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Summary
Background Osteosarcoma (OS) is the most common primary malignant bone tumor in adolescents. The molecular
mechanism behind OS progression and metastasis remains poorly understood, which limits the effectiveness of cur-
rent therapies. RNA N6-methyladenosine (m6A) modification plays a critical role in influencing RNA fate. However,
the biological significance of m6A modification and its potential regulatory mechanisms in the development of OS
remain unclear.

Methods Liquid chromatography-tandem mass spectrometry (LC-MS/MS), dot blotting, and colorimetric ELISA
were used to detect m6A levels. Western blotting, quantitative real-time PCR (RT-qPCR) and immunohistochemistry
(IHC) were used to investigate METTL14 expression levels. Methylated RNA immunoprecipitation sequencing
(MeRIP-seq) and transcriptomic RNA sequencing (RNA-seq) were used to screen the target genes of METTL14.
RNA pull-down and RNA immunoprecipitation (RIP) assays were conducted to explore the specific binding of target
genes and relevant m6A “readers”. RNA stability and polysome analysis assays were used to detect the half-lives and
translation efficiencies of the downstream genes of METTL14. IHC and clinical data were applied to explore the clin-
ical correlations of METTL14 and its downstream target genes with the prognosis of OS.

Findings We observed the abundance of m6A modifications in OS and revealed that METTL14 plays an oncogenic
role in facilitating OS progression. MeRIP-seq and RNA-seq revealed that MN1 is a downstream gene of METTL14.
MN1 contributes to tumor progression and all-trans-retinoic acid (ATRA) chemotherapy resistance in OS. Mechanis-
tically, MN1 is methylated by METTL14, specifically in the coding sequence (CDS) regions, and this modification is
recognized by the specific m6A reader insulin-like growth factor 2 mRNA binding protein 2 (IGF2BP2) to prevent
MN1 mRNA degradation and promote it translation efficiency. IHC showed that MN1 expression was positively cor-
related with METTL14 and IGF2BP2 expression in OS tissues. The METTL14-IGF2BP2-MN1 panel demonstrated
more promising prognostic value for OS patients than any of these molecules individually.

Interpretation Our study revealed that METTL14 contributes to OS progression and ATRA resistance as an m6A
RNA methylase by regulating the stability and translation efficiency of MN1 and thus provides both an underlying
biomarker panel for prognosis prediction in OS patients.
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Research in context

Evidence before this study

The m6A modification regulates RNA biological func-
tions via m6A methyltransferases, demethylases, and
readers. METTL14, a key component of the m6A methyl-
transferase complex, can stabilize the structure of
METTL3, enhance the enzyme activity of METTL3 by
binding with RNA, and affect the overall m6A level.
However, the biological significance of m6A modifica-
tion and its potential regulatory mechanisms in the
development of OS remain unclear. METTL14 plays an
essential regulatory role in the occurrence and develop-
ment of malignant tumors. Although recent study has
shown that METTL14 act as a tumor suppressor gene in
osteosarcoma, the studies of METTL14 in osteosarcoma
were still limited, the molecular mechanism of METTL14
in osteosarcoma is still unclear.

Added value of this study

We revealed the critical role of METTL14 in OS progres-
sion and ATRA resistance and showed that this role is
dependent on its m6A catalytic activity. Mechanistically,
METTL14 mediates m6A demethylation of MN1 mRNA
to promote its stability and translation via an IGF2BP2-
dependent mechanism in OS.

Implications of all the available evidence

Our work suggests that METTL14 might be a potential
prognostic predictor and therapeutic target for OS
patients and provides an essential molecular foundation
for ATRA treatment against OS.
Introduction
Osteosarcoma (OS) is the most common primary malig-
nant bone tumor in children and adolescents and
accounts for 55% of all primary malignant tumors of
bone.1 In the last two decades, the 5-year survival rate
has increased to 60�70% in patients with localized
tumors, but the 5-year survival rate for patients with
recurrent or metastatic OS is less than 25%.2,3 Surgery
and intensive adjuvant chemotherapy are the typical
treatments for OS patients.4 However, the survival rate
of OS patients with surgical treatment alone is approxi-
mately 15�17%, and standard adjuvant/neoadjuvant
chemotherapy does not have remarkable antineoplastic
effects in some OS patients.5,6 In addition, the molecu-
lar mechanism underlying OS progression and metasta-
sis remains poorly understood.

The latest epitranscriptome research reveals that
RNA N6-methyladenosine (m6A) modification, which
refers to the methylation of the N6 position on adeno-
sine, is the most abundant known intrinsic chemical
modification of mRNA in eukaryotic cells.7 The m6A
modification plays a critical role in influencing RNA
fate, including precursor mRNA maturation, translation
and stability.8 Accumulating evidence has shown that
mRNA m6A modification plays a critical role in regulat-
ing malignant tumor occurrence and development.9�11

The m6A modification in mammalian cells can be con-
ferred by the m6A methyltransferases METTL3,
METTL14, and WTAP, called “writers”, and removed by
the m6A demethylases FTO and ALKBH5, called
“erasers”. In addition, specific m6A binding proteins,
including IGF2BP1/2/3 and the YTH family proteins,
have been identified as m6A “readers” that modulate
the fate of methylated mRNAs to mediate downstream
effects.12�15 Recent studies have found that mRNA m6A
modification is vitally important in leukemia,16 endo-
metrial cancer,17 hepatocellular carcinoma,18,19 gastric
cancer,20 and other tumors. However, the biological sig-
nificance of m6A modification and its potential regula-
tory mechanisms in the development of OS remain
unclear.

Meningioma 1 (MN1) is reported to be a fusion part-
ner of TEL, an ETS transcription factor, in patients with
acute myeloid leukemia (AML) or myelodysplastic syn-
drome containing the translocation t(12;22)(p13;q11),21

which is a unique oncogene in hematopoiesis that both
promotes proliferation/self-renewal and blocks differen-
tiation.22 Interestingly, MN1 locates in retinoic acid
response elements (RAREs) and has a dominant-nega-
tive effect on receptor/retinoic X receptor (RAR/RXR)
-mediated transcription.23 High expression of MN1 indi-
cates a poor prognosis and induces resistance to all-
trans-retinoic acid (ATRA) in AML patients.24 However,
the functions and tumor-promoting ability of MN1 and
its relationship to ATRA therapy in OS are still unex-
plored.

Numerous experiments and clinical trials have con-
firmed that ATRA and its derivatives are effective and
promising drug used for treating acute promyelocytic
leukemia (APL) and various other tumor types, includ-
ing neuroblastoma, melanoma, and breast cancer.25

ATRA has been widely used in the treatment of APL for
decades and has revolutionized the outcomes of patients
with APL. Some studies have reported that ATRA can
inhibit proliferation and metastasis in OS.26�30 How-
ever, the clinical application of ATRA for OS treatment
has no advances in the past two decades.

In this study, we observed the abundance of m6A
modifications in OS and revealed that METTL14 plays
an oncogenic role in facilitating OS progression. Then,
we identified MN1 as a downstream target of METTL14,
whose stability and translation were regulated by the
specific m6A reader insulin-like growth factor 2 mRNA
binding protein 2 (IGF2BP2), contributing to tumor
progression and ATRA chemotherapy resistance in OS.
Further, we revealed that METTL14-IGF2BP2-MN1 is
an underlying promising biomarker panel for prognosis
prediction in OS patients.
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Methods

Human samples and cell lines
The study was approved by the Ethics Committee of The
First Affiliated Hospital of Sun Yat-sen University,
Guangzhou (Reference number: [2021] 755). All the
patients signed an informed consent form. A total of 50
tumor tissues and adjacent normal tissues were used
for quantitative real-time PCR (RT-qPCR), m6A levels
and western blot detection. Another 70 tumor tissues
were used for immunohistochemistry (IHC) analysis.

