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Abstract
Background  As one of the most ubiquitous types of posttranscriptional modification, N6-methyladenosine (m6A) is exten-
sively implicated in almost all types of cancers, including osteosarcoma. Our previous research partially uncovered the 
role of Metastasis Associated Lung Adenocarcinoma Transcript 1 (MALAT1) in osteosarcoma. However, the relationships 
between methyltransferase-like 3 (METTL3) and noncoding RNAs modified by METTL3, especially MALAT1, in osteo-
sarcoma remain obscure.
Methods  The expression of METTL3 in osteosarcoma was evaluated by online bioinformatics analysis, immunohisto-
chemical (IHC) staining, western blotting (WB), and reverse transcription–quantitative PCR (RT‒qPCR). Cell Counting 
Kit 8 (CCK-8) and Transwell assays were used to evaluate the cell proliferation and invasion abilities. The expression of 
MALAT1 in osteosarcoma was evaluated by online bioinformatics analysis and RT‒qPCR analysis. m6A methylated RNA 
immunoprecipitation-qPCR (MeRIP-qPCR) was used to detect m6A modification changes in MALAT1. An actinomycin D 
assay was used to study changes in the stability of MALAT1.
Results  METTL3 was upregulated in osteosarcoma tissues and cell lines. Functionally, METTL3 promoted the prolifera-
tion and migration of osteosarcoma cells. Moreover, a clear positive correlation was found between METTL3 and MALAT1 
expression, and MALAT1 was upregulated in osteosarcoma tissues and cells. Mechanistically, the presence of m6A modifi-
cation sites in MALAT1 and METTL3-mediated m6A modification increased the stability of MALAT1 in osteosarcoma cells 
and promoted their proliferation and migration.
Conclusion  In this study, it was concluded that in osteosarcoma cells, METTL3, acting as an oncogene, promoted m6A 
modification of MALAT1, increased the stability of MALAT, and enhanced MALAT1-mediated oncogenic function.
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Introduction

Osteosarcoma, a term first proposed in 1805 by the French 
surgeon Alexis Boyer, refers to a tumor derived from primi-
tive osteogenic mesenchymal cells and describes the produc-
tion of bone by osteosarcoma cells [1]. As the most common 
and aggressive type of bone neoplasm in children and ado-
lescents, osteosarcoma frequently occurs in the epiphyses 
of long bones; therefore, osteosarcoma is characterized by 
rapid growth and fast progression [2]. Currently, despite 
substantial advances in osteosarcoma treatment strategies, 
including surgical excision and neoadjuvant or adjuvant 
chemotherapy and radiotherapy, the 5-year survival rate of 
osteosarcoma remains low, and recurrence and metastasis 
remain particularly common [3]. A deeper exploration of the 
underlying molecular mechanisms of osteosarcoma is there-
fore of great importance.

m6A modification is present in most RNA species, 
including messenger RNAs (mRNAs), long noncoding 
RNAs (lncRNAs), ribosomal RNAs (rRNAs), transfer 
RNAs (tRNAs), and small nuclear RNAs (snRNAs) [4]. 
More than 12,000 m6A sites have been found in more than 
7000 human genes, which are rich in RRACH (R = G or 
A, H = A, C or U) shared sequences. These sequences are 
usually located in the termination codon and 3′ untranslated 
region (3′UTR) [5, 6]. Methyltransferase-like 3 (METTL3), 
a 70 kDa protein, was the first identified m6A methyltrans-
ferase, and METTL3 is highly conserved in eukaryotes 
from yeast to humans [7]. METTL3 is widely involved in 
various malignancies through its action as either an onco-
gene or a tumor suppressor [8]. In osteosarcoma, previous 
studies have focused on mRNAs, such as ATPase fam-
ily AAA domain containing 2 (ATAD2), developmentally 
regulated GTP binding protein 1 (DRG1), TNF receptor-
associated factor 6 (TRAF6), CCR4-NOT transcription 
complex subunit 7 m (CONT7) and tripartite motif contain-
ing 7 (TRIM7), as the targets of METTL3 [9–13]. However, 
there are few studies on the involvement of METTL3-mod-
ified lncRNAs in osteosarcoma progression. METTL3 was 
revealed to increase the stability of DANCR and promote 
DANCR-mediated malignant progression of osteosarcoma 
in an m6A-dependent manner [14]. However, the interac-
tion between METTL3 and Metastasis Associated Lung 
Adenocarcinoma Transcript 1 (MALAT1), a well-known 
oncogenic lncRNA, in osteosarcoma remains obscure.

