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N6-methyladenosine (m6A) modifications are considered key mechanisms in cancer. As an m6A-modified
IncRNA, MALAT1 is associated with tumor progression. In this study, the MALAT 1/miR-124-3p/CDK4 axis
was studied to discover METTL3’s effects on Ewing's sarcoma (ES). For this purpose, clinical ES samples
were collected and ES cells were cultured to detect gene expression. Then, the interlink between METTL3,
MALATI, miR-124-3p, and CDK4 was studied and confirmed, and m6A modification of MALAT1 was deter-
mined. Finally, the Transwell method was used to test migration and invasion. Results showed that ES samples
expressed low miR-124-3p and high METTL3, MALAT1 and CDK4. METTL3 elevated MALAT1 expression
by m6A modification. MALAT1 enhanced CDK4 expression by competing with miR-124-3p. In ES cells,
METTL3 silencing repressed cell migration and invasion by inhibiting MALAT1. In conclusion, METTL3

Ewing's sarcoma, m6A, METTL3,
miR-124-3p, CDK4

promotes tumorigenesis of ES through the MALAT 1/miR-124-3p/CDK4 axis.
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Introduction

Ewing's sarcoma (ES) mainly occurs in bones or sur-
rounding tissues(1) and is prevalent in children and adoles-
cents, with an incidence of 1/1.5 million(2). According to
scientific researches, the age of ES patients mostly ranges
from 15 to 20, with males being the susceptible group (3).
ES has a high degree of malignancy, a short course, and
rapid metastasis. About 30% of patients are accompanied
by metastasis to lung, bone, and bone marrow (4)]. At
present, the application therapies for ES have unfavorable
efficacy (5) and 5-year survival rates in patients with meta-
static tumors are reduced to 30%(6). Therefore, in-depth
investigations into ES-associated mechanisms are weighty
matters to solve the key scientific problems in ES therapy.
As an internal mRNA modification, N6-methyladenosine
(m6A) modifies gene expression through RNA processing,
translation, localization, and degradation (7-8). METTL3-
elF3b interaction modifies gene translation (9) and gener-
ates translation complexes in tumors (10). By means of
affecting RNA stability, mRNA degradation and transla-
tion, METTL3 is essential in the process of gene expres-
sion regulation (11). In addition, with the regulative effects
in cell differentiation, tissue development, and tumorige-
nesis, methylation of m6A mRNA initiated by METTL3
is likely to cause diseases as well as tumors among a
large number of mammals (12). It has been emphasized
that METTL3 can promote tumor growth and metastasis
(13), but its biomolecular mechanism in ES still needs to
be further explored. METTL3 initiates the methylation of
mO6A mRNA, which is recognized by proteins containing
the YTH domain (14), thus regulating mRNA splicing,

stability, and translation(15). Although the function of
YTH domains in various organisms has been partially cla-
rified, the mechanism of m6A regulating gene expression
in ES remains elusive. Emerging reports have underlined
the importance of IncRNAs in normal cell development
and physiological functions(16-18). As a conserved 7-9
kbp IncRNA with evolutionary significance, MALAT1 is
recognized for its association with tumor progression (19)
and METTL3 upregulates MALAT1 at the transcription
level by triggering m6A modification (11,18)].In view of
the carcinogenic effect of MALAT, the study prepared an
evaluation to test how METTL3-modified MALAT1 in ES
functioned biologically through the miR-124-3p/CDK4
axis.

Materials and Methods

Collection of clinical samples

ES tissue and their matched normal tissue were re-
ceived from patients undergoing surgery and temporarily
frozen in liquid nitrogen before preservation at -80°C.

ES cell lines

ES cell lines SK-ES-1, A673, and RD-ES (ATCC,
USA) were cultured in DMEM (Corning) with the sup-
plement of 10% FBS (Omega Scientific) and 100 U/100
pg, 2 mM glutamine (Invitrogen, USA).

