagy substrate p62 levels. F, G. Grayscale of the LC3II/LC3I ratio using ImageJ
software in SK-N-BE (2)C and SK-N-AS. H. Western blots for the mTOR signaling pathway proteins demonstrated that MEG3 overexpression inhibited the mTOR signaling
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pathway. I. The LC3 II/LC3 I ratio was decreased while p62 expression was increased after treatment with inhibitors of p53 (25 µm Pifithrin) and FOXO1 (30 nm AS1842856),
but not AMPK (100 nm Dorsomorphin), Notch (2.5 µm FLI-06), or mTOR (5 µm Rapamycin,) after 24 h. J. Grayscale of the LC3II/LC3I ratio using ImageJ software in SK-N-BE
(2)C treated with different inhibitors. K. Western blots indicated that FOXO1 was inhibited in the MEG3 overexpression groups when compared to the control groups. L. The
EMT marker proteins were significantly decreased after treatment of SK-N-BE (2)C cells with 5 µm rapamycin for 24 h. **P < 0.01; ***P < 0.005.

Figure 6. Downregulation of MEG3 inhibited SK-N-BE (2)C cell proliferation, metastasis, and autophagy. A. CCK8 assays showed downregulation of MEG3
promoted cell proliferation after treatment with the MEG3 silencer and negative control for 48 h. B, C. Silencing of MEG3 increased cell migration and invasion as shown using
the Transwell assay. D. Knockdown of MEG3 promoted the EMT. E, F. MEG3 downregulation increased cell autophagy in SK-N-BE (2)C cells. GFP+RFP+ yellow puncta
represented autophagosomes. G. Western blots showed that silencing of MEG3 increased autophagy marker expression after MEG3 silencing and control treatment for 48 h. F.
RFP-GFP-LC3 for MEG3 silencing and control groups of SK-N-BE (2)C cells (GFP+RFP+ yellow puncta represented autophagosomes). H. Grayscale of the LC3II/LC3I ratio using
ImageJ software in the MEG3 silencing and control groups of SK-N-BE (2)C cells. I. Western blots showed that the mTOR signaling pathway was inhibited by MEG3 silencing for
48 h. **P < 0.01; ***P < 0.005.

Silencing MEG3 promoted NB malignant
behavior
To further study the biological roles of MEG3,
silencing of MEG3 was performed in SK-N-BE (2)C
cells, which had the highest level of MEG3. Consistent
with the above results, downregulation of MEG3
promoted cell proliferation (Figure 6A). Furthermore,
silencing MEG3 increased cell migration and invasion
(Figure 6B-C) by promoting the EMT (Figure 6D).
RFP-GFP-LC3 fluorescence demonstrated that
silencing of MEG3 increased autophagy (Figure 6E-F),
while downregulation of MEG3 increased autophagy
marker levels (Figure 6G-H) and activated the mTOR
signaling pathway (Figure 6I).

MEG3 and EZH2 were mutually regulated via a
negative feedback loop
Previous studies have reported that MEG3 was
associated with EZH2, and that EZH2 was a tumor
target, which acted as an oncogene in NB.

Characterizing the regulation between MEG3 and
EZH2 in NB showed that overexpression of MEG3
decreased EZH2 expression (Figure 7A). Inhibiting
ubiquitination degradation with MG132 treatment in
the MEG3 overexpression group significantly
increased EZH2 levels when compared to the control
group (Figure 7B). Moreover, overexpression of
MEG3 caused reduced EZH2 stability (Figure 7C).
Conversely, silencing MEG3 increased EZH2
expression (Figure 7D-E). The EZH2 inhibitor,
DZNep, increased MEG3 levels (Figure 7F-G) and
overexpression of EZH2 inhibited MEG3 expression
(Figure 7H-I). In addition, upregulation of MEG3
increased
EZH2
ubiquitination
(Figure
7J).
Collectively, the results showed that MEG3 and EZH2
may form a negative feedback loop and regulate each
other (Graphical Abstract).