As a highly studied oncogenic lncRNA, MALAT1 is evo-
lutionarily conserved between humans and other species. 
The MALAT1 sequence, approximately 8.7 kb in length, is 
located on human chromosome 11q13.1 [15]. MALAT1 is 
widely involved in multiple neoplastic diseases, including 
lung cancer, breast cancer, liver cancer, colorectal cancer, 
and osteosarcoma [16]. It has been found that high levels 

of MALAT1 mediate osteosarcoma cell growth and tumori-
genicity through targeting of different signaling pathways 
and miRNAs [15]. In our previous research, we showed that 
MALAT1 was upregulated in osteosarcoma. Additionally, 
we demonstrated that MALAT1 promoted osteosarcoma cell 
proliferation and migration via upregulation of Rho associ-
ated coiled-coil containing protein kinase 1 (ROCK1) by 
sponging miR-144-3p [17]. It was reported that certain m6A 
regulators, for example, Fat mass and obesity-associated 
(FTO) and Methyltransferase-like 14 (METTL14), interact 
with MALAT1 and affect its level via diverse mechanisms 
[18, 19]. However, the interaction between METTL3 and 
MALAT1 in osteosarcoma remains unclear.

The present study first investigated the association of 
METTL3-mediated m6A modification and MALAT1 in 
osteosarcoma. The current study aimed to uncover the role 
of the METTL3/MALAT1 axis in osteosarcoma from a 
novel perspective.

Materials and Methods

Patients and Tissue Samples

Tissue samples from five patients with osteosarcoma and 
the corresponding paratumor tissue samples were collected 
in this study, and all samples were surgically resected under 
aseptic conditions, washed in saline, and stored in liquid 
nitrogen for further study. The Medical Ethics Committee of 
Central Hospital Affiliated with Shenyang Medical College 
approved this study (approval number: 2019DEC12-4), and 
all patients provided written informed consent.

Cell Culture

hFOB1.19 normal osteoblasts as well as MG-63 and U2OS 
osteosarcoma cells were obtained from the Cell Bank 
of the Chinese Academy of Sciences (Shanghai, China). 
hFOB1.19 cells were cultured using DMEM/F12 medium 
(Gibco, El Paso, TX, USA), MG-63 cells were cultured 
using DMEM (Gibco), and U2OS cells were cultured using 
MEM (Gibco). All media were supplemented with 10% 
(v/v) fetal bovine serum (FBS, Gibco) as well as penicillin/
streptomycin solution (penicillin concentration: 100 U/ml, 
streptomycin concentration: 0.1  mg/ml) (Beijing Solarbio 
Science & Technology Co., Ltd., Beijing, China). hFOB1.19 
cells were cultured in a cell culture incubator at 34 °C in 5% 
CO2, while MG-63 and U2OS cells were cultured in a cell 
culture incubator at 37 °C in 5% CO2.
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Immunohistochemical (IHC) Staining

Immunohistochemical staining of osteosarcoma tissue was 
performed according to previous descriptions [20]. Osteo-
sarcoma tissue specimens were sequentially fixed with 4% 
paraformaldehyde (Servicebio, Wuhan, China), embedded 
in paraffin, sectioned at a 4 μm thickness, dewaxed, rehy-
drated, blocked with 3% hydrogen peroxide, and blocked 
with 10% goat serum. The sections were then incubated 
with primary antibodies against METTL3 (dilution, 1:500; 
cat. no. ab195352; Abcam) at 4 °C overnight. On the second 
day, the sections were incubated with the secondary anti-
body (goat anti-rabbit immunoglobulin G HRP-conjugated; 
cat. no. ab205718; dilution 1:10,000; Abcam) for 50 min, 
after which a streptavidin-horseradish peroxidase complex 
was added. Then, DAB chromogenic solution (Service-
bio) was added, and the sections were incubated for 5 min, 
rinsed with tap water, stained with hematoxylin (Service-
bio) for 3 min, incubated with hematoxylin differentiation 
solution for 3  s, incubated with hematoxylin bluing solu-
tion to restore the blue color, and rinsed with running water. 
Afterward, the samples were dehydrated under a series of 
concentrations of alcohol, sealed with drops of rhamsan 
gum (Servicebio), and placed under a microscope (Olym-
pus) for observation.

