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Abstract: N6-methyladenosine (m6A) modification in RNA affects various aspects of RNA metabolism and regulates 
gene expression. This modification is modulated by many regulatory proteins, such as m6A methyltransferases (writ-
ers), m6A demethylases (erasers), and m6A-binding proteins (readers). Previous studies have suggested that al-
terations in m6A regulatory proteins induce genome-wide alternative splicing in many cancer cells. However, the 
functional effects and molecular mechanisms of m6A-mediated alternative splicing have not been fully elucidated. 
To understand the consequences of this modification on RNA splicing in cancer cells, we performed RNA sequenc-
ing and analyzed alternative splicing patterns in METTL3-knockdown osteosarcoma U2OS cells. We detected 1,803 
alternatively spliced genes in METTL3-knockdown cells compared to the controls and found that cell cycle-related 
genes were enriched in differentially spliced genes. A comparison of the published MeRIP-seq data for METTL14 
with our RNA sequencing data revealed that 70-87% of alternatively spliced genes had an m6A peak near 1 kb of 
alternative splicing sites. Among the 19 RNA-binding proteins enriched in alternative splicing sites, as revealed by 
motif analysis, expression of SFPQ highly correlated with METTL3 expression in 12,839 TCGA pan-cancer patients. 
We also found that cell cycle-related genes were enriched in alternatively spliced genes of other cell lines with 
METTL3 knockdown. Taken together, we suggest that METTL3 regulates m6A-dependent alternative splicing, espe-
cially in cell cycle-related genes, by regulating the functions of splicing factors such as SFPQ.
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Introduction

Epigenetic modifications, such as DNA methyl-
ation, RNA methylation, and histone modifica-
tion, regulate gene expression patterns by con-
trolling transcription or translation without 
causing any change in the DNA sequence. 
Among these modifications, N6-methyladeno- 
sine (m6A) is one of the most prevalent epigen-
etic modifications in eukaryotic RNA, which 
affects various aspects of RNA metabolism, 

such as RNA splicing, nuclear export, transla-
tion, and degradation [1]. Due to its widespread 
influence on RNA processing, m6A modification 
needs to be finely controlled in cells, as abnor-
mal m6A modification is closely related to carci-
nogenesis [2]. The large number of proteins 
involved in m6A modification are divided into 
three categories based on their function during 
the m6A processing step: m6A methyltransfer-
ases (writers), m6A demethylases (erasers), and 
m6A-binding proteins (readers) [3]. 

http://www.ajcr.us
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The first step of m6A modification is performed 
by methyltransferase-like 3 (METTL3), METT- 
L14, and Wilms Tumor 1 associated protein 
(WTAP) [4, 5]. The m6A reader proteins, such as 
HNRNPA2B1, YTH N6-methyladenosine RNA 
binding protein 1-3 (YTHDF1-3), YTH domain 
containing 1 (YTHDC1) and 2, and IGF2BP1-3, 
find m6A-modified RNA and bind to it [6-9]. m6A 
RNA modification is removed by m6A eraser 
proteins, including fat mass and obesity-asso-
ciated protein (FTO) and α-ketoglutarate-de- 
pendent dioxygenase alkB homolog 5 (ALKBH5) 
[10, 11]. 

RNA splicing is a pivotal step in eukaryotic  
RNA processing and is regulated by multiple 
factors, such as cis-acting elements and trans-
acting factors. Alternative splicing is an essen-
tial mechanism for enhancing protein diversity 
within a limited genome. Finely controlled splic-
ing is critical for gene regulation, and disruption 
of splicing by several stimuli or mutations can 
cause severe diseases [12-14]. 

In addition to direct mutations in DNA, m6A 
modification of RNA also affects alternative 
splicing. Changes in m6A controlling proteins, 
such as METTL3, FTO, YTHDC1, and ALKBH5, 
cause alternative splicing in the transcriptome 
[5, 10, 15, 16]. However, the functional conse-
quences and molecular mechanism of m6A-
dependent alternative splicing are not fully 
understood. Therefore, we analyzed the global 
alternative splicing events in osteosarcoma 
U2OS cells with reduced METTL3 expression 
and investigated the m6A peak locations and 
binding motifs of RNA-binding proteins (RBPs) 
near alternative splicing sites to determine the 
molecular mechanism and functional implica-
tion of the process.