Discussion
Previous studies found numerous lncRNAs
through microarray and RNA-seq that are crucial for
http://www.ijbs.com
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the development of various diseases, especially
malignant tumors [30-32]. According to the NCBI
database, MEG3 is located on chromosome 14q32.3 in
Homo sapiens and functions as a tumor suppressor in
many cancers [33, 34]. Although MEG3 was reported
to be involved in tumorigenesis and development of
various cancers, the function and molecular
mechanism of MEG3 in NB remains unclear.
In the present study, we investigated MEG3
downregulation in NB patients. Overexpression of
MEG3 in NB cells suppressed cell proliferation,
migration, and invasion. Furthermore, upregulation
of MEG3 inhibited autophagy. It is known that mTOR
exists in two complexes, mTORC1 and mTORC2.
They are different in subunit composition and
function [35]. The mTORC1 is a central regulator of
cell growth and nutrient sensing, and activation of
mTORC1 inhibits autophagy, while it promotes cell
growth [36]. The mTORC1 was discovered earlier
than mTORC2, and its activity can be inhibited by
rapamycin, but the activity of the mTORC2 could not
be inhibited by rapamycin, and was mainly involved
in the synthesis of cytoskeletal proteins [35]. In our
study, both Raptor (mTORC1) and Rictor (mTORC2)
were inhibited by MEG3 overexpression. Phospho-
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mTOR (Ser2481) and GβL (common components of
both complexes were also suppressed. We therefore
assumed that MEG3 inhibited both mTORC1 and
mTORC2. In the present results, overexpression of
MEG3 suppressed mTORC1 and cell growth, but did
not promote autophagy. This was contrary to the
classical view that inhibition of the mTOR pathway
promotes autophagy. It suggested that MEG3 affected
autophagy, independent of mTOR. To characterize
the pathway involved in MEG3 and autophagy, we
used five autophagy relative pathway inhibitors.
These five pathways were also enriched by MEG3
CHIRP. The results showed that the mTOR signaling
pathway inhibitor, rapamycin, had no significant
effect on NB cell autophagy. However, the FOXO1
inhibitor suppressed autophagy. We therefore
concluded that MEG3 decreased autophagy through
FOXO1, but not mTOR. Furthermore, our study
indicated that MEG3 inhibited NB metastasis by
inhibiting the EMT via suppression of the mTOR
signaling pathway. In previous studies, MEG3
promoted or inhibited autophagy in various cancers.
In human glioma cells, upregulation of MEG3
inhibited cell proliferation while increasing cell
apoptosis and autophagy. MEG3 decreased cell