Cells transfection

Invitrogen took over the design and supplement of all
interference and over-expression plasmids (sh-MALATI,
oe-MALAT1, sh-METTL3, miR-124-3p inhibiter, miR-
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124-3p-mimic, oe-CDK4, and related controls). Lipofec-
tamine 2000 (11,668,019, Thermo Fisher Scientific) was
purchased for the transfection of cells. The individual well
of the 6-well plate was inoculated with 1 x 103 cells and
cultured until the cell confluence reached 60-70%. Then
4 ng plasmid was diluted with 10 pL transfection solu-
tion using 250 pL Opti-MEM with no serum (Gibco) and
loaded onto the plate. A fresh complete medium was an
alternative after 6 h.

Quantitative PCR

Trizol was used to extract total RNA from tissues or
cells (Invitrogen), while the analysis was carried out by
using Nanodrop2000, the micro-ultraviolet spectrophoto-
meter named (1011U, Nanodrop). Primers were used in
the process of reverse transcription in TagMan MicroRNA
Assays (4,427,975, Applied Biosystem). In addition, the
reverse transcription into cDNA of PrimeScript RT reagent
Kit (RR047A, Takara) has also been realized. TaKaRa was
in charge of the design and synthesis of all primers (Table
S1). While detecting quantitative PCR, the ABI7500
quantitative PCR instrument (7500, ABI), as well as
SYBR Green Rapid PCR Kit (Applied Biosystems) was
applied. Reference controls were GAPDH and U6.

Immunoblotting

In tissues and cells, the extraction of total protein
was carried out with RIPA lysis buffer which contained
PMSF (P0013C, Beyotime, China), while the quanti-
fication was realized by using a BCA assay kit (P0012,
Beyotime). After being dissolved in 2 x SDS sample buf-
fer, the 50 pug protein sample was boiled for 10 min for
SDS-PAGE, before the transfer to the PVDF membrane.
After a 1-hour enclosure in 5% skim milk, the membrane
was blended with primary antibody (Abcam) overnight:
METTL3 (1:1000, ab195352), CDK4 (ab108357, 1:2500)
and GAPDH (ab%9485 1:2500), and the corresponding se-
condary antibody for the Durance of one hour: HRP-labe-
led goat anti-rabbit IgG (ab97051, 1:2000, Abcam). Blots
were developed with ECL (BB-3501, Amersham), and
imaged in Bio-Rad, a system of image analysis, while the
analysis was carried out by using Quantity-One (v4.6.2)
software.

Immunohistochemical staining

ES tissues were linked to 10% neutral formalin, fol-
lowed by dehydration and paraffin embedment. The pre-
pared slices were successively processed with xylene and
gradient alcohol for dewaxing and dehydration, respecti-
vely and inactivated with 3% H,O,. Next, slices were boi-
led for 30 minutes in 10 mM sodium citrate (pH 6.0) before
being sealed for 15 min in 10% normal goat serum prior
to overnight incubation with METTL3 (1:500, ab195352,
Abcam) or CDK4 1:500, ab108357, Abcam) at 4°C. On
the second day, the secondary antibody was reacted for 1
h. Immunohistochemical images were quantitatively ana-
lyzed by Imagel

Transwell assays

Matrigel (YB356234, Umibio, Shanghai, China),
stored at -80°C, was removed and left overnight at 4°C
in order to be liquefied, before the dilution of the 200 pL
matrigel and the 200 pL serum-free medium. Next, a 50
pL diluted sample was left in the top compartment of each

plate for 2-3 h and supplemented with ES cells (2 x 10Y/
well) for 24 h. Meanwhile, the lower compartment was
mixed with an amount of 800 pL medium which contained
20% FBS. Afterward, the Transwell plates were soaked for
10 min in 10% formaldehyde and then rinsed with clean
water three times. Next, staining was performed after the
30-min interaction with 0.1% crystal violet (Solarbio, Bei-
jing, China) and observed under a microscope. Matrigel
was not necessary for the process of the transwell migra-
tion experiment, with a 16-hour culture time.