The BMSC (RRID: CVCL_A9JT), HL60 (RRID:
CVCL_0002) and human OS cell lines SJSA-1 (RRID:
CVCL_1697), U2OS (RRID: CVCL_0042), HOS (RRID:
CVCL_0312), MNNG/HOS (RRID: CVCL_0439), 143B
(RRID: CVCL_2270) and MG-63 (RRID: CVCL_0426)
were obtained from ATCC. U2OS/MTX300 cells, a
methotrexate-resistant derivative of the U2OS human
OS cell line, were kindly provided by Dr. M. Serra (Insti-
tuti Ortopedici Rizzoli, Bologna, Italy). ZOS and ZOS-
M, syngeneic human OS cell lines derived from a pri-
mary tumor and metastatic lesion of the same patient,
were described previously.31 All of the cells used were
authenticated and free of mycoplasma contamination
before the experiments, and were performed and cul-
tured according to the instructions from American Type
Culture Collection (ATCC). The HL-60 was cultured in
IMDM medium (Gibco) containing L-glutamine (Corn-
ing), other cell lines were cultured in DMEM (Gibco)
supplemented with 10% fetal bovine serum (Invitrogen)
at 37°C and 5% CO2.
RNA m6A methylation assay
Total RNA was isolated using TRIzol (Invitrogen, USA)
according to the manufacturer’s instructions. RNA qual-
ity was analyzed by NanoDrop. The change in m6A level
relative to the total mRNA level was measured using the
m6A RNA Methylation Quantification Kit (Colorimet-
ric) (ab185912; Abcam) following the manufacturer’s
protocol. Each sample was analyzed using 200 ng of
RNA. The m6A levels were quantified colorimetrically
by reading the absorbance of each well at a wavelength
of 450 nm, and then calculations were performed based
on the standard curve.
RNA m6A dot blot assay
The m6A dot blot assay was conducted as previously
described. Briefly, the indicated amount of total RNA
was denatured in incubation buffer at a 1:3 ratio (65.7%
formamide, 7.77% formaldehyde and 1.33 £ MOPS) at
65°C for 5 min, followed by chilling on ice and mixing
with 20 £ SSC buffer at a 1:1 ratio. RNA samples were
transferred to an Amersham Hybond-N+ membrane
(GE Healthcare) with a Bio-Dot Apparatus (Bio-Rad)
and auto-crosslinked 3 times with the auto-crosslinking
mode. After UV crosslinking, the membrane was
www.thelancet.com Vol 82 Month , 2022
stained in 0.3 M sodium acetate with 0.02% methylene
blue (MB). Then, the membrane was washed with
1 £ PBST buffer, blocked in 5% nonfat milk in PBST
for 1 h at room temperature and incubated with anti-
m6A antibody (202003, 1:1,000; Synaptic Systems)
overnight at 4°C. The membrane was washed according
to the standard protocol. After incubation with horserad-
ish peroxidase-conjugated anti-rabbit IgG secondary
antibody (Santa Cruz Biotechnology), the membrane
was visualized using Amersham ECL Prime Western
Blotting Detection Reagent (GE Healthcare).
MeRIP-seq
MeRIP was conducted as previously published with
minor revisions.32 Total RNA was evaluated with a Nano-
Drop ND-1000, and intact mRNA was isolated using an
Arraystar Seq-StarTM poly(A) mRNA Isolation Kit
(Arraystar, MD, USA) according to the manufacturer’s
instructions. Purified mRNA was randomly fragmented
into approximately 100-nt fragments by incubation in
fragmentation buffer. Fragmented mRNA was immuno-
precipitated with anti-m6A antibody (202,003, Synaptic
Systems), and 1/10 of the fragmented mRNA was kept as
input for further RNA sequencing. RNA-seq libraries
were prepared using the KAPA Stranded mRNA-seq Kit
(Illumina, CA, USA). The methylated RNA was purified
and sequenced on an Illumina HiSeq 4000 platform by
Aksomics (Shanghai, China).
LC-MS/MS for determination of the m6A/A ratio
Double selected polyadenylated (poly(A)) mRNA was
digested by nuclease P1 (1 U, Sigma) in 25 ml of buffer
containing 20 mM NH4OAc (pH=5.3) at 37°C for 1 h, fol-
lowed by an additional incubation with the addition of
freshly made NH4HCO3 (1 M, 3 ml) and alkaline phos-
phatase (1 U, Sigma) at 37°C for 4 h. The samples were
diluted to 50 ml and filtered (0.22-µm pore size, 4 mm
diameter, Millipore), and 5 ml of the solution was
injected for LC-MS/MS. Nucleosides were separated by
reversed-phase ultra-performance liquid chromatography
on a C18 column with online mass spectrometry detec-
tion by an Agilent 6410 QQQ triple-quadrupole LC mass
spectrometer in positive electrospray ionization mode.
The nucleosides were quantified by using retention time
and nucleoside to base ion mass transitions of 282.1 to
150.1 (m6A), 268 to 136 (A), 284 to 152 (G), 245 to 113.1
(U), and 244 to 112 (C). Quantification was performed in
comparison with the standard curve obtained from pure
nucleoside standards run with the same batch of sam-
ples. The m6A level was calculated as the ratio of m6A to
A based on the calibrated concentrations.
Western blot assay
Equal amounts of protein lysates were resolved on SDS-
PAGE gels and then transferred to PVDF membranes
(Millipore). The membranes were blocked in 5% nonfat
3
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dry milk at room temperature for 1 h and then incu-
bated with a primary antibody at 4°C overnight. Next,
membranes were incubated with a secondary antibody
for 1 h at room temperature. The immunoreactive sig-
nals were visualized by an enhanced chemilumines-
cence kit (Amersham Biosciences, Uppsala, Sweden).