Figure 7. MEG3 and EZH2 regulated each other via a negative feedback loop. A, Overexpression of MEG3 significantly decreased EZH2 expression in SK-N-BE (2)C
and SK-N-AS cells. B, EZH2 expression was increased in the MEG3 overexpression group after treatment of SK-N-BE (2)C cells with 50 µm MG132 at 0, 8, and 16 h. C. EZH2
was decreased more in the MEG3 overexpression group than the control group after treatment of SK-N-BE (2)C cells with 0.1 µm cycloheximide (CHX) at 0, 8, and 16 h. D. The
qRT-PCR verified the MEG3 silencer knockdown efficiency in SK-N-BE (2)C cells treated for 48 h. E. Downregulation of MEG3 promoted EZH2 levels in SK-N-BE(2)C cells
treated with silencing for 48 h. F. Ten µm DZNep for 48 h significantly inhibited EZH2 protein levels. G. QPCR showed that MEG3 expression was increased after treatment of
SK-N-BE(2)C cells with 10 µm DZNep for 48 h. H. Western blotting showed that EZH2 was successfully overexpressed in SK-N-BE (2)C cells. I. Overexpression of EZH2
decreased MEG3 expression in SK-N-BE (2)C cells. J. Overexpression of MEG3 promoted ubiquitin binding with EZH2 in SK-N-BE (2)C cells. ***P < 0.005.
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proliferation and migration but promoted autophagy
in U251 cells by positively regulating Sirt7 by
inhibiting the PI3K/AKT/mTOR signaling pathway
[22]. However, MEG3 was involved in autophagy
inhibition, which is involved in adenosine-induced
cytotoxicity in HepG2 cells [38]. The cytotoxicity was
synergistic with overexpression of MEG3, via
downregulation of ILF3, which regulated activation of
the PI3K/AKT/mTOR pathway and inactivation of
the beclin-1 signaling pathway [38]. Furthermore,
MEG3 is expressed in low amounts in chemotherapysensitive lung cancer tissues, and upregulation of
MEG3 inhibits autophagy by increasing the sensitivity
to vincristine chemotherapy [39]. The relationship
between autophagy and tumors is complicated.
Normal cell autophagy enhancement can suppress
tumorigenesis, but tumor cells can increase
autophagy to inhibit a series of stress reactions
involving hypoxia and chemotherapy.
The polycomb repressor complex 2 (PRC2) core
component molecule EZH2 has been reported to be
important in biological processes, such as the cell
cycle, cell differentiation, and carcinoma progression
[40, 41]. Previous studies showed that EZH2 was
significantly increased in NB and negatively
associated with NB prognosis [42]. EZH2 regulated
NB cell proliferation, apoptosis, metastasis and
differentiation [43-45]. It had been shown that various
lncRNAs interact with EZH2 [46]. MEG3 is a lncRNA
closely related to EZH2, and MEG3 attenuates EZH2
by increasing its ubiquitination in gallbladder cancer
[26]. Furthermore, MEG3 facilitates H3K27 trimethylation of EN2 through binding with EZH2, thus
suppressing the development of prostate cancer [47].
Our findings also showed that MEG3 reduced EZH2
expression by increasing ubiquitination degradation.
In addition, EZH2 inhibited the expression of many
tumor suppressor genes through H3K27me3. The
present study also found that EZH2 suppressed
MEG3 expression, which was possibly modulated via
H3K27me3. Therefore, MEG3 and EZH2 may form a
negative feedback loop to promote NB development.
Moreover, the loop was a malignant cycle, which
aggravated the effects of EZH2 and MEG3.
In conclusion, numerous studies have shown
that MEG3 is a new type of lncRNA tumor
suppressor. Our study also indicated that MEG3
exerted a strong anticancer effect in NB. Although the
detailed molecular mechanism of MEG3 is still
limited, MEG3 may become a target for clinical
treatment of NB in the near future.

Abbreviations
NB: neuroblastoma; LncRNA: long non-coding
RNA; DMEM: Dulbecco’s modified eagle’s medium;

3060
PBS: phosphate-buffered saline; FBS: fetal bovine
serum; QRT-PCR: quantitative real-time PCR;
GAPDH:
glyceraldehyde
3-phosphate
dehydrogenase; CCK8: cell counting kit-8; TBST: trisbuffered saline with Tween 20; EMT: epithelialmesenchymal transition; INSS: international neuroblastoma staging system; EDU: 5-ethynyl-2ʹdeoxyuridine.

Supplementary Material
Supplementary figures and tables.
http://www.ijbs.com/v16p3050s1.pdf

Acknowledgements
Data availability statement
All of the data of this study are available from
the corresponding author.

Authors’ contributions
DK and YM designed the study; YM, LH, TW
performed experiments and collected all data; JT and
CS analyzed and dealt with the data; MJ, WJ, WM and
ZJ participanted writing and figures making. DK and
MD involved in critical reviewing of the manuscript.
All authors read and approved the manuscript.

Competing Interests
The authors have declared that no competing
interest exists.

References
1.