Western Blotting

The method of this experiment has been described in detail 
before [21]. RIPA lysis buffer (Servicebio) was added to 
the collected osteosarcoma cells and tissues for lysis, the 
supernatant was collected by high-speed centrifugation at 
4  °C, and the protein concentration was measured with a 
BCA Protein Assay Kit (Servicebio). Then, the proteins 
were separated by 10% SDS‒PAGE and transferred to poly-
vinylidene difluoride (PVDF) membranes (Servicebio), 
which were blocked with rapid blocking solution (New Cell 
& Molecular Biotech. Ltd., Suzhou, China) for 10 min and 

then incubated with primary antibodies against METTL3 
(dilution, 1:1000; cat. no. ab195352; Abcam) and GAPDH 
(dilution, 1:10,000; cat. no. ab181602; Abcam) at 4 °C over-
night. Unbound antibody was removed by washing with 
TBST. The secondary antibody (goat anti-rabbit immuno-
globulin G HRP-conjugated; cat. no. ab205718; dilution 
1:10,000; Abcam) was added for incubation at room tem-
perature for one hour and was then removed by washing 
with TBST. Finally, immunoreactions were visualized using 
a Hypersensitivity ECL Chemiluminescence Detection Kit 
(Sevenbio, Beijing, China). Protein signals were visualized 
with a gel imager (ChemiScope6100, Clinx Science Instru-
ments Co., Ltd., Shanghai, China).

RNA Extraction and Reverse Transcription–
quantitative PCR (RT‒qPCR)

RT‒qPCR analyses were performed as previously described 
[22]. Total RNA from osteosarcoma tissues and cells was 
extracted using the TRIzol kit (Invitrogen). Primers were 
synthesized by TaKaRa (TaKaRa Bio Inc., Beijing, China), 
and primer sequences are listed in Table 1. The Prime-
Script™ RT Master Mix Reagent Kit (TaKaRa, Beijing, 
China) was used to reverse transcribe the extracted RNA 
into first-strand cDNA. The TB Green® Premix Ex Taq™ II 
Reagent Kit (TaKaRa) was used to amplify cDNA. GAPDH 
was used as an internal control. Relative expression was 
determined by the 2− ΔΔ CT method.

Oligonucleotide and Plasmid Transfection

GenePharma (Shanghai, China) designed and synthesized 
two specific small interfering RNA against METTL3 
(si-METTL3-1 and siMETTL3-2), two specific small 
interfering RNA against MALAT1 (si-MALAT1-1 and 
si-MALAT1-2), and the corresponding blank control 
scrambled siRNA (siSCR). The METTL3 overexpression 
plasmid (oeMETTL3) and MALAT1 overexpression plas-
mid (oeMALAT1) were similarly designed and synthesized 
by GenePharma. Overexpression plasmids were transfected 
using the Lipofectamine 3000 kit (Invitrogen, Carlsbad, 
CA, USA). si-METTL3-1, siMETTL3-2, siMALAT1-1, 
siMALAT1-2, and siSCR were transfected into MG-63 and 
U2OS cells according to the riboFect ™ CP Transfer Kit 
(RiboBio, Guangzhou, China) instructions. oeMETTL3, 
oeMALAT1, and the corresponding blank vector pcDNA 
were transfected into MG-63 and U2OS cells according to 
the instructions of the Lipofectamine 3000 kit (Invitrogen). 
The sequences of the siRNAs are listed in Table 1.

Table 1  Primer and oligonucleotide sequences used in the present 
research
Primers Sequences (5’-3’)
METTL3 forward TTGTCTCCAACCTTCCGTAGT
METTL3 reverse CCAGATCAGAGAGGTGGTGTAG
MALAT1 forward CATTCGCTTAGTTGGTCTAC
MALAT1 reverse TTCTACCGTTTTTAGCTTC
GAPDH forward CAAGGTCATCCATGACAACTTTG
GAPDH reverse GTCCACCACCCTGTTGCTGTAG
Oligonucleotide Sequences (5’-3’)
siMETTL3-1 CTGCAAGTATGTTCACTATGA
siMETTL3-2 CGTCAGTATCTTGGGCAAGTT
siMALAT1-1 GAGCAAAGGAAGTGGCTTA
siMALAT1-2 TCTTCAAGAGAGATATTTAA
siSCR UUCUCCGAACGUGUCACGU dTdT
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then added to the samples in the IP group prior to incubation 
in a vertical mixer at 4 °C for 2 h. RNA was eluted using 
elution buffer, and protease K was added for digestion at 
55 °C for 30 min. The eluted RNA fragments were recov-
ered and purified using the GeneJET RNA Purification Kit 
(Thermo Fisher Scientific, USA), and RNA enrichment was 
analyzed by RT‒qPCR.