The antibodies used for IHC and western blotting
assays were as follows: METTL14 (Sigma, HPA038002,
AB_10672401), MN1 (Proteintech, 24697-1-AP,
AB_2879678), SOX2 (CST, #3579, AB_2195767),
OCT4 (CST, #2750, AB_823583), CD133 (CST, #64326,
AB_2721172), MMP-2 (CST, #40994, AB_2799191),
IGF2BP2 (Proteintech, 11601-1-AP, AB_2122672),
IGF2BP1 (Proteintech, 22803-1-AP, AB_2879173),
IGF2BP3 (Proteintech, 14642-1-AP, AB_2122782),
YTHDF1 (Proteintech, 17479-1-AP, AB_2217473),
YTHDF2 (Proteintech, 24744-1-AP, AB_2687435),
GAPDH (Proteintech, 10494-1-AP, AB_2263076), and
Ki-67 (CST, #9449, AB_2715512).
Lentiviral transduction for stable cell lines
The lentiviruses packaging METTL14 shRNA (targeting
sequences: #sh32: GGTTACAGAAGATGTGAAGAT,
#sh33: GCTAATGTTGACATTGACTTA) and MN1
shRNA (targeting sequences: #sha: GGCATCATGTC-
TAACTCTACC, #shb: GCGCAATTCGAGTATCC-
CATC) were purchased from GeneCopoeia (Shanghai,
China). Transfection experiments were performed with
Lipofectamine 3000 (Invitrogen). To establish stable
METTL14 and MN1 knockdown cell lines, OS cells were
transduced by lentiviruses and selected with puromycin
(2 µg/ml, InvivoGen) after 3 days production. For the
MN1 rescue experiment, MN1-CDS were cloned to
pcDNA3.1 vector, and then the empty vector or the
MN1-CDS were transduced to the METTL14 knockdown
and scramble OS cells, respectively.
RNA extraction and quantitative real-time PCR
(RT-qPCR) analysis
Total RNA was extracted with TRIzol reagent (Invitrogen,
Carlsbad, USA), and cDNA was generated using the Pri-
meScript RT Reagent Kit (Takara) according to the manu-
facturer's instructions. RT-PCR was carried out using
SYBR Green SuperMix (Roche, Basel, Switzerland) and
an ABI7900HT Fast Real-Time PCR system (Applied Bio-
systems, CA, USA). GAPDH was used as an internal con-
trol. The primer sequences are listed in Supplementary
Table S1.
Cell proliferation/growth
Cell proliferation/growth was assessed by Cell Counting
Kit-8 (CCK-8) assays following the manufacturer’s instruc-
tions. Briefly, OS cells were seeded in triplicate in 96-well
plates at a density of 2,000�10,000 cells/200 mL. Then,
dye solution was added at the indicated time points, and
the plates were incubated at 37°C for 3�4 h before the
absorbance was detected at 450 nm.
Cell sphere formation and colony formation assay
A total of 2 £ 103 cells were plated in 96-well ultralow
attachment plates (7007, Corning) with serum-free
DMEM-F12 medium including 20 ng/ml epidermal
growth factor (EGF) (236-EG, RD), 20 ng/ml basic
fibroblast growth factor (bFGF) (233-FB, RD) and
20 ng/ml N2 medium (2229-N2, RD). After 7 days, the
spheres with diameters greater than 50 mm in each well
were counted under a microscope. A volume of 2 mL of
complete medium containing 1000 OS cells was placed
in each well of a six-well plate. In the ATRA experiment,
2000 plated cells were incubated with DMSO or ATRA
for 48 h. Colonies containing >50 cells were counted
after 10 days by staining with crystal violet. Data are pre-
sented as the mean § SD from three independent
experiments in triplicate chambers.
Wound healing and Transwell assays
Wound healing assays were performed using six-well
plates, and cells were seeded and cultured in almost
90% confluent monolayers. Then, the cells were
scratched using a sterile pipette tip and treated in FBS-
free medium. The cell migration distances were mea-
sured under a microscope. Transwell assays were per-
formed using a 24-well Transwell system (Corning)
with polycarbonate filters (8-mm pores, Corning) with
or without a precoating of extracellular matrix coating
(BD Biosciences), respectively, according to the manu-
facturer's instructions. Briefly, 200 mL of suspensions
with 5 £ 104 OS cells in serum-free DMEM were seeded
in the upper chambers of 24-well plates, and 500 mL of
DMEM containing 20% FBS was added to the bottom
chambers. After 24 h of incubation at 37°C, the cells in
the Transwell system were stained with 0.25% crystal
violet. The cells remaining in the upper Transwell
chamber were removed, and those that migrated to the
lower chamber were photographed and counted. The
data are presented as the mean § SD from three inde-
pendent experiments in triplicate chambers.
ALDEFLUOR assay
The ALDEFLUOR assay was performed with an ALDE-
FLUOR kit (Stem Cell Technologies, Vancouver, BC,
Canada) to determine the ALDH activity of OS cells by
fluorescence-activated cell sorting according to the man-
ufacturer’s instructions. The experiments were per-
formed in triplicate.
RNA immunoprecipitation (RIP) assays
RIP assays were performed using the Magna RIP RNA-
Binding Protein Immunoprecipitation Kit (17-700,
www.thelancet.com Vol 82 Month , 2022



Articles
Millipore) according to the manufacturer’s instructions.
Briefly, Protein-A/G beads (Roche, USA) and 5 mg of
specific antibodies were incubated with cell lysates from
U2OS and 143B cells overnight at 4°C. Then, the
immune complexes were washed six times with wash-
ing buffer and incubated with proteinase K digestion
buffer. Next, total RNA was extracted and assessed by
qPCR and normalized to the input.

RNA pull-down assays
The RNA pull-down assays were performed with the
Pierce Magnetic RNA-Protein Pull-Down Kit (Thermo
Fisher Scientific, 20164) according to the man-
ufacturer’s instructions. Biotinylated RNAs were syn-
thesized with the T7 Transcription Kit (Thermo Fisher
Scientific). Up to 50 pmol of biotinylated RNAs and 50
mL of magnetic beads were used for each sample. After
incubation and three washes, the proteins in the RNA-
protein complex were identified by western blotting, sil-
ver staining or mass spectrometry analysis.
m6A mutation assays
The potential m6A sites for RNA were predicted by an
online tool, SRAMP (http://www.cuilab.cn/sramp/).
The m6A motif-depleted mRNA regions were cloned
into pcDNA3.1 for the RNA pull-down assay. The spe-
cific sequences are shown in Supplementary Table S2.
RNA stability assays
U2OS and 143B cells were seeded in 6-well plates over-
night, treated with Act D (HY-17559, MCE) at a final
concentration of 5 mg/mL for 0, 3, or 6 h and collected.
Total RNA was extracted using TRIzol reagent (Invitro-
gen, Carlsbad, USA) and analyzed by RT-PCR. The half-
life of mRNA was estimated according to a previously
published paper.33
Polysome profiling
Polysome profiling followed the reported protocols with
the following modifications.12,34 Briefly, 143B cells were
infected with lentiviral shRNA targeting METTL14 or
transfected with IGF2BP2 short interfering (siRNA).
Before collection, cycloheximide (CHX) was added to
the culture media at 100 mg/ml for 7 min. The lysis
buffer was formulated as 20 mM HEPES, pH 7.6,
5 mM MgCl2, 100 mM KCl, 100 mg/ml cycloheximide,
and 1% Triton X-100, with freshly added 1:100 protease
inhibitor (Roche) and 40 U/ml SUPERasin (Ambion).
Then, the sample was fractionated into 24 fractions
(0.5 mL per fraction) and analyzed with a Gilson
FC203B fraction collector (Mandel Scientific, Guelph,
Canada) and a Gradient Station (BioCamp) equipped
with an ECONOUV monitor (BioRad, Hercules, CA).
RNA was purified from fractions 5�18 and subjected to
qPCR analysis of the MN1 transcript.
www.thelancet.com Vol 82 Month , 2022
Animal models
All animal experiments were approved by the Institu-
tional Review Board of The First Affiliated Hospital of
Sun Yat-sen University and were performed according
to established guidelines for the Use and Care of Labo-
ratory Animals (Reference number: [2018] 236). All
female BALB/c nude mice (4 to 5 weeks old) were pur-
chased from GemPharmatech Co. Ltd. All the mice
were randomly divided into each group and five mice
were fed in each cage. After the mice were anesthetized
with isoflurane, 1 £ 106 wild-type cells or plasmid-trans-
fected cells in a 20-mL suspension were inserted into
the proximal tibia through the cortex of the anterior
tuberosity using a 30-gauge needle (n=6 per group).