Zeineldin M, Federico S, Chen X, Fan Y, Xu B, Stewart E, et al. MYCN
amplification and ATRX mutations are incompatible in neuroblastoma. Nat
Commun. 2020;11(1):913.
2. Cimmino F, Avitabile M, Lasorsa VA, Pezone L, Cardinale A, Montella A, et
al. Functional characterization of full-length BARD1 strengthens its role as a
tumor suppressor in neuroblastoma. J Cancer. 2020;11(6):1495-504.
3. Fang E, Wang X, Wang J, Hu A, Song H, Yang F, et al. Therapeutic targeting of
YY1/MZF1 axis by MZF1-uPEP inhibits aerobic glycolysis and neuroblastoma
progression. Theranostics. 2020;10(4):1555-71.
4. Li H, Yang F, Hu A, Wang X, Fang E, Chen Y, et al. Therapeutic targeting of
circ-CUX1/EWSR1/MAZ axis inhibits glycolysis and neuroblastoma
progression. EMBO Mol Med. 2019;11(12):e10835.
5. Li D, Wang X, Mei H, Fang E, Ye L, Song H, et al. Long Noncoding RNA
pancEts-1 Promotes Neuroblastoma Progression through hnRNPK-Mediated
beta-Catenin Stabilization. Cancer Res. 2018;78(5):1169-83.
6. Kong Y, Feng Y, Xiao YY, Liu SC, Li XG, Yang QL, et al. LncRNA LUCAT1
promotes rowth, migration, and invasion of oral squamous cell carcinoma by
upregulating PCNA. Eur Rev Med Pharmacol Sci. 2019;23(11):4770-6.
7. Gao Y, Wang Z, Tong J, Zheng Y. LncRNA loc285194 inhibits tumor growth of
laryngeal squamous cell carcinoma cells by downregulating hexokinase 2. Exp
Ther Med. 2019;18(4):2378-84.
8. Cheng Q, Zhang M, Zhang M, Ning L, Chen D. Long non-coding RNA
LOC285194 regulates vascular smooth muscle cell apoptosis in atherosclerosis.
Bioengineered. 2020;11(1):53-60.
9. Ye M, Ma J, Liu B, Liu X, Ma D, Dong K. Linc01105 acts as an oncogene in the
development of neuroblastoma. Oncol Rep. 2019.
10. Wang J, Su Z, Lu S, Fu W, Liu Z, Jiang X, et al. LncRNA HOXA-AS2 and its
molecular mechanisms in human cancer. Clin Chim Acta. 2018;485:229-33.
11. Rossi M, Bucci G, Rizzotto D, Bordo D, Marzi MJ, Puppo M, et al. LncRNA
EPR controls epithelial proliferation by coordinating Cdkn1a transcription and
mRNA decay response to TGF-beta. Nat Commun. 2019;10(1):1969.
12. Schmidt K, Carroll JS, Yee E, Thomas DD, Wert-Lamas L, Neier SC, et al. The
lncRNA SLNCR Recruits the Androgen Receptor to EGR1-Bound Genes in
Melanoma and Inhibits Expression of Tumor Suppressor p21. Cell Rep.
2019;27(8):2493-507 e4.

