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GRAPHICAL ABSTRACT

METTL16 promotes osteosarcoma progression by inducing m®A methylation of the UBE3A and Notch signaling pathway.
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Conclusions: METTL16 promotes osteosarcoma progression by
inducing m6A methylation of the UBE3A and Notch signaling pathway
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ABSTRACT

Background: N6-methyladenosine (m®A) methylation plays a key role in osteosarcoma (OS) progression.
This study aimed to elucidate the function and mechanism of methyltransferase 16 (METTL16), an m°A
methyltransferase, in OS progression.

Results: Bioinformatics analysis with quantitative reverse-transcription polymerase chain reaction (qRT-
PCR) revealed high METTL16 expression in OS. After performing cell functional experiments, METTL16
silencing was shown to decrease the proliferation, migration, and invasion of OS cells. Using qRT-PCR,
methylated RNA immunoprecipitation quantitative polymerase chain reaction (MeRIP-qPCR), Western
blotting, luciferase, RNA-binding protein immunoprecipitation (RIP), and RNA stability assays,
METTL16 induced the mPA methylation of ubiquitin protein ligase E3A (UBE3A) to promote UBE3A
expression and mRNA stability in OS cells in a fragile X messenger ribonucleoprotein 1 (FMR1)-
dependent manner. Moreover, in vitro and in vivo results showed that UBE3A activated the Notch signal-
ing pathway, thereby promoting OS cell malignancy. METTL16 knockdown partly reversed the oncogenic
role of UBE3A in OS cells.

Conclusions: METTL16 acts as a tumor promotor in OS progression by modulating UBE3A expression via
mCA methylation to activate the Notch signaling pathway. The findings highlight the therapeutic poten-
tial of disrupting the METTL16-UBE3A-Notch pathway axis in OS.
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1. Introduction

Osteosarcoma (0S), a malignant bone tumor, predominantly
affects children, adolescents, and young adults [1]. Despite
advancements in multimodal therapeutic strategies including sur-
gery, chemotherapy, and radiation, the prognosis of patients with
metastatic or recurrent OS remains dismal, with 5-year survival
rates of 20-30% [2,3]. The aggressive nature of OS is driven by its
propensity for early metastasis, resistance to conventional thera-
pies, and lack of effective targeted drug options [4,5,6]. These chal-
lenges underscore the urgent need to elucidate the molecular
mechanisms underlying OS pathogenesis, which may be necessary
to identify novel targets for OS therapy.

Recent studies have highlighted epigenetic modifications as
critical regulators of cancer progression, with NG6-
methyladenosine (m®A) methylation being a pivotal post-
transcriptional modulator of gene expression [7,8]. In eukaryotic
mRNA, m®A can dynamically regulate RNA splicing, stability, trans-
lation, and decay, thereby influencing diverse cellular processes
[9,10]. The dynamic regulation of m°®A is catalyzed by a conserved
set of “writer” proteins, including METTL3, METTL14, and
METTL16, whereas its removal is mediated by “erasers” such as
FTO and ALKBH5 [11,12,13]. Methyltransferase 16 (METTL16), a
recently identified m®A methyltransferase, has garnered increasing
attention for its role in regulating mRNA methylation in cancer. For
instance, METTL16 acts as an oncogene in breast cancer by induc-
ing m®A methylation of GPX4 mRNA [14]. In pancreatic cancer,
METTL16 attenuates tumor growth and metastasis by promoting
MROH8 mRNA stability [15]. This duality indicates that METTL16
plays different roles in specific cancers; however, its contributions
to OS remain poorly characterized.

Ubiquitination, a posttranslational modification mediated by E3
ubiquitin ligases such as ubiquitin protein ligase E3A (UBE3A), gov-
erns protein degradation, DNA repair, and cell cycle progression
[16,17,18]. Recent studies have revealed that UBE3A plays key
roles in human diseases, particularly cancer. For example, UBE3A
deletion in non-small-cell lung cancer improves the efficiency of
immunotherapy [19]. UBE3A is an oncogene in esophageal cancer
that activates the Notch pathway [20]. These studies on UBE3A
in cancer indicate the oncogenic role of UBE3A in cancer. However,
its function and regulatory mechanism in OS are unknown.