In the lung metastasis model, 1 £ 106 cells sus-
pended in 100 ml PBS were injected intravenously into
the tail vein (n=6 per group). Six weeks later, the mice
were sacrificed, and the lungs were excised, imaged and
paraffin embedded. Subsequently, the numbers of met-
astatic nodules in the lungs were carefully examined.

For the study of ATRA, the mice were randomly
divided into two groups after approximately 14 days
when the tumor volumes reached approximately 200
mm3. The mice were treated with 10% DMSO or
25 mg/kg ATRA every 3 days by intraperitoneal (i.p.)
injection (n=6 per group). The mice were monitored
every 3 days over 3 weeks. As the tumors grew as almost
spherical ellipsoids, the size of tumors was measured in
two perpendicular dimensions (D1, D2). The tumor vol-
ume was calculated using the formula V=4/3p [1/4
(D1 + D2)]2, as described previously.35 Thirty-two days
after cell injection, the mice were euthanized.

Statistical analysis
All results were derived from at least three independent
experiments, and data from one representative experi-
ment are shown. The data are presented as the mean §
standard deviation (SD). The statistical significance of
differences was evaluated by two-tailed Student’s t test,
one-way ANOVA or x2 test. Overall survival was
assessed with the Kaplan�Meier method and compared
by the log-rank test. Differences with p values < 0.05
were considered statistically significant. All statistical
analyses were carried out using R or GraphPad Prism
(version 6.0).

Role of funding source
Funders of the study did not have any role in study
design, data collection, data analysis, data interpreta-
tion, or writing of the report.

Results

METTL14 is highly expressed in clinical osteosarcoma
specimens and correlates with poor prognosis
To elucidate the functional roles of m6A modification in
osteosarcomagenesis, we first examined the global m6A
5
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levels in OS tissues and paired normal muscular tis-
sues. Quantification of m6A RNA methylation by liquid
chromatography-tandem mass spectrometry (LC-MS/
MS) indicates m6A RNA modification levels are signifi-
cantly elevated in 3 paired OS tissues compared with
normal control samples (Figure 1(a)). The results were
further validated by colorimetric ELISA in 50 paired OS
tissues and dot blot assay in 3 paired OS tissues (Figure 1
(b) and (c)). In addition, the m6A RNA modification lev-
els were significantly elevated in OS tissues from
patients with lung metastasis compared with tissues
from those without lung metastasis (Figure 1(d)), indi-
cating the direct correlation between m6A RNA modifi-
cation and aggressive stage of OS. To elucidate the
underlying mechanism of m6A upregulation, we then
measured the expression levels of m6A writers
(METTL3, METTL14, and WTAP) and m6A erasers
(FTO and ALKBH5) in 50 OS tissues and paired normal
tissues. Surprisingly, the results showed that among
these m6A factors, METTL14 showed the highest upre-
gulation in tumor samples (Figure 1(e)). Consistently,
immunoblotting confirmed elevated METTL14 protein
levels in OS samples compared to adjacent normal tis-
sues (Figure 1(f)). Moreover, the increase of METTL14
protein was observed in numerous OS cell lines com-
pared to bone marrow stem cells (BMSCs) (Figure 1(g)).
To investigate the clinical implication of METTL14 in
OS, we performed immunohistochemistry (IHC) stain-
ing to examine METTL14 expression in clinical OS
specimens (n=70) (Figure 1(h)) and found that high
METTL14 expression in the OS cohort is significantly
correlated with clinicopathological features, such as
lung metastasis. In particular, high METTL14 expres-
sion was closely associated with a high rate of pulmo-
nary metastasis in OS (Supplemental Table S3).
Moreover, OS patients with high METTL14 expression
had worse overall survival and lung metastasis-free sur-
vival (LMFS) times than other patients through Kaplan-
Meier analysis (Figure 1(i)). Taken together, these
results reveal that m6A modification levels and
METTL14 expression are increased in OS and suggest
that METTL14 is a prognostic factor for OS patients.
METTL14 promotes OS proliferation and metastasis in
vitro and in vivo
To investigate the functional roles of METTL14 in osteo-
sarcomagenesis, we established stable METTL14 knock-
down models in U2OS and 143B cells with two
independent short hairpin RNA (shRNA) sequences
(shMETTL14 #32 and #33) (Figure 2(a)). Dot blot assay
and colorimetric ELISA indicated the mRNA m6A
methylation levels are dramatically reduced in
METTL14-depleted cells (Figure 2(b) and (c)). Knock-
down of METTL14 significantly suppressed the cell pro-
liferation, colony formation, wound healing ability,
migration, and invasion abilities of both U2OS and
143B OS cells (Figure 2(d-f) and Figure S1(a)), suggest-
ing the tumorigenic role of METTL14 in OS. Since
METTL14 functions as a key m6A methyltransferase,
we then examined whether these functions of
METTL14-mediated tumorigenic abilities are dependent
on its m6A catalytic activity. Plasmids expressing wild-
type METTL14 and its catalytic dead mutant (R298P)
were constructed and transfected into OS cells (Figure 2
(g) and (h)). In vitro studies of cellular effects of
METTL14 and METTL14-R298P suggested that in com-
parison with vector controls METTL14 but not
METTL14-R298P promotes OS proliferation and migra-
tion (Figure 2(i) and (j)). WT-METTL14 could rescue the
proliferation abilities in osteosarcoma cells (Figure S1
(b)). Furthermore, in vivo xenograft studies using ortho-
topic animal models revealed knockdown of METTL14
significantly inhibits 143B tumor growth in vivo, as
reflected by the differences in xenograft tumor size and
weight between knockdown and vector control cell-
derived tumors (Figure 2(k-n)). Knockdown of METTL14
also decreased the expression of MMP-2 in xenograft
tumor (Figure S1(c)). To determine the roles of METTL14
in OS lung metastasis in vivo, 143B cells with METTL14
knockdown and the corresponding control cells were
injected intravenously into nude mice. After six weeks,
we observed that knockdown of METTL14 significantly
inhibited OS lung metastasis, as evidenced by decrease
in the number and size of metastatic lung lesions in the
knockdown group versus the control group (Figure 2(o)).
In summary, these data suggest that METTL14 promotes
OS proliferation and metastasis in vitro and in vivo and
METTL14-mediated tumorigenic function is dependent
on its m6A catalytic activity.

