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Objectives: RNA N6-methyladenosine (m6A) is associated with tumorigenesis. The importance of
methyltransferase-like 3 (METTL3) has been reported in cancer progression and metastasis. However,
its role and molecular mechanism in osteosarcoma (OS), the most common primary bone tumor, is poorly
studied. In this study, we aimed to investigate the functional role and underlying mechanism of METTL3
in the metastasis of OS.
Methods: The expression differences of METTL3 between metastatic and non-metastatic OS tissues and
patients with different Enneking stages were detected using RT-qPCR. METTL3 was artificially downreg-
ulated in the cells, followed by wound healing assay, Matrigel assay, immunofluorescence, in vivo tumori-
genic assay, HE staining, and western blot. Transcriptome sequencing and m6A-seq was conducted to
identify the downstream genes of METTL3, and RIP and dual-luciferase assays were performed for vali-
dation. The expression of TRAF6 in OS tissues was detected using RT-qPCR. Finally, the rescue experi-
ments were conducted.
Results: METTL3 was overexpressed in metastatic OS tissues, and downregulation of METTL3 decreased
cell migration, invasion, epithelial-mesenchymal transition, and tumorigenic and metastatic activities.
The m6A site was highly enriched in cells poorly expressing METTL3, and the m6A peak was mainly
enriched in the exon region. METTL3 was positively correlated with TRAF6 in metastatic OS, and deple-
tion of METTL3 resulted in the loss of TRAF6 expression in OS cells. Upregulation of TRAF6 contributed to
metastases in vitro and in vivo.
Conclusion: METTL3 is highly expressed in OS and enhances TRAF6 expression through m6A modifica-
tion, thereby promoting the metastases of OS cells.
� 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Osteosarcoma (OS) is a high-grade primary skeletal tumor char-
acterized by spindle cells of mesenchymal source depositing
immature osteoid matrix [1]. A notable characteristic of this malig-
nancy is the high tendency to metastasize into the lungs, and about
20% of patients show radiologically detectable lung metastases at
diagnosis and almost all of them have microscopic lesions which
become evident during the course of the disease [2]. The presence
of metastatic disease is a strong indicator of poor prognosis of OS,
and the prognosis of metastatic patients depends approximately
utterly on the metastasis and drug resistance, particularly the sta-
tus of lung metastasis [3]. Therefore, clarifying the molecular
mechanisms underlying metastasis in OS is of great importance
for the improvement of patents’ prognoses.

RNA methylation has been acknowledged as a vital regulator of
transcript expression, and the most common RNAmethylation, N6-
methyladenosine (m6A), occurs in about a quarter of transcripts at
the genome-wide level and is enriched around stop codons, in 50-
and 30-untranslated regions (50UTR and 30UTR), and within long
internal exons [4]. The m6A editing has been implicated in mRNA
degradation, protein translation as well as RNA splicing, and they
have been associated with obesity, cancers, and other human dis-
eases [5]. The deposition of m6A is catalyzed by the m6A methyl-
transferase complex which is comprised of methyltransferase-like
3 (METTL3) and METTL14) (i.e., writers) and their cofactor, Wilms
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Table 1
The sequence of primers.

Gene name Primers

METTL3 Forward: 50-CTGGGCACTTGGATTTAAGGAA-30

Reverse: 50-TGAGAGGTGGTGTAGCAACTT -30

METTL14 Forward: 50-GTTGGAACATGGATAGCCGC-30

Reverse: 50-CAATGCTGTCGGCACTTTCA-30

WTAP Forward: 50-GTAGACCCAGCGATCAACTTGT-30

Reverse: 50-GCGTAAACTTCCAGGCACTC-30

ALKBH5 Forward: 50-GTCCCGGGACAACTACAAGG-30

Reverse: 50-GATGTGGATGGGGTCAACGT-30

FTO Forward: 50-ACCTCCAGCATTAGATTC-30

Reverse: 50-GAAACTACCGCATTTACC-30

TRAF6 Forward: 50-TCATAATGTTAACCTCTCTT-30

Reverse: 50-TGTCTTACTAGGCGCCCCTC-30

GAPDH Forward: 50-GGTGGTCTCCTCTGACTTCAA-30

Reverse: 50-GTTGCTGTAGCCAAATTCGTTGT-30

Note: METTL, methyltransferase-like; WTAP, Wilms’ tumor 1-associating protein;
ALKBH5, AlkB homolog 5 RNA demethylase; FTO, fat mass and obesity-associated
protein; TRAF6, tumor necrosis factor receptor-associated factor 6; GAPDH, glyc-
eraldehyde-3-phosphate dehydrogenase.
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tumor 1-associated protein (WTAP) [6]. m6A is involved in the pro-
gression of various cancers, including glioma, breast cancer, and
hepatoblastoma [7–9]. The inhibition of METTL3 has recently been
proposed as a potential therapeutic strategy against myeloid leu-
kemia, and provide proof of concept that the targeting of RNA-
modifying enzymes represents a promising avenue for anticancer
therapy [10]. Additionally, knockout of METTL3 remarkably sup-
pressed tumorigenicity and lung metastasis in hepatocellular car-
cinoma [11]. More relevantly, high expression of METTL3 was
associated with poor prognosis in OS [12]. Therefore, we set to
define the effects and the mechanism of action underlying METTL3
on metastasis in OS. As for the downstream effector, tumor necro-
sis factor receptor-associated factor 6 (TRAF6) has been revealed as
an oncogene in OS by enhancing cell proliferation, apoptosis and
invasion [13]. The suppression of TRAF6 by silencing RNA
decreased multiple myeloma cell proliferation and increased apop-
tosis [14]. But its specific upstream mechanism in OS remains lar-
gely unclear. Given the significant role of METTL3 and TRAF6 in
cancer and the potential of these molecules as new therapeutic tar-
gets for OS, herein we aim to expound the possible correlation of
METTL3 and TRAF6 in OS and elucidate the precise molecular
mechanism.
2. Materials and methods