This study aimed to investigate the role and mechanism of
METTL16-mediated m®A methylation of UBE3A in OS progression
via in vivo and in vitro experiments. We hypothesized that
METTL16 induces the m®A methylation of UBE3A to regulate
UBE3A mRNA stability, thereby participating in OS progression.
Our results not only expand the understanding of m®A biology in
OS but also identify METTL16 as a promising therapeutic target.

2. Materials and methods
2.1. Bioinformatic analysis

TNMplot (https://tnmplot.com/analysis/) is an online platform
for analyzing METTL16 expression across normal and OS tissues.
GSE16088, an mRNA microarray from GEO DataSets, stores differ-
entially expressed genes (DEGs) across normal and OS tissues.
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With log,FC > 2 and adj. p < 0.01, the upregulated DEGs in OS sam-
ples were screened, whereas TNMplot predicted the METTL16-
correlated genes in OS. Venny 2.1 was applied to overlap common
genes in GSE16088 and TNMplot.

2.2. Cell culture and Notch inhibitor DAPT treatment

The human osteoblast cell line hFOB1.19 (BFN6072012687) was
provided by BlueFBio (China), whereas two human osteoblast cell
lines, U20S (SNL-054) and HOS (SNL-480), were provided by Sun-
ncell (China). hFOB1.19 and HOS were cultured in Dulbecco’s Mod-
ified Eagle Medium +10% fetal bovine serum (FBS), whereas U20S
was cultured in McCoy’s 5a medium +10% FBS. The cell culture
was performed in an incubator (5% CO, and 37°C). As for DAPT,
25 puM DAPT, a Notch inhibitor, was purchased from Selleck (China)
and added to OS cells for treatment for cell culture.

2.3. Quantitative reverse-transcription polymerase chain reaction
(qRT-PCR)

The EasyPure RNA Kit (TransGen, China) was added to cell or
tissue samples to obtain the total RNA. qRT-PCR was performed
using Green One-Step qRT-PCR SuperMix (TransGen) with 100 ng
of RNA and primers (0.2 uM forward and 0.2 pM reverse primers)
listed in Table 1. GAPDH was used as an internal control to calcu-
late the relative expression of METTL16, UBE3A, and SON.

2.4. Cell transfection

To silence METTL16 expression, small interfering RNAs target-
ing METTL16 (si-METTL16#1 and si-METTL16#2) were synthe-
sized by GenScript (China). A UBE3A overexpression vector was
constructed by GenScript using pcDNA3.1, and empty pcDNA3.1
(empty vector) was used as a negative control. OS cells were trans-
fected with the abovementioned vectors using Lipofectamine 3000
(Invitrogen, USA).

2.5. 0S cell proliferation assessment

Cell Counting Kit-8 (CCK8, Yeason, China) was used to assess
changes in OS cell proliferation. Briefly, 2000 OS cells per well after
transfection were seeded into 96-well plates. At 0, 24, 48, and 72 h
after seeding, 10 pL CCK8 was added to each well for 1 h of incu-
bation. A microplate reader was used to read the absorbance of
each well at 450 nm.

Table 1
Qrt-pcr primer sequences.
Gene name Sequence
METTL16 Forward 5'-TGGAGCAACCTTGAATGGCTGG-3’
Reverse 5-CCATCAGGAGTGTCTTCTGTGG-3’
UBE3A Forward 5'-CCCTGATGATGTGTCTGTGG-3’
Reverse 5'-GGCAAAGCCATTTCCAGATA-3’
SON Forward 5’-CCCCGGTCCCGTTTTTAGATT-3’
Reverse 5'-TCAGGCTCGGAGAATGATACA-3’
GAPDH Forward 5'-GCTCCATTAGCCAAGGTTATTC-3'

Reverse 5-CAGCACCTCTACCATCTCTCC-3"
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2.6. OS cell migration determination

The OS cell migration ability was determined using the wound
abrasion assay. Briefly, a 200-L pipette tip was scratched to create
a straight wound when OS cells in 6-well plates after transfection
reached >90% confluence. After washing twice with PBS, OS cells
were incubated for 24 h. Images of the wound closure at 0 and
24 h were captured using a light microscope.