METTL14 maintains the stemness of OS cells
The m6A modification has been reported to regulate can-
cer stemness in several malignancies.36�39 To determine
whether METTL14 plays a crucial role in the stemness of
OS, we first cultured U2OS and 143B cells in cell sphere
formation medium to collect sarcospheres, sphere-form-
ing cell subsets with cancer stem cell properties. Quanti-
tative RT-PCR (qRT-PCR) and western blotting revealed
cancer stemness markers such as CD133, SOX2, and
OCT4 are obviously elevated in sarcospheres compared
to their parental cells (Figure 3(a) Figure S2(a)). More-
over, the m6A levels and METTL14 levels were also sig-
nificantly increased in sarcospheres compared to their
parental cells (Figure 3(b) and (c)). Depletion of
METTL14 lead to downregulation of CD133, SOX2, and
OCT4 expression in U2OS and 143B cells (Figure 3(d)).
A decrease in sphere number and size and a marked
reduction in ALDH activity were also observed in
METTL14 knockdown (METTL14-KD) U2OS and 143B
cells compared with the control cells (Figure 3(e) and (f)).
These results together indicate that increased m6A
modification and METTL14 expression promote OS cell
stemness.
www.thelancet.com Vol 82 Month , 2022



Figure 1. METTL14 is highly expressed in clinical osteosarcoma specimens and correlates with poor prognosis. (a) Global
m6A levels (m6A/A) in mRNA in human OS tumor tissues versus tumor-adjacent tissues, as detected by liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS) (n=5). (b) The RNA N6-methyladenosine (m6A) levels in 50 paired OS tissues detected by colori-
metric ELISA via an m6A RNA methylation quantification kit (n=50). (c) The global mRNA m6A level in human OS samples
determined by RNA m6A dot blot assay with an anti-m6A antibody (left); methylene blue (MB) (right) staining served as the loading
control (n=3). (d) The m6A RNA levels in OS tumor tissues from patients with lung metastasis (LM, n=29) and without lung metastasis
(NLM, n=21). (e) Expression of the m6A regulatory enzymes in OS and paired normal tissues was measured by qPCR (n=50).
(f)METTL14 protein levels in OS tissues and paired normal tissues, as detected by western blotting (n=7). (g)METTL14 protein levels
in bone marrow stem cells (BMSCs) and nine OS cell lines, as detected by western blotting. (h) Representative immunohistochemis-
try (IHC) images showing METTL14 expression in OS patient tumor tissues (scale bars=100 mm or 50 mm, respectively). (i) Kaplan-
Meier survival analysis of OS patients stratified by METTL14 expression level (n=70, p<0.05, log-rank test). * p<0.05; ** p<0.01;
*** p<0.001, by independent Student’s t test (a, b, and d) or log-rank test (i).
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Figure 2. METTL14 promotes OS proliferation and metastasis in vitro and in vivo. (a) The protein levels of METTL14 in METTL14-
KD U2OS and 143B cells, as measured by western blotting. (b-c) The global mRNA m6A level in METTL14-KD U2OS and 143B cells, as
determined by dot blot (b) with an m6A antibody (upper panel), MB (bottom blue) staining served as a loading control and was
detected by colorimetric ELISA (c) via an m6A RNA methylation quantification kit. (d-f) The proliferation (d), colony formation
(e), migration and invasion (f) abilities of METTL14-KD U2OS and 143B cells. Representative images and quantification of the colony for-
mation (scale bars=1 cm), cell migration and invasion assay (scale bars=100 mm) results are shown. (g-h) The protein levels of METTL14
(g) according to western blotting and the global mRNA m6A level (h) according to dot blot analyses with an m6A antibody (upper
panel), MB (bottom blue) staining served as a loading control in U2OS and 143B cells with wild-type (WT) METTL14 or catalytic mutant
overexpression. (i-j) The proliferation (i) and migration (j) ability of U2OS and 143B cells overexpressing WT METTL14 or a catalytic
mutant. Representative images and quantification of the cell migration assay results are shown (scale bars=100 mm). (k) Knockdown
of METTL14 effectively inhibited 143B OS cell tumor growth in nude mice (n=6). (l) The tumors were extracted and weighed after
32 days. (m) The tumor volume was monitored every 3 days, and tumor growth curves were generated. (n) Sections of tumors were
stained with hematoxylin and eosin (HE) and anti-METTL14 and anti-Ki-67 antibodies by IHC (scale bars=100 mm). (o) Knockdown of
METTL14 significantly decreased 143B OS cell lung metastasis in nude mice. Left, representative lung (scale bars=1 cm) and HE staining
of lung metastatic lesions (scale bars=100 mm); Right panel, the number of metastatic nodules formed in the lungs (n=6). The data are
expressed as the mean§SD of three independent experiments. * p<0.05; ** p<0.01; *** p<0.001, by 1-way ANOVA.
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Figure 3. METTL14 maintains the stemness of OS cells. (a) Representative images of cancer stem cells (CSCs) isolated from U2OS
and 143B cells (scale bars=100 mm) and the expression of stemness markers in CSCs, as determined by qPCR. (b) The global mRNA
m6A level in CSCs, as detected by colorimetric ELISA via the m6A RNA methylation quantification kit. (c) The expression of METTL14
in CSCs, as measured by qPCR and western blotting. (d) The expression of stemness markers in METTL14-KD U2OS and 143B cells,
as measured by qPCR. (e) Representative images and quantification of the in vitro sphere formation assay of METTL14-KD OS cells
and control cells (n=3) (scale bars=100 mm). (f) ALDH activity in METTL14-KD U2OS and 143B cells, as determined by fluorescence-
activated cell sorting analysis. Representative images and quantification of the ALDH activity results are shown. The data are
expressed as the mean§SD of three independent experiments. * p<0.05; ** p<0.01; *** p<0.001, by independent Student’s t test
(a, b, and c) or 1-way ANOVA (d, e, and f).
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MeRIP-seq and RNA-seq analyses identify MN1 as a
downstream target of METTL14-mediated m6A
modification
To investigate the downstream target genes of
METTL14 in OS, we then performed m6A-modified
RNA immunoprecipitation sequencing (MeRIP-seq)
and RNA sequencing (RNA-seq) with stable METTL14-
KD and control U2OS and 143B cells. MeRIP-seq
revealed more than 1366 and 1816 differential m6A
peaks in U2OS and 143B cells (fold change >1.5, p <