Materials and methods

Cell culture and establishment of stable cell 
line 

U2OS cells were purchased from the Korean 
Cell Line Bank. The cells were maintained in 
Dulbecco’s modified Eagle’s medium (Welgene, 
Korea) supplemented with 10% fetal bovine 
serum (Welgene, Korea), 1% penicillin, and 
streptomycin at 37°C and 5% CO2. To generate 
METTL3-downregulated stable cell line, lenti-
CRISPRv2 puro (Addgene #98290) containing 
a single guide RNA (sgNT: AAGATGAAAGG- 

AAAGGCGTT, sgMETTL3: GAGCTTGGAATGGTC- 
AGCAT), pCMV-VSVg (Addgene #8454), and 
psPAX2 (Addgene #12260) were co-transfect-
ed into the 293FT cell line using Lipofectamine 
2000 (Thermo Fisher Scientific, MA, USA). The 
lentivirus-containing medium was collected at 
48 h and 72 h and concentrated with a Lenti-X 
Concentrator (Takara, Japan) according to  
the manufacturer’s protocol. U2OS cells were 
transduced with concentrated lentivirus along 
with polybrene and selected using puromycin 
for 3 days. After puromycin selection, single 
cells were seeded in 96-well culture plates. The 
knockdown efficiency of METTL3 was deter-
mined via western blotting. Cells were trans-
fected with small interfering RNA targe- 
ting IGF2BP3 (IDT) using Lipofectamine 3000 
Reagent (Thermo Fisher Scientific) according to 
the manufacturer’s protocol. 

Library construction and RNA sequencing

For RNA sequencing, total RNA was extracted 
using an RNeasy Plus Mini Kit (Qiagen). Libra- 
ries were constructed using TruSeq stranded 
mRNA (Illumina, CA, USA) and 1 μg of total RNA. 
The library was sequenced on the Illumina 
NovaSeq6000 platform with a 101 bp paired 
end model.

Western blot

Cells were lysed using RIPA buffer (Thermo 
Fisher Scientific) containing a protease inhibi-
tor cocktail (Roche) and phosphatase inhibitor 
cocktail (Roche). The protein concentration was 
determined via the BCA assay (Thermo Fisher 
Scientific). Equal amounts of protein were load-
ed, separated via sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE), 
and transferred to nitrocellulose membranes. 
The membranes were blocked with 5% skim 
milk and incubated with anti-METTL3 (Cell 
Signaling Technology), anti-METTL14 (Cell Sig- 
naling Technology), and anti-β-actin (Sigma) 
antibodies at 4°C overnight. The membranes 
were probed with anti-rabbit IgG HRP-linked 
antibodies or anti-mouse IgG HRP-linked anti-
bodies (Thermo Fisher Scientific). Protein 
bands were developed using the Scientific 
SuperSignal West Pico PLUS Chemilumines- 
cent Substrate (Thermo Fisher Scientific). 
Western blot images were captured using 
Amersham Imager 680 (Cytiva).
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RNA m6A quantification

For quantification of RNA m6A levels, total RNA 
was extracted using the RNeasy Plus Mini Kit 
(Qiagen) and estimated using the EpiQuik m6A 
RNA Methylation Quantification Kit (Epigentek), 
according to the manufacturer’s protocol.

Reverse transcription-polymerase chain reac-
tion (RT-PCR)

Total RNA was extracted using TRIzol reagent 
(Thermo Fisher Scientific) according to the 
manufacturer’s instructions. cDNA was syn- 
thesized from total isolated RNA using the 
SuperScript IV reverse transcriptase kit (Ther- 
mo Fisher Scientific), and RT-PCR was per-
formed using Platinum PCR SuperMix High 
Fidelity (Thermo Fisher Scientific). The se- 
quence of RT-PCR primers were MDM2 exon 1 
Fwd: 5’-GGAGGGTAGACCTGTGGGCA-3’, MDM2 
exon 2 Rev: 5’-GGTCTCTTGTTCCGAAGCTG-3’, 
LAMC3 exon 25 Fwd: 5’-CTCTTTCCTCCAGT- 
GCCAAG-3’, LAMC3 new exon 25 Fwd: 5’-TGC- 
TGACTACTCCGCACTCA-3’, LAMC3 exon 26 Rev: 
5’-CTTCCTCCAGCTCCTGTCTG-3’, CTNNB1 exon 
15 Fwd: 5’-CACCCTGGTGCTGACTATCC-3’, CTN- 
NB1 exon 16 Rev: 5’-TCCCATAGGAAACTCAG- 
CTTG-3’, GTF3C1 exon 33 Fwd: 5’-AGCGCTCCA- 
GGACTCAAAT-3’, and GTF3C1 exon 34 Rev: 
5’-CTGCCTGGGAGATGTTGG-3’. To estimate the 
mRNA expression, we performed real-time  
PCR using SYBR Green Master Mix (Bio-rad) 
and estimated mRNA level normalized by 
GAPDH used as internal control. The sequenc-
es of primers were as follows: IGF2BP3  
Fwd: 5’-GAAGTTGAGCACTCGGTCCC-3’, IGF2BP3  
Rev: 5’-CAGTGTTCACTTGCTCACAGCT-3’, SFPQ 
Fwd: 5’-GCCGAATGGGCTACATGGAT-3’, SFPQ 
Rev: 5’-TCAGTACGCATGTCACTTCCC-3’, GAPDH 
Fwd: 5’-ACCACAGTCCATGCCATCAC-3’, and GA- 
PDH Rev: 5’-TCCACCACCCTGTTGCTGTA-3’.