2.1. Patients and clinical samples

The human samples were obtained according to the principles
of the Declaration of Helsinki and approved by Shanghai Changz-
heng Hospital. Written informed consent was acquired from all
patients and/or their legal guardians. Fifty-eight patients with OS
treated at Shanghai Changzheng Hospital between January 2013
and January 2016 were selected for this study, and none of the
admitted patients received preoperative anti-tumor therapy
including radiotherapy and chemotherapy. Tissue samples were
placed in liquid nitrogen and stored in a �80 �C refrigerator for
subsequent studies. Fifty-eight patients with OS were effectively
followed-up for five years, at an interval of three months.

2.2. RT-qPCR

Total RNA was isolated using TRIzol reagent (Thermo Fisher Sci-
entific Inc., Waltham, MA, USA), and then 500 ng total RNA was
reversely transcribed into cDNA using a high-volume cDNA reverse
transcription kit (Thermo Fisher Scientific). RT-qPCR analysis was
performed using SYBR Green PCR Master (Roche Diagnostics, Co.,
Ltd., Rotkreuz, Switzerland) in a 7500 fast real-time instrument
(Applied Biosystems, Inc., Foster City, CA, USA) using 1 lL cDNA.
GAPDH was used as a housekeeping gene to calculate the relative
expression. The primers used in this study was shown in Table 1.
Relative gene expression was analyzed by the 2�DDCt method.

2.3. Immunohistochemistry

The OS tissues were routinely paraffin-embedded and cut into
5-lm-thick sections, and then re-dewaxed and treated with hydro-
gen peroxide to quench the endogenous peroxidase activity. The
sections were incubated with primary antibodies to METTL3
(1:500, ab195352, Abcam, Cambridge, UK) and TRAF6 (1:300,
ab33915, Abcam) at 4 �C overnight. Next, the sections were re-
probed with horseradish peroxidase (HRP)-coupled anti-mouse
IgG (1:5000, ab205718, Abcam) at room temperature for
120 min. Immunoreactive cells were detected by Signal Stain
diaminobenzidine (Cell Signaling Technologies, Beverly, MA,
USA). After counter-staining with hematoxylin QS (Vector Labora-
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tories, Inc., Burlingame, CA, USA), random photographs were taken
using an inverted microscope (Nikon Instruments Inc., Melville,
NY, USA). Two experienced pathologists who were unaware of
the clinicopathological data evaluated the immunostaining sam-
ples, separately.

2.4. LC-MS/MS analysis

Total RNA from cell and tissue samples was extracted using TRI-
zol (Thermo Fisher scientific), from which mRNA was purified
using the NEBNext Poly(A) mRNA magnetic separation module.
In a 25 lL reaction system containing 10 mM NH4OAc (pH = 5.3),
approximately 200 ng purified mRNA was incubated with nuclease
P1 (0.5 U, Sigma-Aldrich Chemical Company, St Louis, MO, USA) for
1 h at 42 �C, followed by the incubation with 3 lL NH4HCO3 and
1 lL alkaline phosphatase for 2 h at 37 �C. The samples were neu-
tralized with 1 lL HCl, then diluted to 50 lL and filtered through a
0.22 lmfilter (Millipore Corp, Billerica, MA, USA). All samples were
separated by a C18 column using a reversed-phase ultra-high-per
formance-performance LC (Agilent Technologies, Santa Clara, CA,
USA) and analyzed by an Agilent 6410 QQQ triple-quadrupole LC
mass spectrometer using positive ion electrospray ionization
mode. All nucleosides were quantified by the transition from
268.0 to 136.0 (A) and 282.1 to 150.0 (m6A). Quantification was
calculated using standard curves of standards run in the same
batch, and m6A/A levels were calculated from calibration curves.