0.05) (Figure 4(a)). The most common m6A motif
GGAC was significantly (p <5.3e-19) enriched in the
m6A peaks, and the m6A peaks were especially enriched
in the vicinity of the stop codon and 30 untranslated
region (30 UTR), with 6.61% (U2OS) and 6.91% (143B)
of peaks in the 50 UTR (Figure 4(b) and (c)). As in previ-
ous studies, we considered the role of METTL14 in the
m6A writer complex and only considered m6A peaks
with decreased abundance (termed m6A-hypo peaks)
upon METTL14 knockdown to be authentic m6A peaks.
Based on this defined criteria, we discovered eight m6A-
hypo genes were associated with downregulated
METTL14 mRNA levels in both METTL14-KD U2OS
and 143B cells (Figure 4(d)). Among them, MN1 is the
most downregulated gene which is chosen for further
investigation (Figure 4(e)). Indeed, MeRIP-seq revealed
that the m6A modifications in the MN1 mRNA tran-
scripts are markedly decreased in METTL14-KD OS
cells (Figure 4(f)). Furthermore, immunoblotting and
qRT-PCR assays showed that MN1 protein levels are
downregulated in METTL14-KD OS cells (Figure 4(g)
and (h)). Western blot also showed the increases in
MN1 expression after METTL14 upregulation in OS
cells (Figure S3). The m6A level of MN1 exhibited the
most consistent decrease in METTL14-KD OS cells com-
pared to the control cells by m6A-qPCR (Figure 4(i)).
Together, our MeRIP-seq and RNA-seq studies suggest
that MN1 is a novel downstream target of METTL14-
mediated m6A modification in OS.
METTL14 upregulates MN1 to promote OS malignancy
in vitro and in vivo
To further characterize the oncogenic function of MN1
in OS, we first established stable MN1 knockdown
(MN1-KD) models in U2OS and 143B cells (Figure 5(a)).
Knockdown of MN1 dramatically suppressed the prolif-
eration, colony formation, migration, and invasion abili-
ties of U2OS and 143B cells (Figure 5(b-d)). A decrease
in sphere number and size was also observed in MN1-
KD U2OS and 143B cells compared with the control
cells, and cancer stemness markers such as CD133,
SOX2, and OCT4 were obviously reduced in MN1-KD
U2OS and 143B cells (Figure 5(e-f), Figure S4(a)). We
found that overexpression of MN1 rescues the prolifera-
tion, colony formation abilities of METTL14-KD cells
(Figure 5(g-i)). To verify the relationship between MN1
and METTL14 in vivo, we performed tumor xenograft
studies and observed that overexpression of MN1 in
METTL14-KD 143B cells significantly increase the
tumor growth rate, as reflected by the increases in xeno-
graft tumor size and weight compared to those in the
stable METTL14-KD cells (Figure 5(l) and (m)). These
results together indicate that METTL14 upregulates
MN1 to accelerate malignancy in vitro and in vivo.
METTL14 upregulates MN1 to induce ATRA resistance
in OS
MN1 has been reported to induce resistance to ATRA in
AML patients.22,40 MN1 inhibits a large group of RAR/
RXR-induced gene expression.41 MN1-TEL can inhibit
RAR-mediated transcription.23 Numerous experiments
and clinical trials have confirmed that ATRA and its
derivatives are effective and promising drug used for
treating APL and various other tumor types, including
neuroblastoma, melanoma, and breast cancer.25 How-
ever, there have been no advances in the clinical applica-
tion of ATRA for OS treatment in the past two decades.
Here, we found that the expression of MN1 and IC50 val-
ues for ATRA were much higher in U2OS and 143B
cells than in AML patient-derived HL60 cells which can
be killed with a combination of chemotherapy and
ATRA (Figure 6(a) and Figure S5(a)). The sensitivity to
ATRA was increased in MN1-KD and METTL14-KD
U2OS and 143B cells compared to control cells, while
ATRA resistance was restored after overexpression of
MN1 in METTL14-KD cells (Figure 6(b) and Figure S5
(b)). Our tumor xenograft studies showed that tumor
growth and weight are significantly decreased in the
MN1-KD and METTL14-KD groups treated with ATRA
compared to the DMSO group. The tumor growth and
weight in the group with overexpression of MN1 in
METTL14-KD cells treated with ATRA were not signifi-
cantly decreased (Figure 6(c-e)). Immunostaining
assays indicated that the growth-impaired tumors gen-
erated from METTL14-KD OS cells have lower expres-
sion of MN1 and Ki-67 than the control tumors
(Figure 6(f)).Taken together, our ATRA resistance study
indicates that METTL14 upregulates MN1 to induce
ATRA resistance in OS.
METTL14 regulates the mRNA stability and translation
of MN1 via IGF2BP2 in an m6A-dependent manner
It has been confirmed that m6A modification of
mRNA transcripts regulates mRNA stability and
translation.12,14,42 To investigate whether METTL14-
mediated m6A modification affects the stability and
translation of MN1 mRNA, we treated U2OS and 143B
OS cells with the transcription inhibitor actinomycin D
(Act D) and then detected the half-lives of MN1 tran-
scripts. Indeed, the half-lives of MN1 transcripts were
significantly decreased in METTL14-KD cells compared
www.thelancet.com Vol 82 Month , 2022