http://www.ijbs.com

Int. J. Biol. Sci. 2020, Vol. 16
13. Habieb A, Matboli M, El-Tayeb H, El-Asmar F. Potential role of lncRNA-TSIX,
miR-548-a-3p, and SOGA1 mRNA in the diagnosis of hepatocellular
carcinoma. Mol Biol Rep. 2019;46(4):4581-90.
14. Horita K, Kurosaki H, Nakatake M, Kuwano N, Oishi T, Itamochi H, et al.
lncRNA UCA1-Mediated Cdc42 Signaling Promotes Oncolytic Vaccinia Virus
Cell-to-Cell Spread in Ovarian Cancer. Mol Ther Oncolytics. 2019;13:35-48.
15. Cui X, Jing X, Long C, Tian J, Zhu J. Long noncoding RNA MEG3, a potential
novel biomarker to predict the clinical outcome of cancer patients: a
meta-analysis. Oncotarget. 2017;8(12):19049-56.
16. Yu F, Geng W, Dong P, Huang Z, Zheng J. LncRNA-MEG3 inhibits activation
of hepatic stellate cells through SMO protein and miR-212. Cell Death Dis.
2018;9(10):1014.
17. Dai Y, Wan Y, Qiu M, Wang S, Pan C, Wang Y, et al. lncRNA MEG3
Suppresses the Tumorigenesis of Hemangioma by Sponging miR-494 and
Regulating PTEN/ PI3K/AKT Pathway. Cell Physiol Biochem.
2018;51(6):2872-86.
18. Li J, Xuan Z, Liu C. Long non-coding RNAs and complex human diseases. Int J
Mol Sci. 2013;14(9):18790-808.
19. Zhou Y, Zhong Y, Wang Y, Zhang X, Batista DL, Gejman R, et al. Activation of
p53 by MEG3 non-coding RNA. J Biol Chem. 2007;282(34):24731-42.
20. Zhang X, Gejman R, Mahta A, Zhong Y, Rice KA, Zhou Y, et al. Maternally
expressed gene 3, an imprinted noncoding RNA gene, is associated with
meningioma pathogenesis and progression. Cancer Res. 2010;70(6):2350-8.
21. Xu G, Meng L, Yuan D, Li K, Zhang Y, Dang C, et al. MEG3/miR21 axis affects
cell mobility by suppressing epithelialmesenchymal transition in gastric
cancer. Oncol Rep. 2018;40(1):39-48.
22. Xu DH, Chi GN, Zhao CH, Li DY. Long noncoding RNA MEG3 inhibits
proliferation and migration but induces autophagy by regulation of Sirt7 and
PI3K/AKT/mTOR pathway in glioma cells. J Cell Biochem. 2018.
23. Dan J, Wang J, Wang Y, Zhu M, Yang X, Peng Z, et al. LncRNA-MEG3 inhibits
proliferation and metastasis by regulating miRNA-21 in gastric cancer.
Biomed Pharmacother. 2018;99:931-8.
24. Ding L, Tian Y, Wang L, Bi M, Teng D, Hong S. Hypermethylated long
noncoding RNA MEG3 promotes the progression of gastric cancer. Aging
(Albany NY). 2019;11(19):8139-55.
25. Mondal T, Subhash S, Vaid R, Enroth S, Uday S, Reinius B, et al. MEG3 long
noncoding RNA regulates the TGF-beta pathway genes through formation of
RNA-DNA triplex structures. Nat Commun. 2015;6:7743.
26. Jin L, Cai Q, Wang S, Wang S, Mondal T, Wang J, et al. Long noncoding RNA
MEG3 regulates LATS2 by promoting the ubiquitination of EZH2 and inhibits
proliferation and invasion in gallbladder cancer. Cell Death Dis.
2018;9(10):1017.
27. Tang W, Dong K, Li K, Dong R, Zheng S. MEG3, HCN3 and linc01105
influence the proliferation and apoptosis of neuroblastoma cells via the
HIF-1alpha and p53 pathways. Sci Rep. 2016;6:36268.
28. Sang LJ, Ju HQ, Liu GP, Tian T, Ma GL, Lu YX, et al. LncRNA CamK-A
Regulates Ca(2+)-Signaling-Mediated Tumor Microenvironment Remodeling.
Mol Cell. 2018;72(1):71-83 e7.
29. Chu C, Quinn J, Chang HY. Chromatin isolation by RNA purification (ChIRP).
J Vis Exp. 2012; 61.
30. Che H, Wang Y, Li H, Li Y, Sahil A, Lv J, et al. Melatonin alleviates cardiac
fibrosis via inhibiting lncRNA MALAT1/miR-141-mediated NLRP3
inflammasome and TGF-beta1/Smads signaling in diabetic cardiomyopathy.
FASEB J. 2020.
31. Dong H, Jian P, Yu M, Wang L. Silencing of long noncoding RNA LEF1-AS1
prevents the progression of hepatocellular carcinoma via the crosstalk with
microRNA-136-5p/WNK1. J Cell Physiol. 2020.
32. Zhang W, Liu Y, Fu Y, Han W, Xu H, Wen L, et al. Long non-coding RNA
LINC00160 functions as a decoy of microRNA-132 to mediate autophagy and
drug resistance in hepatocellular carcinoma via inhibition of PIK3R3. Cancer
Lett. 2020.
33. Zhou Y, Zhang X, Klibanski A. MEG3 noncoding RNA: a tumor suppressor. J
Mol Endocrinol. 2012;48(3):R45-53.
34. Wu X, Li J, Ren Y, Zuo Z, Ni S, Cai J. MEG3 can affect the proliferation and
migration of colorectal cancer cells through regulating miR-376/PRKD1 axis.
Am J Transl Res. 2019;11(9):5740-51.
35. Zou Z, Chen J, Yang J, Bai X. Targeted Inhibition of Rictor/mTORC2 in Cancer
Treatment: A New Era after Rapamycin. Curr Cancer Drug Targets.
2016;16(4):288-304.
36. Kim LC, Cook RS, Chen J. mTORC1 and mTORC2 in cancer and the tumor
microenvironment. Oncogene. 2017;36(16):2191-201.
37. Zhao H, Wang X, Feng X, Li X, Pan L, Liu J, et al. Long non-coding RNA
MEG3 regulates proliferation, apoptosis, and autophagy and is associated
with prognosis in glioma. J Neurooncol. 2018;140(2):281-8.
38. Pu Z, Wu L, Guo Y, Li G, Xiang M, Liu L, et al. LncRNA MEG3 contributes to
adenosine-induced cytotoxicity in hepatoma HepG2 cells by downregulated
ILF3 and autophagy inhibition via regulation PI3K-AKT-mTOR and beclin-1
signaling pathway. J Cell Biochem. 2019;120(10):18172-85.
39. Xia H, Qu XL, Liu LY, Qian DH, Jing HY. LncRNA MEG3 promotes the
sensitivity of vincristine by inhibiting autophagy in lung cancer
chemotherapy. Eur Rev Med Pharmacol Sci. 2018;22(4):1020-7.
40. Nutt SL, Keenan C, Chopin M, Allan RS. EZH2 function in immune cell
development. Biol Chem. 2019.
41. Hoffmann F, Niebel D, Aymans P, Ferring-Schmitt S, Dietrich D, Landsberg J.
H3K27me3 and EZH2 expression in melanoma: relevance for melanoma