2.5. Cell culture and treatment

OS cells U2OS, MG-63, Saos2, HOS were from the Cell Bank of
Shanghai Institute of Cells (Shanghai, China). Normal human osteo-
blasts (NHOst) was purchased from Procell (Wuhan, Hubei, China).
The cells were cultured in DMEM plus 10% FBS (Gibco, Carlsbad,
CA, USA) and incubated at 37 �C and 5% CO2. In order to artificially
downregulate METTL3 and upregulate TRAF6, the cells were trans-
fected with plasmids using lipofectamine 2000 (Thermo Fisher Sci-
entific) as per the manufacturer’s instructions. The plasmids were
pcDNA 3.0 (Thermo Fisher Scientific), and the shRNA targeting
METTL3 and the TRAF6 overexpression fragment were synthesized
by Shanghai GenePharma Co., Ltd. (Shanghai, China). The cells
transfected for 2 weeks were treated with G418 (700 lg/mL),
and the surviving cells were selected and seeded into 96-well
plates for further expansion of the monoclonal cell population.
The cells were treated with 3-deazaadenosine (DAA, Sigma-
Aldrich) to inhibit methylation. In brief, 200 lL DAA was mixed
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with culture medium, and the cells were cultured with such cul-
ture medium in a cell incubator for 24 h. After that, the culture
medium was renewed.

2.6. Wound healing assay

For the wound healing assay, OS cells were plated into 6-well
culture plates at 2.5�105 cells/mL and cultured until a 90% conflu-
ence was formed. The cells were scraped with a 200 lL pipette tip
to form wounds, and images were captured by a standard light
microscopy (ECLIPSE TS100, Nikon) 24 h after injury. The wound
healing distance was measured using ImageJ software (National
Institutes of Health, Bethesda, MD, USA), and the healing rate
was calculated = healing distance/wound distance �100%.

2.7. Matrigel assay

For the invasion assay, polycarbonate filters (8-lm pore size,
Corning Glass Works, Corning, N.Y., USA) coated with 50% Matrigel
(BD bioscience, Bedford, MA, USA) were used to separate the apical
and basolateral chambers. The cells after transfection were grown
in 200 lL DMEM (Thermo Fisher Scientific) to prepare a cell sus-
pension. Cell suspension (1�105 OS cells) was added to the apical
chamber, and 600 lL DMEM plus 10% FBS was supplemented to
the basolateral chamber. After 24 h incubation, the cells in the
basolateral chamber were fixed in methanol for 10 min and stained
with 0.5% crystal violet. Then, photographs were randomly taken
under an inverted microscope (Nikon).

2.8. Immunofluorescence staining

OS cells cultured in 24-well plates were fixed in 4%
paraformaldehyde and permeabilized in 1% Triton X-100-
phosphate buffered saline (PBS). After being blocked with 1%
Fig. 1. METTL3 is elevated in OS and correlates with dismal prognosis. (A) METTL3 expr
expression of other methyltransferases in OS tissues by RT-qPCR. (C) survival analysis of
expression differences between patients at different Enneking stages. (E) immunohisto
patients. (F) m6A mRNA expression differences in OS tissues by m6A analysis. All the exp
These data were analyzed by unpaired t test. *p < 0.05.
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BSA, the cells were incubated with primary antibodies to E-
cadherin (1:500, ab11512, Abcam), METTL3 (1:300, ab216936,
Abcam), Vimentin (1:300, ab193555, Abcam), and TRAF6 (1:1500,
ab33915, Abcam) overnight at 4 �C and with Alexa Fluor 488-
coupled secondary antibody (1:500, ab150077, Abcam) for 0.5 h
at ambient temperature. Finally, the nuclei were counter-stained
with 40,6-diamidino-2-phenylindole (Beyotime, Shanghai, China),
and images were obtained using a Zeiss Axio microscope (Zeiss,
Oberkochen, Germany).

2.9. RNA immunoprecipitation (RIP)

OS cells were lysed in lysis buffer containing 150 mM KCl,
10 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
(pH = 7.6), 2 mM ethylenediaminetetraacetic acid (EDTA), 0.5%
NP-40, 0.5 mM dithiothreitol (DTT), protease inhibitor mixture
(1:100) and 400 U/mL RNase inhibitor. The cell lysates were cen-
trifuged, and a 50-lL aliquot of the cell lysate was used as input
and the remaining sample was incubated with 20 lL A/G magnetic
beads (ProteinTech Group, Chicago, IL, USA) pre-conjugated with
antibodies to IgG (1:1000, ab172730, Abcam) or TRAF6 (1:500,
ab33915, Abcam) at 4 �C for 4 h. The beads were washed twice
with washing buffer (50 mM Tris, 200 mM NaCl, 2 mM EDTA,
0.05% NP-40, 0.5 mM DTT and RNase inhibitor). RNA was eluted
from the beads with 50 lL RLT buffer and purified with a Qiagen
RNeasy column. RNA was eluted in 100 mL RNase-free water and
reverse transcribed to cDNA using the PrimeScript qRT-PCR kit
(Takara Biotechnology Ltd., Dalian, Liaoning, China). Enrichment
foldchange was determined using RT-qPCR.