Methylated RNA immunoprecipitation (MeRIP)

Trizol method was applied to isolate total RNA from
cells, while the incubation with protein A/G magnetic
beads in IP buffer (20 mM Tris, pH 7.5, 2 mM EDTA,
1% NP-40, and 140 mM NaCl) was carried out in the
PolyATtract®mRNA Isolation Systems, which contai-
ned anti-m6A (1:500, ab151230, Abcam) or anti-IgG
(ab109489, 1:100, Abcam) (A-Z5300, ATECHENGINEE-
RING). mRNA-bead complexes were then added after an
hour to a RIP buffer which contained ribonuclease inhibi-
tors and protease inhibitors, before overnight incubation at
4°C. The elution and purification of RNA were carried out
by using phenol-chloroform to measure MALAT1 expres-
sion using the method of quantitative PCR.

Photoactivatable ribonucleoside-enhanced crosslin-
king immunoprecipitation (PAR-CLIP)

ES cells were added to 200 mM 4-thiopyridine (4SU)
(Sigma Aldrich, St. Louis, MO, USA) for 14 hours, and
then crosslinked with 0.4 at 365 J/cm2 nanoparticles. The
lysate was immunoprecipitation with METTL3 antibody
before an overnight incubation at 4 °C. With the label [g-
32P] - ATP, RNA was observed with the assistance of au-
toradiography. In order to remove protein while detecting
the relative quantitative expression of MALAT1, protease
K was added to digest the sediment.

Reporter test using dual luciferase

Containing the binding site of miR-124-3p, CDK4-
3’UTR and MALAT1 cDNA fragments were inserted
into the pGL3 plasmid. The binding site was mutated
and the resulting fragments were inserted into the pGL3
plasmid. After gene sequencing, pGL3-MALAT1, pGL3-
MALAT1-MUT, pGL3-CDK4-3'UTR, and pGL3-CDK4-
3'UTR-MUT were transfected with miR-124-3p mimic or
NC-mimic, respectively into the cells of HEK-293. Cell
lysis was collected after 48 h and loaded onto a gene analy-
sis system using dual luciferase (Promega) which is based
on Luciferase Assay Kit (K801-200, Biovision) [25].

Ago2 RIP

RIP kits (Millipore) were purchased for RIP assays.
Cells were dissolved for 30 min in an equal volume of
RIPA lysis buffer (p0013B, Beyotime), the supernatant
was obtained at 4°C after centrifugation at 14000 rpm for
durance of 10 minutes. With about 50 uL magnetic beads
added into the co-precipitation system and resuscitated
in 100 pL RIP washing buffer, 5 pg rabbit anti-AGO2
(ab186733, 1:50, Abcam) or rabbit IgG (ab172730, 1:100,
Abcam) was then mixed at a temperature of 4°C for no
less than 6 hours. After buffer washing, the re-suspension
of the antibody complex was realized with 900 pL RIP
washing buffer, while RNA was extracted for quantitative
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PCR after the digestion of protease K.

Statistical analysis

All data are expressed as mean + standard deviation.
The analysis involved was carried out by using SPSS
24.0 software and compared by paired or unpaired t-tests,
respectively. The Tukey test was used in the one-way
ANOVA so as to compare the related multiple groups. It is
worth mentioning that P < 0.05 was essential in the aspect
of statistics.