2.7. OS cell invasion detection

The Transwell assay was used to detect OS cell invasion. Trans-
fected OS cells cultured in serum-free medium were added to an
upper chamber precoated with Matrigel. Moreover, medium
+10% FBS was added to the bottom chambers. After 24 h of incuba-
tion, OS cells reaching the underside of the chamber were fixed in
4% paraformaldehyde, stained with crystal violet, and counted
under a light microscope.

2.8. Methylated RNA immunoprecipitation quantitative polymerase
chain reaction (MeRIP-qPCR) assay

An MeRIP m®A Kit (17-10499, Millipore, USA) was purchased to
conduct a MeRIP-gPCR assay to analyze UBE3A mCA levels. The
RNA isolated from transfected OS cells was fragmented into 100
nucleotides and immunoprecipitated with magnetic beads coated
with anti-IgG or anti-m°A. After washing with IP buffer, immunop-
urified mRNAs were collected for qRT-PCR.

2.9. Western blotting

To isolate total proteins, RIPA Lysis Buffer (RM02998, ABclonal,
China) was added to transfected OS cells. Then, the protein after
detecting protein concentration by the BCA kit (Beyotime, China)
was separated by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis, transferred to polyvinylidene fluoride membranes,
blocked with 5% nonfat milk, and incubated with the following
antibodies: anti-UBE3A (A1757, ABclonal), anti-GAPDH (AC001,
ABclonal), anti-Notch1 (A19090, ABclonal), and anti-HES1
(A0925, ABclonal). After incubating with the rabbit antibody, the
protein was visualized using an ECL Super Kit (ABclonal).

2.10. RNA stability assay

To assess UBE3A mRNA stability after METTL16 knockdown,
U20S and HOS cells were transfected with si-METTL16 and incu-
bated with actinomycin D (Sigma, USA) for 0, 2, 4, or 6 h. At each
timepoint, the cells were collected to isolate RNA and perform
qRT-PCR to detect the remaining mRNAs of UBE3A.

2.11. Luciferase assay

The UBE3A wild-type vector (UBE3A-WT) with the m°A site and
UBE3A-mutant vector (UBE3A-Mut) without the m®A site were
constructed by GenScript (China) and co-transfected with si-
METTL16 into U20S and HOS cells. After 24 h of incubation, lucifer-
ase activity was detected using a Dual-Luciferase Reporter Assay
Kit (Promega, USA) according to the manufacturer’s protocol.

2.12. RNA-binding protein immunoprecipitation (RIP) assay
A total of 1 x 107 U20S and HOS cells were collected after cen-

trifugation at 1500 rpm for 5 min at 4°C. Then, the RIP assay was
performed by incubating with magnetic beads conjugated with
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5 ng anti-IgG antibody or anti-FMR1 antibody using Magna RIP
Kit (Merck, USA). After immunoprecipitation, UBE3A enrichment
was examined by qRT-PCR.

2.13. Animal assay

UBE3A overexpression lentiviral vector and METTL16 knock-
down lentiviral vector were constructed by GenScript (China)
and transfected into HOS cells. BALB/c nude mice (male and
5 weeks old) from Huafukang Bioscience (China) were subcuta-
neously injected with 1 x 10° transfected HOS cells. The tumor vol-
ume was measured every week. After 4 weeks, the mice were
euthanized to remove tumors for further measurement of the
tumor weight and perform immunohistochemistry (IHC) to detect
UBE3A and Ki-67 levels. The animal assay was approved by the
ethics committee of Wuhan Third Hospital.

2.14. Statistical analysis

GraphPad Prism 10.1.2 was used for the statistical analysis of all
data, which are shown as mean #* standard deviation from three
repeated assays. Two-tailed t-tests or one-way analysis of variance
was applied to compare differences between two or multiple
groups. *p < 0.05 and **p < 0.001 indicate significance.

3. Results
3.1. METTL16 with high expression in 0OS

According to the data from the TNMplot platform, METTL16 was
upregulated in the OS samples (Fig. 1A). Then, qRT-PCR was used to
analyze METTL16 expression in OS cells (U20S and HOS) and
human osteoblast cell line hFOB1.19, revealing METTL16 upregula-
tion in OS cells (Fig. 1B). These results demonstrate the high
METTL16 expression in OS.