2.10. Animal models

The Animal Care and Use Committee of Shanghai Changzheng
Hospital approved the animal handling and experimental
ession in tissues of metastatic and non-metastatic OS patients by RT-qPCR. (B) the
patients differentially expressing METTL3 analyzed using Kaplan-Meier. (D) METTL3
chemical detection of METTL3 between OS tissues from metastatic/non-metastatic
eriments were repeated at least three times, and data are represented as mean ± SD.
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procedures. For mouse xenograft tumor model, 1�106 Saos2 or
HOS cells were mixed in 200 mL PBS and injected subcutaneously
into 6- to 8-week-old C57BL/6 mice (n = 5 per group, weight
20 ± 2 g, Beijing Vital River Laboratory Animal Technology Co.,
Ltd., Beijing, China). Tumor size of mice was measured by vernier
calipers every week after injection. The mice were euthanized after
28 days by intraperitoneal injection of 1% pentobarbital sodium
(120 mg/kg), and the tumor tissues were removed from the mice.
The tumor volume was determined using the following formula:
V (mm3) = a � b2/2, where ‘‘a” and ‘‘b” denote the long and short
diameters, respectively.

For the lung metastasis model, 2.5�106 stably transfected Saos2
or HOS cells in 200 mL PBS were injected into C57BL/6 mice (n = 5)
via the tail vein. After 45 days, the mice were subjected to an
intraperitoneal injection of fluorescein at 300 mg/kg. After
10 min, the intensity of lung light radiation in mice with lung
metastases was determined using the IVIS-100 system (Caliper Life
Sciences, MA, USA). All mice were euthanized by intraperitoneal
injection of 1% pentobarbital sodium (120 mg/kg). Hematoxylin-
eosin (HE) staining kits (Beijing Solarbio Science & Technology
Co., Ltd., Beijing, China) were utilized to observe the formation of
Fig. 2. METTL3 silencing inhibits cell invasion, migration, and EMT in OS cell lines. (A) M
efficiency of sh-METTL3 determined using RT-qPCR. (C) migration of OS cells determin
invasion assay. (E) EMT process of OS cells determined using immunofluorescence stainin
as mean ± SD. These data were analyzed by one-way/two-way ANOVA followed by Tuk
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lung metastases. The tissues were dewaxed with xylene for
8 min, soaked in gradient concentration alcohol, stained with
hematoxylin for 15 min. After removing excess staining solution
with 1% hydrochloric acid alcohol for 30 s, the sections were
stained with eosin solution for 5 min, dehydrated in gradient con-
centration alcohol, cleared in xylene for 10 min, and sealed with
gum. The lung tissue sections were observed under a microscope
(Nikon), and five fields of view were randomly selected for
photography.
2.11. Western blot

For protein blot analysis, cells and tissues were harvested and
lysed with radio immunoprecipitation assay buffer (Sigma-
Aldrich). Protein concentrations were assessed using a BCA kit
(Beyotime). Samples were separated by 10% sodium dodecyl sul-
phate polyacrylamide gel electrophoresis, and blots were trans-
ferred to nitrocellulose membranes (Millipore). The membranes
were incubated overnight at 4 �C with primary antibodies to E-
cadherin (1:2000, 13-1700, Thermo Fisher Scientific), METTL3
(1:1500, ab195352, Abcam), Vimentin (1:1000, MA5-14564,
ETTL3 mRNA expression in OS cells and NHOst cells by RT-qPCR. (B) the transfection
ed using wound healing assay. (D) invasion of OS cells determined using Matrigel
g. All the experiments were repeated at least three times, and data are represented
ey’s post-tests. *p < 0.05, **p < 0.01.
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Thermo Fisher Scientific), TRAF6 (1:1500, ab33915, Abcam), and
GAPDH (1:1800, NB300-322, Novus Biological Inc., Littleton, CO,
USA). The membranes were rinsed with Tris-buffered saline with
Tween three times, followed by incubation with HRP-conjugated
secondary mouse antibody to IgG (1:5000, ab205718, Abcam) for
7 h at room temperature. The membranes were developed using
electrochemiluminescence (Sigma-Aldrich) and visualized using
Tanon 5500.
2.12. Transcriptome sequencing and m(6)A-specific MeRIP-Seq

Total RNA was isolated from HOS cells using the TRIzol reagent
(Thermo Fisher Scientific) and FastTrack MAGMaxi mRNA isolation
kit (Thermo Fisher Scientific). RNA fragmentation, m6A-seq and
library preparation were commissioned to CloudSeq Biotech
(Shanghai, China). Library preparation was performed using the
NEBNext Super Directional RNA Library Preparation Kit (New Eng-
land BioLabs, Ipswich, MA, USA). Significant peaks with false dis-
covery rate (FDR) <0.01 were obtained and annotated into the
RefSeq database, and sequences were identified using Homer
(Hypergeometric Optimization of Motif EnRichment). Cuffdiff (Cuf-
flinks, USA) was used to find the corresponding modified genes.