RNA Stability Assay

To determine the stability of MALAT1, an actinomycin D 
assay was performed as previously described [26]. A total 
of 3 × 105 cells were resuspended, seeded in 6-well plates 
and incubated at 37 °C in 5% CO2 for 24 h. Then, the osteo-
sarcoma cells were treated with 2  µg/ml actinomycin D 
(Sigma, St. Louis, MO, USA), and total RNA was extracted 
at 0 h, 3 h, and 6 h. The expression of MALAT1 was mea-
sured by RT‒qPCR.

Bioinformatics Analysis

To analyze the expression of METTL3 in osteosarcoma in 
the GEO database, the data from osteosarcoma-related data-
set GSE42352 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE42352) were analyzed with the online tool 
GEO2R [27] of the GEO database; the corresponding probe 
ID was cefr67QKA1UKfQUq3o. According to the instruc-
tions on the website, the expression of METTL3 in TCGA 
was analyzed using the online tool UALCAN [28, 29], and 
the correlation between METTL3 and MALAT1 expression 
in TCGA was analyzed using the online tool GEPIA2 [30]. 
The online software SRAMP [31] and the RMBase database 
(version 2.0) [32] were used to predict the theoretical m6A 
modification sites in MALAT1 (RefSeq ID: NR_002819.4).

Statistical Analysis

The obtained data were statistically analyzed using Graph-
Pad Prism 7.0. Data from the studies are shown as the 
means ± standard deviations; the expression of METTL3 
and MALAT1 was compared at the osteosarcoma tissue 
level using paired t tests and at the osteosarcoma cell level 
by one-way ANOVA. * represents P < 0.05, ** represents 
P < 0.01, *** represents P < 0.001, **** represents P < 0.0001, 
and significant differences were assumed when the P value 
was < 0.05.

Cell Counting Kit-8 (CCK8) Assay

MG-63 and U2OS cell viability was assayed using the 
CCK8 kit (Servicebio) as previously reported [23]. After 
gene overexpression or silencing in osteosarcoma cells, the 
cells were seeded in 96-well plates at a density of 2000 cells 
in 100 µl per well and incubated overnight in an incubator at 
37 °C under 5% CO2. On Days 1, 2, 3, and 4, 10 µL of CCK8 
solution was added to each well of the 96-well plates, which 
were placed in the incubator for 2 h. Afterward, the cells 
were analyzed by measuring the optical density at 450 nm in 
a microplate reader (Bio-Rad, Hercules, CA, USA).

Transwell Assay

The Transwell assay procedures were performed as previ-
ously reported [24]. A total of 1 × 105 osteosarcoma cells 
were spread into Transwell chambers, 2 ml of serum-free 
medium was added, and 700 µL of complete medium with 
serum was added to a 24-well plate. The chambers were 
placed into the 24-well plate and cultured for 24  h in an 
incubator at 37 °C with 5% CO2. After removing the Tran-
swell chambers, the chambers were washed with PBS, the 
cells on the chamber membrane that had not passed through 
the membrane were removed by wiping with a cotton swab, 
and the chambers were washed again with PBS. Immedi-
ately after that, the cells remaining in the chambers were 
fixed with methanol for 20 min, washed with PBS, stained 
in 0.1% crystal violet staining solution (Servicebio) for 
30 min, and rinsed with running water. Finally, the rinsed 
chambers were placed under a microscope (Olympus, 
Tokyo, Japan) for observation and imaging.

m6A Methylated RNA Immunoprecipitation-qPCR 
(MeRIP-qPCR)

MeRIP-qPCR assays were performed to determine the m6A 
level of MALAT1 according to the instructions of the Ber-
sinBioTM m6A MeRIP kit (BersinBio, Guangzhou, China) 
[25]. RNA extraction was performed using the method 
described above. Fragmentation buffer was added to the 
collected RNA samples and incubated at 94 °C for 2 min 
to fragment the RNA, after which IP buffer 1 and an RNase 
inhibitor were added to solubilize the RNA samples. 10% of 
each sample was stored as the input group, and the remain-
ing portions of the samples were used as the IP group for 
immunoprecipitation. IP buffer 2 was added to the samples 
in the IP group, an anti-m6A antibody (dilution, 1:500; cat. 
no. ab151230; Abcam) or IgG (dilution, 1:100; cat. no. 
ab109489; Abcam) was then added, and the samples were 
incubated in a vertical mixer at 4 °C for 4 h. Protein A/G 
beads were washed with IP buffer, blocked with BSA, and 
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of METTL3 in osteosarcoma samples was found to be sig-
nificantly higher than that in non-osteosarcoma samples. In 
the TCGA database, METTL3 had higher expression in the 
sarcoma primary tumor group (260 cases) than in the nor-
mal group (2 cases) (Fig. 1d). We examined the differences 
in the METTL3 expression levels in hFOB 1.19 normal 
osteoblasts and MG-63 and U2OS osteosarcoma cells by 
RT‒qPCR and Western blotting. The findings demonstrated 
that the expression levels of METTL3 mRNA and protein 
were obviously higher in MG-63 and U2OS cells than in 
hFOB 1.19 cells (Fig. 1-f). Collectively, the above findings 
indicated that METTL3 might be a potential biomarker for 
osteosarcoma.