3.2. METTL16 depletion suppresses OS cell malignancy

To verify the function of METTL16 in OS cells, two siRNAs tar-
geting METTL16 (si-METTL16#1 and si-METTL16#2) were first
transfected into OS cells to silence METTL16 expression. qRT-PCR
showed that si-METTL16#1 and si-METTL16#2 induced a >70%
decrease in METTL16 levels in OS cells (Fig. 2A). Then, a series of
cell functional experiments including CCK8 scratch and Transwell
invasion assays were performed in transfected OS cells to assess
cell proliferation, migration, and invasion. As shown in Fig. 2B,
METTL16 knockdown effectively impaired cell proliferation ability
in OS cells. Regarding cell migration, METTL16 knockdown reduced
the cell migratory rate in OS cells (Fig. 2C). The number of invasive
OS cells was also reduced in the two METTL16 knockdown groups
(Fig. 2D). All data confirmed that OS cell malignancy could be
inhibited by METTL16 knockdown.

3.3. METTL16 mediates UBE3A m®A methylation in OS cells in a FMR1-
dependent manner

To confirm the downstream target of METTL16 in OS, the
TNMplot platform was first used to predict METTL16-correlated
genes in OS. Meanwhile, the upregulated DEGs in the OS samples
were screened from GSE16088 by setting the following screening
criteria: log,FC > 2 and adj. p < 0.01. Using Venny 2.1, two common
genes (UBE3A and SON) overlapped with GSE16088 and TNMplot
(Fig. 3A). In qRT-PCR, only UBE3A expression was downregulated
in OS cells after transfection with si-METTL16#1 and si-
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Fig. 1. METTL16 was highly expressed in OS. (A) The TNMplot platform was used to verify METTL16 expression in OS and normal samples. (B) qRT-PCR analyzed METTL16
expression in two OS cell lines (U20S and HOS) and the normal osteoblast cell line hFOB1.19. **p < 0.001 vs. hFOB1.19. n = 3 per group. Each experiment was replicated three
times independently. Data are presented as mean # SD. Significance was determined using one-way ANOVA.

METTL16#2 (Fig. 3B). Therefore, UBE3A was selected as the down-
stream target gene of METTL16 in OS for further exploration. The
MeRIP-qPCR assay confirmed that the m®A levels of UBE3A were
inhibited in OS cells after transfection with si-METTL16#1 and si-
METTL16#2 (Fig. 3C). The results of Western blotting displayed
that METTL16 knockdown reduced UBE3A protein levels in OS cells
(Fig. 3D). After actinomycin D treatment, UBE3A mRNA stability
was impaired by MEETTL16 knockdown (Fig. 3E). RMBase v2.0 pre-
dicted a potential m®A-modified site of UBE3A, and UBE3A wild-
type/mutant (WT/Mut) vectors were constructed to perform luci-
ferase assays according to the predicted site (Fig. 3F). The results
of the luciferase assay indicated that METTL16 knockdown reduced
luciferase activity in the UBE3A-WT group, whereas it did not
affect luciferase activity in the UBE3A-Mut group (Fig. 3G). To fur-
ther analyze the m®A reader protein participating in METTL16-
mediated UBE3A m®A methylation, the RIP assay was performed,
showing that the m6A reader protein FMR1 could bind to UBE3A
in OS cells (Fig. 3H), and METTL16 knockdown reduced the binding
ability between FMR1 and UBE3A (Fig. 31). Taken together, the
results of bioinformatics analysis and experiments confirmed that
METTL16 mediates UBE3A m®A methylation by the m®A reader
protein FMR1 in OS cells.