Analysis of alternative splicing events

Junction Usage Model (JUM) [17] is a computa-
tional software used for analyzing alternative 
pre-mRNA splicing patterns without annota-
tions. For the execution of JUM (version 2.0.2), 
we aligned RNA-seq reads to the human (hg38) 
genome using the 2nd pass mapping method 
of STAR [18] to quantify splicing junctions accu-
rately. Splicing junctions with at least five 
uniquely mapped reads in all replicates for 
each condition were filtered for alternative 

splicing analysis. Statistical cutoff with a p-val-
ue < 0.05 was considered to identify differen-
tial alternative splicing events between the 
tested conditions. Differential alternative splic-
ing results were mapped to the known associ-
ated genes in the final process. 

Preparation of m6A peak and SFPQ dataset 

The Gene Expression Omnibus (GEO) data- 
base was used to download GSE173519 and 
GSE113349. Adapter and quality trimming 
were performed with cutadapt (version 1.15) 
[19]. We removed reads with an error rate of 
over 0.2 and an adapter overlap of 1 after 
Illumina Small RNA 3’ adapter trimming. Reads 
less than 12 bp were discarded. The reads that 
passed the above processes were aligned to 
the human genome version hg38 using bow-
tie2 (version 2.3.4.1) [20]. To investigate the 
general m6A peak signature across samples, 
we combined the binding sites of m6A writer 
complexes, such as METTL3, METTL14, and 
WTAP, and further analyses were performed.

Methylated RNA immunoprecipitation (MeRIP)-
qPCR

MeRIP was performed using the published pro-
tocol with some modified [21]. Briefly, 10 μg of 
total RNA was fragmented with RNA fragmenta-
tion reagent (Thermo Fisher Scientific) at 94°C 
for 3 min and then 0.5 M EDTA was added 
immediately. Fragmented RNA was cleaned up 
with Oligo Clean & Concentration kit (Zymo 
research). After clean-up, 10% of fragmented 
RNA was collected as input. Remaining frag-
mented RNA was incubated with anti-m6A 
(Synaptic System) or anti-mouse IgG (Santa 
Cruz biotechnology, Inc.) antibodies that were 
conjugated with protein A/G beads (Thermo 
Fisher Scientific) in MeRIP buffer (150 mM 
NaCl, 10 mM Tris-HCl (pH 7.5), 0.1% IGEPAL 
CA-630, and 40 U/μl RNasin® Ribonuclease 
Inhibitor (Promega)) at 4°C for 2 h. After immu-
noprecipitation, RNAs were washed 5 times 
with MeRIP buffer and eluted by competition 
with N6-methyladenosine 5’-monophosphate 
(Santacruz biotechnology). Purified m6A con-
taining RNA was quantified by real-time PCR. 
SRAMP prediction model was used for predic-
tion of m6A site in SFPQ mature mRNA [22].  
The sequence of MeRIP-qPCR primers were 
SFPQ Fwd: 5’-CGCCCTGTAATCCCAGCTACT-3’, 
and SFPQ Rev: 5’-AGTCTCGCTCTGTTGTCCA-3’. 
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Ribonucleoprotein immunoprecipitation (RIP)-
qPCR 

RIP was performed using the published proto-
col with some modifications [23]. Cells were 
lysed with RIP lysis buffer (150 mM KCl, 10 mM 
Tris-HCl (pH 7.6), 2 mM EDTA, 0.5% NP-40, 0.5 
mM DTT, 1:100 protease inhibitor cocktail, 400 
U/ml RNase inhibitor). Lysate was incubated on 
ice and centrifuged at 13,200 rpm for 15 min 
to clear the lysate. 10% of lysate was collected 
as input. Remaining lysate was incubated anti-
IGF2BP3 (Proteintech) or anti-rabbit IgG (cell 
Signaling Technology) antibodies that were con-
jugated with protein A/G beads (Thermo Fisher 
Scientific) in RIP lysis buffer at 4°C for over-
night. After immunoprecipitation, RNAs were 
washed 5 times with washing buffer (200 mM 
NaCl, 50 mM Tris-HCl (pH 7.6), 2 mM EDTA, 
0.05% NP-40, 0.5 mM DTT, 40 U/μl RNasin® 
Ribonuclease Inhibitor) and eluted by 150 μl 
elution buffer (10 μl 10% SDS, 10 μl Proteinase 
K, and 130 μl RIP lysis buffer) for 30 min at 
55°C, and RNAs were purified using Trizol LS 
(Thermo Fisher Scientific). Purified RNA was 
quantified by real-time PCR for SFPQ mRNA 
used in MeRIP-qPCR.