METTL3 Promotes Proliferation and Migration in 
MG-63 and U2OS Cells

We then investigated the roles of METTL3 in cell prolifera-
tion and metastasis in MG-63 and U2OS cells. We trans-
fected siMETTL3-1 and siMETTL3-2 and a siSCR as well 

Results

METTL3 is Upregulated in Osteosarcoma Tissues and 
Cell Lines

We collected tissue samples from five patients with osteo-
sarcoma and checked the expression of METTL3 in osteo-
sarcoma tissues and the corresponding paratumor tissues by 
IHC staining, and the results showed that METTL3 expres-
sion was higher in osteosarcoma tissues than in paratumor 
tissues (Fig.  1a). Next, we examined the expression of 
METTL3 in the abovementioned five pairs of osteosarcoma 
tissue samples by western blot analysis, and the results were 
similar to those of the IHC assay, further indicating that 
METTL3 expression is obviously higher in osteosarcoma 
tissues (Fig. 1b). We next focused on METTL3 expression in 
osteosarcoma-related data in the GEO and TCGA databases. 
We analyzed the expression of METTL3 in non-osteosar-
coma samples (15 cases) and osteosarcoma samples (103 
cases) in the GSE42352 dataset (Fig. 1c), and the expression 

Fig. 1  METTL3 is upregulated in osteosarcoma tissues and cell lines. 
(a-b) The expression of METTL3 in 5 osteosarcoma and paratumor 
tissues was measured by an IHC assay (a) and western blot analysis 
(b). Magnification: 400×; Scale bar: 50 μm. ****P < 0.0001 compared 
with the paratumor group. (c) The expression of METTL3 in 15 non-
osteosarcoma tissues and 103 osteosarcoma tissues according to online 
analysis of the OS-related GEO dataset GSE42352 by using GEO2R. 

****P < 0.0001 compared with non-osteosarcoma tissues. (d) The 
expression of METTL3 in 2 normal tissues and in 260 sarcoma tis-
sues was analyzed with the online UALCAN tool. *P < 0.05 compared 
with normal tissues. (e-f) The expression of METTL3 in the normal 
human osteoblast cell line hFOB1.19 and in two osteosarcoma cell 
lines, MG-63 and U2OS, was measured by RT‒qPCR analysis (e) and 
western blot analysis (f). ****P < 0.0001 compared with hFOB 1.19
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MALAT1 Expression is Upregulated and is 
Positively Correlated with METTL3 Expression in 
Osteosarcoma

Via online analysis of the TCGA database via GEPIA2 
[30], we discovered that METTL3 expression was signifi-
cantly and positively correlated with MALAT1 expression 
(Fig. 3a). We then examined the differential expression of 
MALAT1 in five pairs of collected osteosarcoma samples 
and the corresponding paratumor tissue samples by RT‒
qPCR. The results showed that MALAT1 had a higher 
expression level in osteosarcoma samples than in paratumor 
tissues, as shown in Fig. 3b. For analysis of osteosarcoma 
cells, similar to the histological assay, we examined the dif-
ferential expression of MALAT1 in hFOB 1.19 cells com-
pared to MG-63 and U2OS cells by RT‒qPCR. The results 
showed that MALAT1 had higher expression in MG-63 and 
U2OS cells than in hFOB 1.19 cells, as shown in Fig. 3c.