HOS cells with low expression of METTL3 and control cells were
pre-hybridized with DNA. Whole transcriptome libraries were pre-
pared using the Ribo-Zero Magnetic Gold kit (Illumina, San Diego,
CA, USA) and the NEBNext RNA Library Preparation Kit (New Eng-
land Biolabs). Quality control and quantification were performed
by BioAnalyzer 2100 system (Kapa Biosystems, USA), and the
resulting libraries were sequenced and analyzed for differentially
expressed mRNAs on a HiSeq2000 instrument (Illumina).
Fig. 3. METTL3 silencing inhibits OS cell tumorigenic and metastatic properties in vivo. (
assessed by measuring tumor weight. (C) cell metastasis efficiency assessed by measur
staining. (E) METTL3 and EMTmarkers in lung tissues of mice determined using western b
as mean ± SD. These data were analyzed by two-way ANOVA followed by Tukey’s post-
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2.13. Dual-luciferase reporter assay

The luciferase assay was performed using lysis solution (Pro-
mega Corporation, Madison, WI, USA) and luciferase assay reagent
according to the manufacturer’s instructions. pmiRGLO-wild type
(WT) or pmiRGLO-mutant (MT) with sh-METTL3 were co-
transfected into Saos2 and HOS cells in 12-well plates, respectively.
After 6 h of transfection, each cell line was re-seeded into 96-well
plates, and luciferase activity was measured using Exfect transfec-
tion reagent (NanJing Vazyme Biotech Co., Ltd, Nanjing, Jiangsu,
China) using a dual-luciferase assay system (Promega). The ratio
of firefly to Renilla luciferase intensity was measured as an index
of luciferase activity.

2.14. Statistical analyses

All statistical analyses were performed with SPSS 22.0 software
(IBM Corp. Armonk, N.Y., USA). Data were presented as the
mean ± standard deviation (SD). The differences among/between
sample groups were analyzed by one-way/two-way ANOVA, fol-
lowed by Tukey’s post-tests, or unpaired t test. Statistical signifi-
cance was assigned at p < 0.05. All the experiments of cell lines
were performed three times with triplicate samples.
3. Results

3.1. METTL3 is overexpressed in OS and has prognostic values

To explore the expression of major m6A methyltransferases in
OS, we first collected OS tissues from biopsies of OS patients
A) representative tumor images and tumor growth curves. (B) tumorigenic activity
ing lung light radiation intensity. (D) histological inspection was measured by HE
lot. All the experiments were repeated at least three times, and data are represented
tests. *p < 0.05.
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without metastasis within 5 years (n = 21) and patients with
metastasis within 5 years (n = 37). METTL3 mRNA expression
was found to be significantly higher in metastatic tissues than that
in non-metastatic tissues (Fig. 1A). In contrast, the levels of other
m6A-related methyltransferases in OS tissues from patients with
metastases did not exhibit any prognostic potential (Fig. 1B).
Patient survival analysis displayed that the patients with high
METTL3 expression suffered from a shorter median survival and
a poorer prognostic outcome (Fig. 1C). In addition, METTL3 levels
were significantly higher in OS patients at advanced (II-III) Ennek-
ing stage (n = 32) than those at lower Enneking stage (I) (n = 26)
(Fig. 1D). Further examination of METTL3 protein levels in OS tis-
sue samples using immunohistochemistry revealed that METTL3,
significantly localized in the nuclei of OS cells, was strongly posi-
tive in metastatic tissues and weakly positive in non-metastatic
tissues (Fig. 1E). Consistently, elevated m6A mRNA level was
observed in OS patients with metastasis compared with those
without metastasis (Fig. 1F).
3.2. METTL3 downregulation inhibits cell migration, invasion and EMT
process

The expression of METTL3 was detected in OS cells using RT-
qPCR, which revealed that METTL3 was significantly elevated in
Fig. 4. The m6A patterns in OS cells after knockdown of METTL3. (A) m6A analysis of m6
analysis of GGAC sequences among METTL3 poor expression and control cells. (D) the de
the regions of the 50UTR, CDS and 30UTR into 100 fragments, and then determining t
modification changes in cells after METTL3 knockdown by m6A-seq. (F) analysis of gene
statistics of regions enriched in m6A modifications. All the experiments were repeated at
by two-way ANOVA followed by Tukey’s post-tests. *p < 0.05.
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OS cells and the elevation was more pronounced in Saos2 and
HOS cells (Fig. 2A), which had higher metastatic activity. Saos2
and HOS cells were selected as our following in vitro subjects.
We then transfected sh-METTL3 into Saos2 and HOS cells to verify
the effect of METTL3 downregulation on OS cell motility, i.e., cell
migration, invasion and EMT. RT-qPCR showed that sh-METTL3
was stably transfected into the Saos2 and HOS cells (Fig. 2B).
Wound healing assays showed that diminished METTL3 expression
significantly hindered the migratory capacity of Saos2 and HOS
cells (Fig. 2C). Correspondingly, Matrigel invasion assay estab-
lished that the invasion of OS cells was significantly inhibited by
METTL3 silencing (Fig. 2D). Next, immunofluorescence was per-
formed to detect whether METTL3 induced the EMT of cells. The
reduction of METTL3 simultaneously diminished the expression
of the mesenchymal marker Vimentin and conversely augmented
the expression of the epithelial marker E-cadherin in OS cells, indi-
cating that the reduction of METTL3 inhibited the EMT in cells
(Fig. 2E). It was shown that METTL3 reduction effectively con-
strained the migration, invasion and EMT of OS cells.
3.3. METTL3 downregulation inhibits EMT and metastasis