3.4. The promotive effects of UBE3A on OS cell malignancy are partly
relieved by METTL16 knockdown via the Notch pathway

After transfecting UBE3A overexpression vectors and si-
METTL16 into OS cells, the CCK8 assay revealed that UBE3A over-
expression enhanced OS cell proliferation, whereas si-METTL16
impaired this promotive effect (Fig. 4A). The wound scratch assay
revealed that UBE3A overexpression increased the OS cell migra-
tory rate, whereas METTL16 knockdown partly reduced it because
of UBE3A overexpression (Fig. 4B). Similarly, data from the Tran-
swell invasion assay also revealed that the increase in the number
of OS invasive cells induced by UBE3A overexpression was
decreased by METTL16 knockdown (Fig. 4C). Moreover, Western
blotting assay found that UBE3A overexpression enhanced the pro-
tein levels of Notch-1 and HES1 (key proteins of the Notch path-
way) expression in OS cells. However, METTL16 knockdown
partly reversed this positive effect on the expression of the key
proteins of the Notch pathway (Fig. 4D). The above results demon-
strated that UBE3A overexpression enhanced OS cell malignancy
by activating the Notch pathway, whereas METTL16 knockdown
partly relieved the effects of UBE3A overexpression.
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3.5. UBE3A enhances OS cell malignancy via the Notch pathway

To verify whether UBE2C could exert an oncogenic role in OS
cells via the Notch pathway, the Notch inhibitor DAPT was used
to treat OS cells. The CCK8 assay showed that UBE3A
overexpression-induced cell proliferation was inhibited by DAPT
(Fig. 5A). The wound abrasion assay revealed that the high cell
migratory rate caused by UBE3A overexpression was reduced by
DAPT (Fig. 5B). The Transwell assay showed that DAPT inhibited
the promotive effect of UBE3A overexpression on cell invasion
(Fig. 5C). These findings indicate that UBE3A induces OS cell malig-
nancy via the Notch pathway.

3.6. The positive effect of UBE3A on OS tumor growth is partly relieved
by METTL16 knockdown

The effects of UBE3A interaction with METTL16 on tumor
growth were explored in in vivo experiments. The tumor volume
and size were larger in the UBE3A overexpression group than in
empty vector group (Fig. 6A and Fig. 6B). However, METTL16
knockdown partly reduced the tumor volume and size induced
by UBE3A overexpression. By tumor weight, UBE3A overexpression
increased the tumor weight, whereas METTL16 knockdown partly
decreased the tumor weight induced by UBE3A overexpression
(Fig. 6C). IHC results showed that UBE3A overexpression induced
the upregulation of UBE3A and Ki-67, whereas METTL16 knock-
down reduced the upregulation of UBE3A and Ki-67 (Fig. 6D).
Overall, in vivo experiments showed that UBE3A overexpression
facilitated tumor growth; however, METTL16 knockdown partly
relieved this promotive effect of UBE3A overexpression.

4. Discussion

OS remains one of the most aggressive and therapy-resistant
malignancies, with limited improvements in clinical outcomes
over the past decades [21,22]. Complex and multifactorial molecu-
lar mechanisms drive OS progression, necessitating the identifica-
tion of novel therapeutic targets. In this study, METTL16, a critical
mC®A methyltransferase, was upregulated in OS and promoted 0S
malignancy. Further investigation revealed that METTL16 induced
m°A methylation of UBE3A mRNA to enhance UBE3A expression
via the m°®A reader protein FMR1, thereby activating the Notch sig-
naling pathway. Our results reveal that a previously unrecognized
mCA methylation mechanism involved the METTL16/UBE3A axis in
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0S, which may provide new insights into the pathogenesis and METTL16 is upregulated in gastric cancer and promotes tumor
potential therapeutic strategies for OS. growth by regulating m®A methylation of cyclin D1 to enhance

This study revealed METTL16 upregulation in OS, indicating its cyclin D1 stability [23]. However, METTL16 was downregulated
key role in OS progression. The function of METTL16 in cancer has in papillary thyroid cancer to restrain tumorigenesis by increasing
been increasingly implicated in numerous studies. For instance, the mCA level of SCD1 mRNA [24]. Previous studies have shown
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times independently. Data are presented as mean * SD. Significance was determined using two-tailed t-tests for two groups and one-way ANOVA for multiple groups.

that METTL16 plays dual roles in cancer, depending on the specific
tumor type. In OS, only one study revealed METTL16 upregulation
in OS to promote OS progression by regulating m®A modification of
VPS33B [25]. Consistent with previous findings, the present study
also showed that METTL16 upregulation in OS plays an oncogenic
role. However, UBE3A was the downstream of METTL16, and
METTL16 induced the m®A methylation of UBE3A to enhance
UBE3A expression and mRNA stability via the m°A reader protein
FMR1 in OS.