Previous studies have confirmed that MALAT1 promotes 
biological behaviors such as proliferation and migration in 

as the oeMETTL3 and the pcDNA into MG-63 and U2OS 
cells. METTL3 expression was measured by RT‒qPCR and 
Western blotting, and the results are presented in Fig. 2a-
b. The expression levels of METTL3 in MG-63 and U2OS 
cells were decreased after transfection with siMETTL3-1 
and siMETTL3-2. After transfection with oeMETTL3, the 
level of METTL3 in MG-63 and U2OS cells was increased, 
confirming the successful construction of our cell model. 
We further investigated the impact of different METTL3 
expression levels on the proliferation and migration abili-
ties of MG-63 and U2OS osteosarcoma cells by a CCK8 
assay and a Transwell assay, and the results are presented 
in Fig. 2c-d. The proliferation and migration of MG-63 and 
U2OS osteosarcoma cells were also markedly inhibited after 
transfection with siMETTL3-1 and siMETTL3-2 compared 
to the siSCR. In contrast, after transfection of oeMETTL3, 
MG-63 and U2OS cells exhibited significantly increased 
proliferation and migration abilities.

Fig. 2  METTL3 promotes the proliferation and migration of osteo-
sarcoma cells. (a-b) The expression of METTL3 after transfection of 
specific METTL3 siRNAs or METTL3 overexpression plasmids in 
MG-63 (a) and U2OS (b) cells was measured by RT‒qPCR. **P < 0.01, 
***P < 0.001 and ****P < 0.0001 for si-METTL3-1 and siMETTL3-2 
compared to siSCR and for oeMETTL3 compared to pcDNA. (c-d) 
The expression of METTL3 protein after diverse METTL3 interven-
tions was measured by western blot analysis in MG-63 (c) and U2OS 
(d) cells. ****P < 0.0001 and ####P < 0.0001 for si-METTL3-1 and 
siMETTL3-2 compared to siSCR and for oeMETTL3 compared to 
pcDNA. (e-f) The growth curve of MG-63 (e) and U2OS (f) cells after 

diverse METTL3 interventions, as determined by a CCK-8 assay at 
the indicated times. ****P < 0.0001, ####P < 0.0001 for si-METTL3-1 
and siMETTL3-2 compared to siSCR and for oe-METTL3 compared 
to pcDNA. (g) Changes in the cell migration ability after diverse 
METTL3 interventions were evaluated by a Transwell assay. si-
METTL3-1 and siMETTL3-2 compared to siSCR and for oeMETTL3 
compared to pcDNA. Magnification: 400×; Scale bar: 50 μm. siSCR, 
scrambled siRNA; siMETTL3-1, METTL3 small interfering RNA-
1; siMETTL3-2, METTL3 small interfering RNA-2; oeMETTL3, 
METTL3 overexpression vector
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of MG-63 and U2OS osteosarcoma cells by CCK8 and 
Transwell assays. Upregulation of MALAT1 expression 
significantly promoted MG-63 and U2OS cell proliferation 
and migration, and downregulation of MALAT1 expression 
inhibited MG-63 and U2OS cell proliferation and migration 
(Fig. 3f-h).

METTL3 Functions as an Oncogenic Regulator of 
Proliferation and Migration in Osteosarcoma by 
Increasing the Stability of MALAT1

Via the online software SRAMP, we focused on the theo-
retical m6A modification sites in MALAT1. We found that 
MALAT1 contained 21 theoretical m6A modification sites 
(RRACU motifs) (Figure S1). By MeRIP-qPCR analysis, 
we found that the m6A level of MALAT1 in osteosarcoma 

osteosarcoma cells [17]. We again confirmed the impact 
of MALAT1 on the proliferation and migration abilities 
of MG-63 and U2OS osteosarcoma cells through loss-
of-function and gain-of-function assays. We transfected 
siMALAT1-1 and siMALAT1-2 and siSCR as well as the 
MALAT1 overexpression plasmid oeMALAT1 and empty 
vector into MG-63 and U2OS cells. The levels of MALAT1 
expression were measured by RT‒qPCR, and the results 
are shown in Fig. 3d-e. The levels of MALAT1 expression 
in MG-63 and U2OS cells were decreased after transfec-
tion with siMALAT1-1 and siMALAT1-2, and the expres-
sion levels of MALAT1 in MG-63 and U2OS cells were 
significantly increased after transfection with oeMALAT1, 
confirming the successful construction of our cell model. 
We further investigated the effects of different MALAT1 
expression levels on the proliferation and migration abilities 