We next assessed the relevance of METTL3 to OS development
and metastasis in vivo. The tumor volume and growth rate of Saos2
A levels in OS cells. (B) experimental reproducibility analyzed by PCA. (C) m6A-seq
nsity distribution of m6A peaks across mRNA transcripts was analyzed by dividing
he percentage of m6A peaks that fell within each fragment. (E) analysis of m6A
modification changes in cells after METTL3 knockdown by m6A-seq. (G) m6A-seq
least three times, and data are represented as mean ± SD. These data were analyzed



Fig. 5. TRAF6 expression is affected by METTL3 in a m6A-dependent manner in OS cells. (A) differentially expressed genes in HOS cells examined using transcriptome
sequencing. (B) identification of METTL3 downstream genes by RNA-seq and MeRIP-seq. (C) m6A modifications in OS cells after METTL3 knockdown examined using RIP
experiments. (D) construction of MT TRAF6 by modifying the m6A shared sequence. (E) protein expression of MT TRAF6 in METTL3 downregulated cells examined using
western blot. (F) the m6A modification of TRAF6 by METTL3 examined using dual-luciferase assay. (G) TRAF6 mRNA expression in cells after DAA treatment using RT-qPCR.
All the experiments were repeated at least three times, and data are represented as mean ± SD. These data were analyzed by two-way ANOVA followed by Tukey’s post-tests.
*p < 0.05.
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and HOS cells poorly expressing METTL3 were significantly lower
than those of the control group (Fig. 3A). The weight measurement
of xenograft tumors removed after 28 days also showed that
METTL3 silencing inhibited the development of OS in nude mice
(Fig. 3B). Cells were injected into the tail vein, and the location
and growth of tumor xenografts were observed in the lungs using
luciferase signals. Notably, METTL3 low-expressing cells metasta-
sized less to the lungs, and the intensity of light radiation in the
lungs was significantly reduced compared to the control group
(Fig. 3C). Histological staining of mouse lungs exhibited a signifi-
cant decline in the number of nodules in mouse lungs after METTL3
inhibition (Fig. 3D). Also, the result of western blot showed an
increase in the epithelial cell marker and a decrease in the mes-
enchymal cell marker in the metastatic lung nodules of mice har-
boring METTL3 knockdown (Fig. 3E). In a word, METTL3 plays a
fundamental role in promoting OS cell invasion and metastasis.
3.4. m6A-regulated genes mediate tumor metastasis

OS cells transfected with sh-METTL3 also showed much lower
m6A levels than that in control cells, which also confirmed the role
of METTL3 as a writer of m6A (Fig. 4A). To investigate m6A modi-
fications in specific genes, we detected m6A modifications in HOS
cells after METTL3 knockdown by m6A-seq. Independent biological
replicate experiments followed by principal component analysis
(PCA) showed that the three replicate sequences of each sample
clustered together, indicating good reproducibility among the
three replicate samples of each group (Fig. 4B). The GGAC motif
7

was highly enriched within the m6A locus in both control and
METTL3-downregulated cells (Fig. 4C). The m6A peaks were partic-
ularly abundant near the start and stop codons (Fig. 4D). The m6A-
seq analysis observed 1569 newm6A peaks and 1854 disappearing
m6A peaks in control and METTL3-downregulated cells, respec-
tively, while the remaining 3145 peaks were found in both control
and METTL3-downregulated cells (Fig. 4E). For m6A-regulated
genes, m6A-seq identified 143 newly modified genes and 115
genes with lost m6A modification in METTL3-downregulated cells,
while 1564 other genes were found in both control and METTL3-
downregulated cells (Fig. 4F). We further analyzed the total m6A
distribution pattern of mRNAs based on the m6A-seq results. Sim-
ilar patterns of total m6A distribution were found in control and
METTL3 downregulated cells, indicating that the m6A peaks were
mainly enriched in the exon region. Meanwhile, 50UTR deposition
in cells poorly expressing METTL3 increased from 8.05% to
10.00% and m6A deposition of 30UTR increased from 15.89% to
17.17% compared to control cells (Fig. 4G). The results suggest that
unique peaks and genes in METTL3 downregulated cells are
expected to contain real targets.
3.5. METTL3 modifies TRAF6 expression via m6A

To investigate the potential targets of METTL3 in OS, we per-
formed transcriptome sequencing to compare the gene expression
profiles after METTL3 knockdown in HOS cells. Among them, 29
genes were appreciably downregulated, while 56 genes were dras-
tically upregulated (Fig. 5A). Since METTL3 is a methyltransferase,