Results

METTL3 induces m6A RNA methylation of MALAT1

METTL3 and MALAT1 levels were examined in ES.
Astested, METTL3 and MALAT1 were upregulated in ES
(Figure 1A, B). METTL3 was silenced with sh-METTL3
in ES cells (Figure 1C, D). Then, Me-RIP analyzed that
m6A RNA methylation of MALAT1 was suppressed after
silencing METTL3 (Figure 1E). Furthermore, PAR-CLIP
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Figure 1. METTL3 upregulates MALAT1 by m6A RNA methyla-
tion of MALAT1. A: Immunoblotting and immunohistochemical de-
tection of METTL3 expression in ES tissues and qRT-PCR detection
of METTL3 in ES cells., B: Immunoblotting and immunohistoche-
mical detection of MALATT1 in ES tissues and qRT-PCR detection of
MALAT]1 expression in ES cells. C: Immunoblotting tested METTL3
after METTLS3 silencing. D: Quantitative PCR measured MALAT1
expression after METTL3 silencing. E: Me-RIP analyzed the level
of MALATT in the process of m6A RNA methylation after METTL3
silencing. F: PAR-CLIP detected METTL3 and MALAT1 binding.

detected the reduced interaction between METTL3 and
MALAT1 after METTL3 silencing (Figure 1F).

METTL3 silencing prevents ES cells from migrating
and invading by inhibiting MALAT1

SK-ES-1 cells became the objects in the following
cellular experiments. Following sh-NC transfection, oe-
MALAT1 caused no change in METTL3 expression, but
elevated MALAT1 expression. sh-METTL3 transfection
reduced both METTL3 and MALAT1 expression, but
follow-up oe-MALAT1 treatment recovered MALATI1
expression (Figure 2A, B). Transwell detection results
demonstrated that overexpressing MALAT1 enhanced the
migratory and invasive ability of ES cells, but silencing
METTL3 had the opposite effect. Functionally, MALAT1
upregulation weakened the anti-migration/invasion effect
of silencing METTL3 (Figure 2C-D).

A proven binding between MALAT1 and miR-124-3p

In StarBase (http://starbase.sysu.edu.cn/index.php), the
relative researches have proved the sequences of binding
between MALAT1 and miR-124-3p (Figure 3A). To esti-
mate the regulatory effect of MALAT1 on miR-124-3p,
the expression of the latter was measured in ES which
turned out to be in a low state (Figure 3B, C). Next, in
MALATI1-silenced ES cells, miR-124-3p expression in-
creased (Figure 3D, E). Next, through luciferase reporter
gene assay, the discovery has been made that miR-124-3p
mimic had a limited reductive effect only on the luciferase
activity of pGL3-MALAT1 (Figure 3F). In the meanwhile,
the results of RIP manifested that MALAT1 was enriched
with miR-124-3p in Ago2 (Figure 3G).
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METTLS3 silencing can impede migration and invasion in ES
cells. A: Immunoblotting tested METTL3 protein. B: Quantitative
PCR measured MALAT1. C-D: Transwell method determined cell
migration and invasion.
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Figure 3. MALAT1 can inhibit miR-124-3p expression. A: Star-
Base’s prediction of the binding parts of MALAT1 and miR-124-3p.
B-C: Quantitative PCR measured miR-124-3p in ES tissues and ES
cells. D: After MALAT]1 silencing, quantitative PCR measured MA-
LAT1. E: After MALAT1 expression was knocked out, quantitative
PCR measured miR-124-3p. F: Luciferase reporter gene determined
MALAT]1 binding to miR-124-3p. G: RIP method verified how MA-
LAT1 and miR-124-3p interacted with each other. H: RNA-pull down
assay confirmed how MALATI and miR-124-3p combined, while
qRT-PCR detected MALAT1.

MALAT1 can promote CDK4 expression through com-
peting with miR-124-3p

miR-124-3p shared binding sites in CDK4 3’UTR in
Starbase database (Figure 4A). CDK4 in tumor tissues
was detected by immunoblotting and immunohistoche-
mistry. Interestingly, CDK4 expression in ES was eleva-
ted (Figure 4B, C). Referring to the results of luciferase
reporter gene detection, the miR-124-3p mimic had an
inhibitive effect on the luciferase activity of pGL3-miR-
124-3p-3'UTR (Figure 4D). Next, to study further how
miR-124-3p regulated CDK4, miR-124-3p was expressed
overly and then successfully silenced in ES cells (Figure
4E). Responded to miR-124-3p over-expression, ES cells
expressed CDK4 in an inhibited stage, while ES cells had
higher CDK4 expression when miR-124-3p was downre-
gulated (Figure 4F).