Fig. 3  MALAT1 expression is upregulated and is positively correlated 
with METTL3 expression in osteosarcoma. (a) The correlation of 
METTL3 and MALAT1 expression in osteosarcoma samples according 
to online analysis of TCGA data with UALCAN. P = 2.4e-11, R = 0.4 
(b) The expression of MALAT1 in 5 collected osteosarcoma tissues 
and in 5 paired paratumor tissues was measured by RT‒qPCR analysis. 
**P = 0.0058 compared with the paratumor group. (c) The expression 
of MALAT1 in the normal human osteoblast cell line hFOB1.19 and in 
two osteosarcoma cell lines, MG-63 and U2OS, was measured by RT‒
qPCR analysis. ****P < 0.0001 compared with hFOB 1.19. (d-e) The 
expression of MALAT1 after transfection of specific MALAT1 siR-
NAs or the MALAT1 overexpression plasmid in MG-63 (d) and U2OS 
(e) cells was measured by RT‒qPCR. **P < 0. 01, ***P < 0.001 and 

****P < 0.0001 for si-MALAT1-1 and siMALAT1-2 compared to siSCR 
and for oe-MALAT1 compared to pcDNA. (f-g) The growth curve of 
MG-63 (f) and U2OS (g) cells after diverse MALAT1 interventions, 
as determined by a CCK-8 assay at the indicated times. ****P < 0.0001, 
####P < 0.0001, si-MALAT1-1 and siMALAT1-2 compared to siSCR 
and for oe-MALAT1 compared to pcDNA. (h) Changes in the cell 
migration ability after diverse MALAT1 interventions were evaluated 
by a Transwell assay. *P < 0.05 and **P < 0.01 for si-MALAT1-1 and 
siMALAT1-2 compared to siSCR and for oe-MALAT1 compared to 
pcDNA. siMALAT1-1, siSCR, scrambled siRNA; MALAT1 small 
interfering RNA-1; siMALAT1-2, MALAT1 small interfering RNA-2; 
Vector, empty vector; oeMALAT1, MALAT1 overexpression vector
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D (2 mg/ml) was added to MG-63 and U2OS cells trans-
fected with si-METTL3 and siSCR, and the half-life of 
MALAT1 in osteosarcoma cells was determined by RT‒
qPCR (Fig.  4e-f). The results showed that knockdown of 
METTL3 significantly decreased the half-life of MALAT1 
in MG-63 and U2OS cells. This finding demonstrates that 
METTL3 can affect the stability of MALAT1 in an m6A-
dependent manner.

To further clarify the relationship between MALAT1 
and METTL3-mediated promotion of cell proliferation 
and migration, we first transfected oeMETTL3 into osteo-
sarcoma cells to generate cells with stable overexpression 
of METTL3, after which specific MALAT1 siRNAs were 

tissues was significantly higher than that in the corre-
sponding paratumor tissues (Fig.  4a). After that, by que-
rying the RMBase database (version 2.0), we found that 
the exonic region of MALAT1 contains two METTL3 tar-
get sites, namely, ModID: m6A_site_77103 and ModID: 
m6A _site_77104 (Fig.  4b). In MG-63 and U2OS cells, 
we measured the m6A level of MALAT1 after knockdown 
of METTL3 by MeRIP-qPCR, and the results are shown 
in Fig. 4c-d. Compared with that in the siSCR group, the 
m6A level of MALAT1 was significantly reduced in the 
siMETTL3-1 and siMETTL-2 groups. Further exploration 
of the relationship between METTL3-mediated m6A modi-
fication and MALAT1 was then conducted. Actinomycin 

Fig. 4  METTL3 promotes the proliferation and migration of osteosar-
coma cells by increasing the stability of MALAT1. (a) The m6A levels of 
MALAT1 in osteosarcoma tissues were higher than those in paratumor 
tissues. (n = 5). ****P < 0.0001 compared with the paratumor group. (b) 
Details of the 2 METTL3 binding regions in the MALAT1 exon. (c-d) 
Downregulation of METTL3 decreased the m6A level of MALAT1 in 
MG-63 (c) and U2OS (d) cells. ***P < 0.001 and ****P < 0.0001 com-
pared with siSCR. (e-f) Downregulation of METTL3 decreased the 
stability of MALAT1 in MG-63 (e) and U2OS (f) cells. ****P < 0.0001 
compared with siSCR. (g-i) After overexpression of METTL3, 
the growth curves of MG-63 (g) and U2OS (h) cells with different 
MALAT1 interventions were generated by a CCK-8 assay at the indi-
cated times. ****P < 0.0001 for oe-METTL3 compared to pcDNA and 