Fig. 6. TRAF6 correlates with METTL3 in OS tissues. (A) expression of TRAF6 in OS tissues detected by RT-qPCR. (B) Pearson’s correlation analysis of METTL3 and TRAF6 in OS
tissues from patients with metastasis. (C) immunohistochemical detection of TRAF6 localization in OS tissues. (D-E) TRAF6 protein expression in OS cells (D) and METTL3 low
expressing OS cells (E) determined using western blot. (F) immunofluorescence detection of TRAF6 localization in OS cells. (G) TRAF6-positive cells in METTL3 low expressing
cells by immunofluorescence analysis. All the experiments were repeated at least three times, and data are represented as mean ± SD. These data were analyzed by unpaired t
test, one-way or two-way ANOVA followed by Tukey’s post-tests. *p < 0.05, **p < 0.01.
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transcripts carrying hypomethylated m6A peaks after METTL3
knockdown may be the target of METTL3. Filtering for hypomethy-
lated m6A peaks in differentially expressed genes showed that
TRAF6 was upregulated in both MeRIP-seq and RNA-seq (Fig. 5B).
To further support the idea that METTL3 targets TRAF6 mRNA via
m6A modification, western blot was conducted. The results
showed that anti-m6A antibody significantly enriched TRAF6 pro-
tein levels in OS cells, and additional knocking-down METTL3 sig-
nificantly decreased the m6A levels of TRAF6 (Fig. 5C). We then
constructed luciferase reporter genes containing WT or MT TRAF6
to figure out the impact of m6A modification on TRAF6 expression.
For MT TRAF6, the m6A modification was eliminated due to the
replacement of adenosine base with cytosine in the m6A shared
sequence (RRACH) (Fig. 5D). Knockdown of METTL3 had no signif-
icant effect on protein expression of MT TRAF6 (Fig. 5E). The luci-
ferase reporter gene assay showed that the transcript level of WT
TRAF6 was significantly reduced in response to sh-METTL3, but
MT TRAF6 showed no significant change (Fig. 5F), suggesting that
the regulation of TRAF6 levels is controlled by the METTL3-
related m6A modification. Notably, inhibition of m6A activity by
an inhibitor of RNA methylation DAA greatly reduced TRAF6 mRNA
expression (Fig. 5G).

3.6. METTL3 is related to TRAF6 expression in OS

To examine the TRAF6 expression modulated by METTL3, RT-
qPCR was performed. Detection of TRAF6 expression in OS tissues
revealed that TRAF6 was overexpressed in the metastatic OS tis-
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sues (Fig. 6A). Moreover, there was a positive correlation between
METTL3 and TRAF6 expression in the metastatic OS patients
(Fig. 6B). Nuclear localization of TRAF6 in OS tissues was demon-
strated by immunohistochemistry, which also showed significantly
elevated TRAF6 levels in metastatic OS tissues (Fig. 6C). Western
blot showed that TRAF6 protein expression was elevated in OS cells
(Fig. 6D) and subsequently decreased in OS cells after knockdown
of METTL3 (Fig. 6E). Immunofluorescence staining demonstrated
the nuclear localization of TRAF6 (Fig. 6F) and that depletion of
METTL3 resulted in loss of TRAF6 expression in OS cells (Fig. 6G).
These data suggested that METTL3 positively regulated TRAF6
expression in OS.
3.7. TRAF6 reverses the repressive effect of sh-METTL3 on OS cell
migration, invasion and EMT

Overexpression vectors of TRAF6 were delivered into METTL3-
depleted cells, and western blot exhibited the successful transfec-
tion of TRAF6-OE fragment (Fig. 7A). Assessment of TRAF6-
mediated cell motility showed that TRAF6 significantly reversed
the action of sh-METTL3, resulting in significant increases in cell
migration and invasion (Fig. 7B and C). The change of EMT was also
detected, and TRAF6 induced Vimentin expression and lowered E-
cadherin expression in the OS cells, suggesting EMT was enhanced
again in the cells low expressing METTL3 (Fig. 7D). We found that
TRAF6 was able to reverse the effects of sh-METTL3, resulting in a
significant increase in cell mobility in vitro.



Fig. 7. TRAF6 overexpression abrogates the repressive effects of METTL3 silencing on the migration, invasion and EMT of OS cells. OS cells were co-transfected with sh-
METTL3 + TRAF6-OE or TRAF6-NC. (A) TRAF6 protein expression in cells determined using western blot. (B) cell migration measured using wound healing assay. (C) invasion
of OS cells determined using Matrigel invasion assay. (D) EMT process of OS cells determined using immunofluorescence staining. All the experiments were repeated at least
three times, and data are represented as mean ± SD. These data were analyzed by two-way ANOVA followed by Tukey’s post-tests. *p < 0.05.
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3.8. TRAF6 reverses the repressive effect of sh-METTL3 on OS
metastasis

Tumor volume changes were detected in mice injected with
cells after co-transfection. TRAF6 significantly increased the tumor
growth rate in mice (Fig. 8A) and elevated the weight of xenograft
tumors after 28 days (Fig. 8B). The cells were also injected into tail
vein of mice, and the luciferase signal was monitored to visualize
9

the location and growth of tumor xenografts in the lung. TRAF6
caused a significant augment in the intensity of light radiation in
the lung and enhanced the efficiency of metastasis (Fig. 8C). HE
staining of mouse lung tissues showed a significant increase in
nodules formed in mice induced by TRAF6 (Fig. 8D). Western blot
assay of TRAF6 and EMT-related protein expression in lung tissues
showed that overexpression of TRAF6 increased EMT in nude mice
as well (Fig. 8E). These experiments demonstrated that TRAF6 was