MALATT1 triggers the migration and invasion of ES
cells through miR-124-3p-controlled CDK4 expression

When exploring the functional role of MALAT1 in
ES cells by targeting miR-124-3p/CDKA4, the study found
that sh-MALAT1 lowered CDK4 expression, which was
however recovered by miR-124-3p inhibiter. The reduced
expression of CDK4, which was controlled by miR-124-
3p, was rescued after interference with oe-CDK4 (Figure
5A). Transwell assay results determined that miR-124-3p
inhibitor abolished sh-MALAT1-induced suppression of
ES cell migration; the anti-migratory ability of miR-124-
3p mimic was rescued by oe-CDK4 (Figure 5B, C).

Discussion

The indispensable and diversified role of IncRNAs
in human cancer has aroused great interest of more and
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Figure 4. MALAT1 can promote CDK4 expression by competing
with miR-124-3p. A: StarBase’s prediction of binding parts between
CDK4 and miR-124-3p. B: Immunoblotting and Quantitative PCR
detected CDK4 in ES tissues. C: Quantitative PCR measured CDK4
in ES cells. D: Luc confirmed the binding of miR-124-3p to CDK4. E:
Quantitative PCR measured miR-124-3p. F: quantitative PCR measu-
red CDK4 expression.
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Figure 5. By regulating the expression of CDK4, MALAT1 pro-
motes the migration and invasion of ES cells through its medita-
tive effects on miR-124-3p. A: Immunoblotting detection of CDK4
protein. B-C: Transwell method detected cell migration.

more researchers' attention (20) with the discovery of new
IncRNAs by sequencing technologies (21). On this basis,
bioinformatics tools have helped researchers discover deep
interactions between IncRNAs and human cancer (22).

In ES, MALATI1 was found to be upregulated, sug-
gesting oncogenic pathogenesis in the disease. Previous-
ly, a report on colorectal cancer has determined aberrant
high expression of MALAT! and further supported its
tumor-promoting effect regarding epithelial-mesenchymal
transformation and angiogenesis through competing with
miR-126-5p (23). Moreover, MALAT1 is related to inva-
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siveness in the microenvironment of ovarian cancer (19)
and breast cancer (24). In short, MALAT1 may act as a
carcinogenic agent in ES.

Interestingly, MALAT1 can mediate miRNA expres-
sion through an absorption mechanism (25). The study
speculated that a similar regulatory mechanism may also
exist in ES and eventually determined how MALAT1 was
linked to miR-124-3p. In ES, according to the relative il-
lustrations, the dependent role of the CDK4/6 pathway has
been proved (26). Therefore, the study identified a specific
single-agent inhibitor target (CDK4/6) and found the bin-
ding relationship of miR-124-3p to CDK4, which has been
studied previously (27). Considering ES patients’ progno-
sis, CDK4 high expression is an unfavorable index (28-
29). Mechanistically, our analysis of ES cells confirmed
that METTL3-modified MALAT1 could mediate CDK4
expression through miR-124-3p, thus triggering ES cells
to migrate and invade.

However, it is still unclear how METTL3 controls
MALAT1 expression in ES. Given the characteristics of
METTL3-mediated m6A modification of MALAT1, fur-
ther studies are warranted to identify specific effector fac-
tors involved in m6A modifications that regulate MALAT1
expression levels.

METTL3 regulates the migration and invasion of ES
cells through the MALATI/miR-124-3p/CDK4 axis,
constructing a cascade of regulatory mechanisms. Our stu-
dy initially focuses on the METTL3/MALAT1/miR-124-
3p/CDK4 axis in ES and further elaborates on METTL3-
mediated m6A modification in ES.
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