Figure 4. MeRIP-seq and RNA-seq analyses identify MN1 as a downstream target of METTL14-mediated m6A modification.
(a) Volcano plots showing the numbers of significantly increased and decreased m6A peaks (fold change > 1.5, p < 0.05) in
METTL14-KD U2OS (left) and 143B (right) cells compared with control cells. (b) Top enriched motifs within m6A peaks identified in
U2OS and 143B cells. (c) Distribution of m6A sites along the lengths of mRNA transcripts in U2OS and 143B cells. (d) RNA-seq and
MeRIP-seq identified differentially expressed genes in stable METTL14-KD cells compared with their corresponding control cells.
(e) Eight candidate genes in stable METTL14-KD cells. The X axis: RNA-seq analysis of the fold change in the expression of candidate
mRNA transcripts; the Y axis: MeRIP-seq analysis of the enrichment of candidate mRNA transcripts. Both of these are the average val-
ues for stable METTL14-KD U2OS and 143B cells represented as fold change relative to shNC cells. (f) The m6A abundance on MN1
mRNA transcripts in METTL14-KD and control U2OS and 143B cells, as detected by MeRIP-seq. (g-h) qPCR (g) and western blot (h)
assays showing a decrease in MN1 expression after METTL14 knockdown in OS cell lines. (i) Reduction in the m6A modification level
of specific regions of MN1 transcripts upon METTL14 knockdown, as assessed by gene-specific m6A-qPCR assay in U2OS (left) and
143B (right) cells. The data are expressed as the mean§SD of three independent experiments. * p<0.05; ** p<0.01;
*** p<0.001, by 1-way ANOVA.
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Figure 5. METTL14 upregulates MN1 to promote OS malignancy in vitro and in vivo. (a) The protein levels of MN1 in MN1-KD
U2OS and 143B cells, as detected by western blotting. (b-e) Knockdown of MN1 significantly suppressed proliferation (b), colony for-
mation (c), migration and invasion (d), and sphere formation (e) in U2OS and 143B cells. Representative images and quantification of
the colony formation (scale bars=1 cm), cell migration and invasion (scale bars=100 mm), and sphere formation assay (scale
bars=100 mm) results are shown. (f) The expression of stemness markers in MN1-KD U2OS and 143B cells, as measured by qPCR. (g)
Western blots showing knockdown of METTL14 and MN1 as well as ectopic expression of MN1 in the corresponding groups com-
pared to the empty vector groups. (h-i) MN1 overexpression rescues proliferation (h) and colony formation (i) in U2OS and 143B
cells induced by METTL14 knockdown. Representative images and quantification of the colony formation assay results are shown
(scale bars=1 cm). (j) Overexpression of MN1 rescues METTL14-induced 143B OS cell orthotopic tumor growth in nude mice (n=6).
(k) The tumors were extracted and weighed after 32 days. (l) The tumor volume was monitored every 3 days, and tumor growth
curves were generated. (m) Sections of tumors were stained with HE and with anti-MN1, anti-METTL14 and anti-Ki-67 antibodies by
IHC (scale bars=100 mm). The data are expressed as the mean§SD of three independent experiments. * p<0.05; ** p<0.01;
*** p<0.001, by 1-way ANOVA.
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Figure 6. METTL14 upregulates MN1 to induce ATRA resistance in OS (a) The MN1 expression as detected by Western blot and
qPCR assays, and the IC50 values of ATRA as detected by CCK8 in U2OS, 143B and HL60 cells. (b) All-trans-retinoic acid (ATRA)
impaired the colony formation of METTL14-KD, MN1-KD and control U2OS and 143B cells with or without MN1 overexpression. The
colony formation ability was examined after treatment with 40 mM of ATRA for 10 days. The quantification of cell growth in the right
panel is presented as the mean § SD (scale bars=1 cm). (c) ATRA suppressed OS growth in an orthotopic mouse model. Tumor
growth curves of mice treated with either vehicle or ATRA for 14 days (25 mg/kg once every three days by intraperitoneal [i.p.] injec-
tion) (n=6). (d) The tumors were extracted and weighed after 32 days. Data represent mean § SD. (e) The tumor volume was moni-
tored every 3 days, and tumor growth curves were generated. (f) Sections of tumors were stained with HE and with anti-MN1, anti-
METTL14 and anti-Ki-67 antibodies by IHC (scale bars=100 mm). The data are expressed as the mean§SD of three independent
experiments. * p<0.05; ** p<0.01; *** p<0.001, by independent Student’s t test.
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Figure 7. METTL14 regulates the mRNA stability and translation of MN1 via IGF2BP2 in an m6A-dependent manner. (a) The
mRNA decay rate analysis and the qPCR analysis of MN1 at the indicated times after actinomycin D (Act D, 5 mg/ml) treatment in
U2OS and 143B cells after METTL14 inhibition. (b) Polysome profiling assays. The fractionation of lysates from 143B cells with or
without METTL14 knockdown is shown on the left. RNAs in different ribosome fractions were extracted and subjected to qPCR anal-
ysis. (c) Western blotting of IGF2BP1/2/3 and YTHDF1/2 after RNA pull-down assay with the cell lysate (Ly.), full-length biotinylated
MN1, MN1 CDS, 3’UTR and 5’UTR with or without the m6A motif mutation, and beads only (NC) in U2OS and 143B cells. (d) RIP-qPCR
showing the enrichment of MN1 in U2OS and 143B cells after METTL14 inhibition. (e) The expression of IGF2BP2 in OS and paired
normal tissues was measured by qPCR (n=24). (f) Western blotting of MN1 after IGF2BP2 inhibition in U2OS and 143B cells. (g) The
mRNA decay rate analysis and qPCR analysis of MN1 at the indicated times after Act D (5 mg/ml) treatment in U2OS and 143B cells
after IGF2BP2 inhibition. (h) Polysome profiling assays. The fractionation of lysates from 143B cells with or without IGF2BP2 knock-
down is shown on the left. RNAs in different ribosome fractions were extracted and subjected to qPCR analysis. The data are
expressed as the mean§SD of three independent experiments. * p<0.05; ** p<0.01; *** p<0.001, by independent Student’s t test
(e) or 1-way ANOVA (a, b, d, g and h).
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Figure 8. Clinical correlation between METTL14, MN1, and IGF2BP2 in OS. (a) Representative images showing high or low
expression of METTL14, MN1 and IGF2BP2 in OS tumor specimens (scale bars=100 mm). (b) Correlation between MN1 and METTL14
or IGF2BP2 in OS microarray specimens. (c) Kaplan�Meier survival analysis of MN1 expression in patients with OS (n=70, p<0.05,
log-rank test). (d) Kaplan�Meier analysis of overall survival for OS patients (n =70) based on the number of upregulated molecular
markers (Kaplan�Meier analysis with log-rank test). Patients were stratified into groups based on the individual median expression
levels of METTL14, MN1, and IGF2BP2 expression according to IHC analysis, and the patients were divided into three groups as indi-
cated. (e) Receiver operating characteristic (ROC) curve analysis for 5-year survival for METTL14 [AUC = 0.695, (95% CI,
0.563�0.827)], MN1 [AUC = 0.727, (95% CI, 0.610�0.845)], and IGF2BP2 [AUC = 0.641, (95% CI, 0.497�0.784)] as individual bio-
markers or for the combined panel [AUC = 0.754 (95% CI, 0.635�0.873)]. AUC, area under the curve. (f) Graphic illustration of
METTL14 contributing to OS progression and ATRA resistance through m6A-IGF2BP2-dependent posttranscriptional modification of
MN1. * p<0.05; ** p<0.01; *** p<0.001, by Pearson’s chi-squared test (b) or log-rank test (c, and d).
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with control cells (Figure 7(a)). Furthermore, we per-
formed polysome profiling analysis and found that
knockdown of METTL14 resulted in a decrease in MN1
mRNA in the translation pool, suggesting METTL14-
mediated m6A modification affects both stability and
translation of MN1 mRNA in 143B cells (Figure 7(b),
Figure S6(a)). It has been shown that the effect of m6A
modification on mRNA transcripts is mediated by m6A
readers which are specific m6A binding proteins.
Recent studies have pointed out IGF2BPs and YTH
family proteins are two major families of m6A readers
and play an essential role in regulating the fate of meth-
ylated mRNA.12�14 To explore the specific m6A binding
proteins regulating m6A-methylated MN1 mRNA, we
performed an RNA pull-down assay with several classi-
cal m6A readers. Our results showed that IGF2BP2
obviously binds to the full-length MN1 transcripts in
U2OS and 143B cells. IGF2BP2 mostly bound to the
CDS region instead of the 5’ UTR or 3’ UTR of MN1
transcripts, and the specific binding to the MN1 tran-
script was significantly impaired when m6A motifs
were deleted (Figure 7(c)). On the other hand, compared
to the IgG control the IGF2BP2-specific antibody signif-
icantly enriched MN1 mRNA in the RIP-qPCR assays in
U2OS and 143B cells, and the enrichment of MN1
mRNA by the IGF2BP2 pull down was significantly
impaired after knockdown of METTL14 (Figure 7(d)).
The elevated expression of IGF2BP2 was observed in
OS samples (Figure 7(e)). Knockdown of IGF2BP2 sup-
pressed MN1 mRNA and protein expression (Figure 7
(f)). Overexpression of IGF2BP2 promoted the protein
expression of MN1 in OS cells (Figure S6(b)). The half-
lives of MN1 transcripts and the MN1 translational effi-
ciency were significantly decreased in IGF2BP2 knock-
down (IGF2BP2-KD) cells compared with control cells
(Figure 7(g-h), Figure S6(c)). Taken together, our find-
ings indicate that METTL14-mediated m6A modifica-
tion maintains MN1 expression in an m6A-IGF2BP2-
dependent manner by regulating MN1 mRNA stability
and translation.
Clinical correlation between METTL14, MN1, and
IGF2BP2 in OS
To further investigate whether the aforementioned con-
clusions could be supported in human primary OS, we
study the expression of METTL14, MN1, and IGF2BP2
in 70 human primary OS specimens by IHC staining
(Figure 8(a)). The expression of MN1 was positively cor-
related with the expression of both METTL14 and
IGF2BP2 in OS tissues (Figure 8(b)). Furthermore,
Kaplan-Meier analysis suggested that high expression
of MN1 notably correlates with poor prognosis in OS
patients (Figure 8(c)). High IGF2BP2 expression had a
relative poorer prognosis in OS patients, although it
was not statistically significant (p=0.0566, log-rank
test) (Figure S7). OS patients with high levels of
METTL14, MN1, and IGF2BP2 had the shortest overall
survival times (Figure 8(d)). Moreover, receiver operat-
ing characteristic (ROC) curve analysis indicated that
the combination index of the IHC panel (METTL14,
MN1, and IGF2BP2) present additive predictive value
for overall survival (Figure 8(e)), indicating its superior-
ity over any individual marker for evaluating the prog-
nosis of OS patients. The tumor immunohistochemical
staining data further strengthened the notion that
METTL14/IGF2BP2 axis in regulating MN1 mRNA sta-
bility and translation by m6A epitranscriptome regula-
tory machinery and is associated with poor clinical
outcome of OS patients. In summary, on the basis of
our findings, we propose a model in whichMETTL14/
MN1 axis promotes OS progression partly by regulating
the stability and translation efficiency of MN1 and indu-
ces ATRA resistance (Figure 8(f)).
Discussion
The m6A is the most abundant mRNA modification
among numerous RNA modifications.7,42 Recent
reports have shown that m6A modification exerts essen-
tial but varying biological functions in the progression
of various cancers,43 such as leukemia,44 endometrial
cancer,17 liver cancer,18,19 and glioma,45 regulating the
expression of specific oncogenes or tumor suppressor
genes at the epigenetic transcription level. The m6A
modification regulates RNA biological functions via
m6A methyltransferases, demethylases, and read-
ers.46�49 METTL14, a key component of the m6A meth-
yltransferase complex, can stabilize the structure of
METTL3, enhance the enzyme activity of METTL3 by
binding with RNA, and affect the overall m6A level.50