for oe-METTL3 + siSRC and oe-METTL3 + siMALAT1 compared 
to oe-METTL3. (i) After overexpression of METTL3, changes in the 
cell migration ability after diverse MALAT1 interventions were evalu-
ated by a Transwell assay. Magnification: 400×; Scale bar: 50  μm. 
*P < 0.05 and **P < 0.01 for oe-METTL3 compared to pcDNA and 
for oe-METTL3 + siSRC and oe-METTL3 + siMALAT1 compared to 
oe-METTL3; siSCR, scrambled siRNA; siMETTL3-1, METTL3-spe-
cific small interfering RNA-1; siMETTL3-2, METTL3-specific small 
interfering RNA-2; oeMETTL3, METTL3 overexpression vector; 
MALAT1 small interfering RNA-1; siMALAT1-2, MALAT1 small 
interfering RNA-2; Vector, empty vector; oeMALAT1, MALAT1 
overexpression vector
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osteosarcoma cells. Notably, knockdown of MALAT1 in 
cells with METTL3 overexpression resulted in attenuated 
cell proliferation and migration compared to the control 
group, demonstrating that there are other regulatory factors 
acting on MALAT1 to mediate the proliferation and migra-
tion of osteosarcoma cells.

The proliferation and metastasis of osteosarcoma cells 
is a sophisticated and complex biological process involv-
ing various pathways, factors and mechanisms. In the pres-
ent study, we initially determined the expression level of 
METTL3 in osteosarcoma tissues and cells and confirmed 
the role of METTL3 in increasing osteosarcoma cell pro-
liferation and migration. LncRNA m6A modification medi-
ated by METTL3 also involves multiple factors; we only 
preliminarily found that METTL3 could be involved in 
MALAT1-mediated osteosarcoma cell proliferation and 
migration through m6A modification, and the specific sites 
of action of METTL3 and MALAT1 and the involvement of 
other regulatory factors in the process of m6A modification 
need to be further investigated.

In summary, the results of our experiments verified 
that METTL3, acting as an oncogene, was upregulated in 
osteosarcoma, promoted m6A modification of MALAT1, 
and increased the stability of MALAT1, thus enhancing 
MALAT1-mediated oncogenesis. The current study pro-
vides a new target for the molecular therapy of osteosarcoma.
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transfected into these METTL3-overexpressing MG-63 
and U2OS cells. As shown in Fig.  4g-i, the proliferation 
and migration of MG-63 and U2OS cells were significantly 
increased after transfection of oeMETTL3 compared to 
pcDNA, while transfection of siMALAT1-1 or siMALAT1-2 
reversed these increases. The results of this assay suggested 
that silencing MALAT1 reversed the promoting effects of 
METTL3 on the proliferation and migration of MG-63 and 
U2OS cells.

Discussion

RNA modifications, documented for over 50 years, have 
been reported to influence the structure and function of a 
multitude of RNAs [33]. m6A modification is one of the 
most common forms of RNA modification and affects 
various aspects of RNA metabolism, such as pre-mRNA 
processing, translation efficiency, transcript stability and 
miRNA biogenesis [34–37]. METTL3 was the first methyl-
transferase identified and acts as the primary catalyst of m6A 
modifications on mRNAs and ncRNAs [38, 39]. Recently, 
the effects of METTL3 have been reported in a number of 
types of cancer, such as gastric cancer, colon cancer, lung 
cancer and osteosarcoma [40]. In the current research, via 
analysis of the GEO and TCGA databases and our experi-
mental validation, we demonstrated that the expression of 
METTL3 is increased at both the tissue level and cellular 
level in osteosarcoma, consistent with the results of previ-
ous studies [41]. The results of functional CCK8 and Tran-
swell assays indicated that METTL3 was able to promote 
the proliferation and migration of osteosarcoma cells, dem-
onstrating that METTL3 may act as an oncogenic factor in 
osteosarcoma.

In recent years, m6A modification of lncRNAs has been 
extensively studied. Previous studies have revealed that 
m6A peaks are enriched in lncRNAs [42] and that m6A-
modified residues are preferentially located in lncRNA 
transcripts [43]. Accumulating evidence have indicated that 
m6A modifications affect the stability of some lncRNAs, 
such as telomeric repeat-containing RNA (TERRA), growth 
arrest-specific 5 (GAS5) and Small nucleolar host gene 17 
(SNHG17) [44–46]. In the current research, we focused 
on whether METTL3 was able to increase the stability of 
MALAT1 in osteosarcoma cells. Bioinformatics analysis 
revealed a correlation between METTL3 and MALAT1 
expression. Subsequently, we found that METTL3 affects 
the m6A level and half-life of MALAT1. More convinc-
ingly, we found that silencing MALAT1 reversed the 
promotive effects of METTL3 on the proliferation and 
migration of osteosarcoma cells. All the above findings sug-
gest that MALAT1 is a downstream target of METTL3 in 
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