UBE3A, an E3 ubiquitin ligase best known for its role in Angel-
man syndrome, has recently emerged as a tumor-progression reg-
ulator. For example, Zhang et al. [19] used the data of non-small-
cell lung cancer samples from TCGA and GEO databases to prove
that UBE3A deletion enhanced the efficiency of immunotherapy,
indicating that UBE3A is an oncogene in lung cancer. Zheng et al.
[20] revealed that a high UBE3A expression in esophageal cancer
could promote esophageal cancer cell malignancy via bioinfor-
matic analysis and in vivo and in vitro experiments. However, a
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overexpression vector and DAPT treatment. (C) The Transwell invasion assay determined invasion in OS cells after the transfection of UBE3A overexpression vector and DAPT
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mean * SD. Significance was determined using one-way ANOVA.

study revealed the role of UBE3A in OS. Here, bioinformatics anal-
ysis was conducted to confirm the upregulation of UBE3A expres-
sion in OS. After performing in vivo and in vitro experiments, this
study proved for the first time that UBE3A overexpression facili-
tated OS tumorigenesis by activating the Notch signaling pathway.

The Notch signaling pathway, a highly conserved cell-cell com-
munication pathway, is crucial in regulating cell fate, proliferation,
differentiation, and apoptosis [26,27,28]. In cancer, the Notch sig-
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naling pathway acts as either an oncogene or tumor suppressor,
depending on the tissue type and cellular environment. For exam-
ple, the Notch signaling pathway is aberrantly activated in various
malignancies, including hepatocellular carcinoma, breast cancer,
and colorectal cancer, where it promotes tumor growth, angiogen-
esis, and metastasis [29,30,31]. Conversely, the Notch signaling
pathway exerts tumor-suppressive effects on acute megakary-
oblastic leukemia by impeding proliferation [32]. In OS, the activa-
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experiment was replicated three times independently. Data are presented as mean * SD. Significance was determined using one-way ANOVA.

tion of the Notch signaling pathway, regulated by CEMIP, DLX5,
and BMP9, promotes OS progression [33,34,35]. To our knowledge,
this study is the first to reveal that UBE3A in OS induces the acti-
vation of the Notch signaling pathway by enhancing Notch-1 pro-
tein expression, thereby playing an oncogenic role in OS.

This study explored the function of the METTL16/UBE3A/Notch
signaling pathway axis in OS; however, some limitations should be
resolved in the future. First, this study identified UBE3A and SON as
downstream candidates of METTL16 through integrative analysis
of the GSE16088 and TNMplot datasets. Further experiments
showed that METTL16 knockdown partially reversed the oncogenic
effect of UBE3A on OS progression. Our selection strategy empha-
sized stringent differential expression and correlation to increase
confidence; however, this may have excluded moderately regu-
lated or noncoding m®A-modified transcripts. Therefore, future
studies incorporating m®A-RNA immunoprecipitation sequencing
(m®A-RIP-seq) or cross-linking immunoprecipitation sequencing
(CLIP-seq) are critical to further delineate the complete METTL16
target landscape and validate its functional relevance in OS pro-
gression. Second, in addressing the molecular mechanism by which
UBE3A regulates Notch signaling, prior literatures were reviewed,
which revealed that only Zheng et al. reported that UBE3A could
activate Notch signaling in esophageal cancer by promoting
ZNF185 degradation [20]. However, in the present study, ZNF185
expression did not change in OS cells after UBE3A overexpression
(data not shown), indicating a potentially distinct mechanism in
OS. Further investigation, such as proteomic screening to identify
alternative substrates or interactors of UBE3A, is warranted to clar-
ify the molecular mechanism by which UBE3A activates Notch sig-
naling in OS. In addition, owing to the limited clinical samples, the
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correlation between METTL16 expression and prognosis could not
be analyzed in the present study. In the future, more clinical OS
samples should be collected to explore the clinical value of
METTL16.

In conclusion, this study established METTL16 as a tumor pro-
motor in OS progression by modulating UBE3A expression via
mC®A methylation to activate the Notch signaling pathway. These
findings not only expand the mechanistic understanding of m°A
regulatory mechanism in OS but also highlight the therapeutic
potential of disrupting the METTL16-UBE3A-Notch pathway axis
in OS.
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