The METTL3-METTL14 complex displayed much
higher catalytic activity than either METTL3 or
METTL14 alone.50 METTL14 plays an essential regula-
tory role in the occurrence and development of malig-
nant tumors.51 Previous studies have reported that
METTL14 promotes MYC mRNA stability and transla-
tion and plays an essential oncogenic role in leukemia.16

METTL14 can regulate AKT activity to promote the pro-
liferation and tumorigenicity of endometrial cancer
through an m6A-dependent regulatory mechanism.17 It
has also been reported that METTL14 suppresses the
metastatic potential of hepatocellular carcinoma by
processing primary miRNAs in an m6A-dependent
manner.18 Several studies have reported that METTL3
promotes malignant phenotypes of osteosarcoma cells
via RNA m6A modification mechanisms.52�56 However,
the studies of METTL14 in osteosarcoma were still lim-
ited, and the function of METTL14 remained vague.
Huan et al. reported that METTl3/METTL14 regulated
DIRAS1/p-ERK signaling to promote malignant behav-
iors of osteosarcoma cells.53 Li et al. found low expres-
sion of METTL14 was significantly associated with poor
prognosis of osteosarcoma patients.57 Liu et al. reported
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that METTL14 overexpression promoted osteosarcoma
cell apoptosis and inhibited tumor progression.58 In our
study, we found that the m6A RNA modification levels
are significantly elevated in OS tissues, especially in OS
tissues with lung metastasis. We demonstrated that
METTL14 induces an increase in m6A modification in
OS, facilitates OS proliferation and metastasis in vitro
and in vivo, and promotes OS cell stemness. METTL14
regulated the expression of a series of mRNA tran-
scripts, and this function was dependent on its m6A cat-
alytic activity. The high expression of METTL14 was
associated with a poor prognosis in OS patients, which
suggests that METTL14 could be a biomarker for OS
prognosis and treatment.

To elucidate the molecular mechanisms involved in
METTL14-mediated osteosaarcomagenesis, we adapted
systems approaches using MeRIP-seq and RNA-seq to
identify MN1 as a downstream target gene of METTL14.
The interaction between METTL14 and MN1 is depen-
dent on the m6A catalytic activity of METTL14. The
oncoprotein MN1 has been reported to be a TEL fusion
protein and an overexpressed gene in AML.21,40 High
expression of MN1 indicates a poor prognosis in AML
patients.24 MN1 acts as a highly effective hematopoietic
oncogene, and its overexpression induces AML in
mice.22 MN1 is one of the stemness genes critical for leu-
kemogenicity, and overexpression of MN1 promotes pro-
liferation/self-renewal and blocks differentiation.22,59

Our results suggest that MN1 acts as an oncogene to pro-
mote OS proliferation and metastasis in vitro and in vivo
as well as OS cell stemness.

The biological functions of m6A modification
depend on m6A binding proteins, which are called m6A
readers, including IGF2BP1/2/3 and the YTH family,
which regulate RNA metabolism, including translation,
splicing, export, and degradation.12�14 For instance,
YTHDF1 mediates the nuclear export and translation of
mRNA,15 and YTHDF2 regulates mRNA stability and
RNA structural remodeling.14 The m6A reader protein
IGF2BP2 has been identified to preferentially recognize
m6A-modified mRNAs and promote their stability and
translation.13 Our findings determined that IGF2BP2
specifically binds to the CDS regions of MN1 transcripts
and regulates the mRNA half-life of MN1 in an m6A-
dependent manner. We also found that IGF2BP2 facili-
tates MN1 mRNA translation through an m6A-depen-
dent regulatory mechanism. The expression levels of
IGF2BP2 were also elevated in OS samples. These
results indicate METTL14 mediates m6A demethylation
on MN1 mRNA to promote its stability and translation
via an IGF2BP2-dependent mechanism.

ATRA, an active metabolite of vitamin A, has been
confirmed to be an effective and promising drug for treat-
ing various cancers.60 ATRA has been used in the treat-
ment of acute promyelocytic leukemia (APL) for decades
and has revolutionized the outcomes of patients with
APL. More than 80�90% of APL patients are expected
www.thelancet.com Vol 82 Month , 2022
to be cured with a combination of ATRA, arsenic trioxide
and/or chemotherapy.61 Treatment with ATRA can
induce morphologic changes and osteogenic differentia-
tion in osteosarcoma cell lines.26�28 ATRA, combined
with 22-oxa-calcitriol, could inhibit the growth and pul-
monary metastasis of osteosarcoma in vivo.29 Todesco
et al. showed that combined treatment with ATRA/IFNa
yielded partial remission for a boy aged 14 years with
stage IIB small cell OS.30 ATRA based regiment was con-
sidered as an alternative approach in the treatment of
patients with osteosarcoma. However, there have been
no advances in the clinical application of ATRA for OS
treatment in the past two decades. Here, we identified
that the inhibition of OS by ATRA was negatively corre-
lated with the expression of METTL14 and MN1, which is
regulated by METTL14 through m6A methylation. MN1
has been reported to inhibit a large group of RAR/RXR-
induced gene expression and induce resistance to the dif-
ferentiation-inducing agent ATRA both in cells and in
AML patients.41 MN1-TEL can inhibit RAR-mediated
transcription.23 Overexpression of MN1 induces AML in
mice and predicts ATRA resistance in patients with
AML.22 Currently, the MAP regimen (high-dose metho-
trexate, cisplatin, and doxorubicin) is the primary first-
line treatment in osteosarcoma. However, the effective
drugs are limited once the first-line treatment fails,
according to NCCN Guideline.62 Our results suggest
that ATRA treatment could probably be considered a
promising complementary therapy in OS patients, espe-
cially in OS patients with low expression of
METTL14 and/or MN1. Taken together, our results pro-
vide an important molecular foundation for ATRA treat-
ment, suggest novel drug targets and will improve the
treatment of OS. In addition, our findings about
METTL14-IGF2BP2-MN1 panel provide an underlying
biomarker panel for prognosis prediction in OS patients.

In conclusion, we revealed the critical role of
METTL14 in OS progression and ATRA resistance and
showed that this role is dependent on its m6A catalytic
activity. Mechanistically, METTL14 mediates m6A
demethylation of MN1 mRNA to promote its stability
and translation via an IGF2BP2-dependent mechanism
in OS. Our work suggests that METTL14 might be a
potential prognostic predictor and therapeutic target for
OS patients and provides an essential molecular founda-
tion for ATRA treatment against OS.
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