Fig. 8. TRAF6 overexpression abrogates the repressive effects of METTL3 silencing on the tumorigenic and metastatic properties of OS cells. (A) tumor images and tumor
growth curves. (B) tumorigenic activity assessed by measuring tumor weight. (C) cell metastasis efficiency assessed by measuring lung light radiation intensity. (D)
histological inspection was measured by HE staining. (E) TRAF6 and EMT markers in lung tissues of mice determined using western blot. All the experiments were repeated at
least three times, and data are represented as mean ± SD. These data were analyzed by two-way ANOVA followed by Tukey’s post-tests. *p < 0.05.
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able to reverse the effects of sh-METTL3, resulting in a significant
elevation in both tumorigenic and metastatic activity of the OS
cells.
4. Discussion

OS, a bone cancer frequently occurred in children and young
adults, is a high-grade cancer characterized by extreme metastases
to the lungs [15]. Curative treatment consists of multi-agent
chemotherapy and complete surgical resection, and the risk of
recurrence is high despite the application of multi-agent
chemotherapy [16]. So, the development of new treatment meth-
ods for metastatic OS is essential. Evidence has showed that m6A
RNA methylation has overwhelming effects on RNA production/
metabolism and involves in the pathogenesis of various diseases,
including cancers [17,18]. In this study, our results provide fresh
insights into the biological role of METTL3 and m6A modification
in OS progression. We found significant overexpression of METTL3
in metastatic OS tissues and cell lines. In addition, our data exhib-
ited that the elevated m6Amethylated RNA level and expression of
METTL3 facilitated OS metastases by promoting TRAF6 expression.

The results of this study displayed that the METTL3 expression
in OS tissues from patients with metastases was much higher than
that from patients without metastases, which was consistent with
a recent study [19]. In addition, the overexpression of METTL3 is
highly linked to poor outcomes for patients with OS. Consistently,
METTL3 expression was remarkably elevated in gastric cancer tis-
sues, and multivariate Cox regression analysis displayed that
10
METTL3 expression represents an independent prognostic factor
and powerful predictor in patients with gastric cancer [20]. To sub-
stantiate the effects of METTL3 in vitro, we transfected shRNA tar-
geting METTL3 into Saos2 and HOS cells, which showed higher
METTL3 expression among all four OS cell lines. As we expected,
depletion of METTL3 impaired the OS cell abilities to migrate and
invade, and most importantly, curbed the EMT process, one impor-
tant step for cancer cell metastasis. In nasopharyngeal carcinoma
cells, downregulation of METTL3 inhibited the expression of EMT
markers Vimentin and N-cadherin [21]. Deletion of METTL3 has
been previously found to downregulate m6A and to inhibit the
migration, invasion and EMT of cancer cells via regulating Snail
and JUNB, both major transcription factors of EMT [22,23]. Simi-
larly, our in vivo experiments showed that OS cells with knock-
down of METTL3 formed smaller tumors and had less potential
to metastasize to the lung in nude mice. Also, metastatic foci in
the liver were observed in orthotopic mice injected with
METTL3-overexpressing gastric cancer cells [24]. These results
confirmed the tumor-supporting role of METTL3 in OS.

The m6A methyltransferase METTL3 has been reported to pro-
mote the progression of various cancers, including bladder cancer
and lung cancer, through modulating the expression of microRNAs
or mRNAs [25,26]. The similar mechanism was observed in OS as
well [27–31]. In this study, through m6A-seq, we revealed that
the m6A enrichment region was distributed around the exon,
while METTL3 poorly expressing OS cells showed more deposition
of m6A in the 50UTR and 30UTR. After evaluation of the RNA-seq
and MeRIP results, METTL3 was found to epigenetically activate
TRAF6 via the m6A-dependent pathway. The binding between
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TRAF6 mRNA and METTL3 was corroborated using luciferase
reporter and western blot assays. Interestingly, the binding rela-
tion between TRAF6 mRNA andMETTL3 has been verified in micro-
glia [32]. TRAF6 is a notable oncogene in esophageal squamous cell
carcinoma, pancreatic cancer, prostate cancer, nasopharyngeal car-
cinoma, and gastric cancer [33–37]. Moreover, the expression of
Vimentin was downregulated and that of E-cadherin was elevated
after TRAF6 knockdown in cancer stem cells of squamous cell car-
cinoma of head and neck [38], indicating the possible role of TRAF6
in regulating the EMT event. Under the condition of OS, the TRAF6
protein was upregulated in OS tissues from patients with lung
metastasis compared to those from patients without lung metasta-
sis [39]. Moreover, small interfering RNA specifically targeting
TRAF6 partly reversed the stimulative effects of miR-140-3p inhi-
bitor on EMT, migration, and invasion of U2OS cells [40]. By con-
trast, pcDNA-TRAF6 reversed the inhibiting effects of miR-146b-
5p on cell invasion and migration of OS cells [41], which was large
in line with the results of our experiments using both sh-METTL3
and TRAF6-OE.
5. Conclusion

Collectively, we expounded the significance of METTL3-
dependent m6A modification in OS progression, wherein it sup-
ports cancer cell EMT and metastasis. The discovery of the
METTL3/TRAF6 axis and its impacts on metastasis might be bene-
ficial for further OS investigation and for developing therapeutic
strategies against OS. However, more studies are required to
authenticate this hypothesis.
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