3061

42.
43.

44.

45.
46.
47.

progression and response to immune checkpoint blockade. Clin Epigenetics.
2020;12(1):24.
Li Z, Takenobu H, Setyawati AN, Akita N, Haruta M, Satoh S, et al. EZH2
regulates neuroblastoma cell differentiation via NTRK1 promoter epigenetic
modifications. Oncogene. 2018;37(20):2714-27.
Tsubota S, Kishida S, Shimamura T, Ohira M, Yamashita S, Cao D, et al.
PRC2-Mediated Transcriptomic Alterations at the Embryonic Stage Govern
Tumorigenesis and Clinical Outcome in MYCN-Driven Neuroblastoma.
Cancer Res. 2017;77(19):5259-71.
Bate-Eya LT, Gierman HJ, Ebus ME, Koster J, Caron HN, Versteeg R, et al.
Enhancer of zeste homologue 2 plays an important role in neuroblastoma cell
survival independent of its histone methyltransferase activity. Eur J Cancer.
2017;75:63-72.
Wang C, Liu Z, Woo CW, Li Z, Wang L, Wei JS, et al. EZH2 Mediates
epigenetic silencing of neuroblastoma suppressor genes CASZ1, CLU,
RUNX3, and NGFR. Cancer Res. 2012;72(1):315-24.
Su M, Xiao Y, Tang J, Wu J, Ma J, Tian B, et al. Role of lncRNA and EZH2
Interaction/Regulatory Network in Lung Cancer. J Cancer. 2018;9(22):4156-65.
Zhou Y, Yang H, Xia W, Cui L, Xu R, Lu H, et al. LncRNA MEG3 inhibits the
progression of prostate cancer by facilitating H3K27 trimethylation of EN2
through binding to EZH2. J Biochem. 2019.

http://www.ijbs.com