Distance calculation between alternative splic-
ing and m6A writer complex/SFPQ binding site 

The enriched signal peak of the aligned reads 
was identified using MACS2 (version 2.2.7.1) 
[24] with a minimal q-value of 0.05 and 0.01 for 
m6A and SFPQ, respectively. Distances between 
peaks and their corresponding nearest alterna-
tive splicing events were calculated using clos-
estBED, a component sub-package of Bedtools 

(version 2.26.0) [25].

Analysis of motif difference between gene 
groups

Alternative splicing events were uploaded to 
the rMAPS2 online tool [26], which can gener-
ate RNA maps of RBP binding sites. Acquired 
JUM output data were used to investigate the 
differences between alternatively spliced and 
non-alternatively spliced genes.

Gene ontology (GO) and KEGG pathway analy-
sis 

To determine the common molecular mecha-
nism of alternatively spliced genes in METTL3-
knockdown cells, we performed GO term and 
KEGG pathway analyses using DAVID functional 
annotation bioinformatics microarray analysis 
(http://david.ncifcrf.gov) [27, 28]. The top 10 
enriched GO terms and KEGG pathways (p-val-
ue < 0.05) were identified. 

Results

RNA-seq of METTL3-knockdown U2OS cell line

To understand the effect of m6A RNA modifi- 
cation on mRNA splicing, we constructed a 
METTL3 stable knockdown osteosarcoma 
U2OS cell line using the CRISPR-Cas9 system. 
We confirmed decreased METTL3 protein ex- 
pression in METTL3-knockdown stable cell 
lines 2-9 and 2-14 compared to the control cell 
lines NT2 and NT3 (Figure 1A). The expression 
of METTL14, the other component of the m6A 
writer complex, was also decreased in cell lines 
2-9 and 2-14 compared to the controls (Figure 
1A). Furthermore, the level of total RNA m6A 
methylation was also decreased in 2-9 and 

Figure 1. Establishment of stable METTL3-knockdown cell lines using osteosarcoma U2OS cells. A. Using the CRIS-
PR-Cas9 system, METTL3-knockdown cells were established (2-9 and 2-14) along with control cells (NT2 and NT3). 
METTL3-knockdown efficiency was confirmed by the decreased METTL3 and METTL14 protein expression using 
western blot. B. Levels of m6A in total RNA isolated from each stable cell line was measured via ELISA. 
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2-14 cells compared with that in control cell 
lines (Figure 1B). 

To investigate genome-wide alternative splicing 
changes in METTL3-knockdown cells, we per-
formed RNA-seq with NT2, NT3, 2-9, and 2-14 
cell lines. We obtained 79-89 million reads 
from sequencing, and ~80-90% reads were 
mapped to the human genome (UCSC, hg38). A 
total of 13,216 genes (FPKM > 1 in control 
samples) were included for further analysis. To 
ascertain the overall alternative splicing events 
in RNA-seq, we ran a junction usage model 
(JUM) [17]. Various alternative splicing events 
were discovered by JUM, including alternative 
3’ splice site (A3’SS), alternative 5’ splice site 
(A5’SS), cassette exon, composite events, and 
intron retention (IR), and a total of 665-5519 
splicing events were detected in each category 
(Figure 2A). As multiple alternative splicing 
events had occurred in one gene, the total 
number of genes with alternative splicing was 
152-596 in each category (Figure 2B). A Venn 
diagram of the five alternative splicing catego-
ries at the gene level showed overlap between 
each splicing category (Figure 2C). This sug-
gests that each gene has a dominant alterna-
tive splicing pattern and that the same type of 
alternative splicing event occurs several times 
in a particular gene. Next, we compared the 
upregulation or downregulation of the alterna-
tively spliced genes in METTL3-knockdown 
cells to check for any correlation between splic-
ing and gene expression changes. Results 
showed 521 and 897 upregulated and down-
regulated genes, respectively, in METTL3-kn- 
ockdown cells compared to the control group 
(Figure 2D, fold change > 1.5, or < -1.5, P < 
0.05). Among these genes, 57 upregulated 
(10.9%) and 70 downregulated genes (7.8%) 
had undergone alternative splicing events 
(Figure 2D), suggesting that some changes in 
gene expression could be influenced by alter-
native splicing modifications. To confirm the 
alternative splicing events detected via JUM 
analysis, we selected representative genes, 
and the alternative splicing patterns of these 
genes were validated via RT-PCR (Figure 2E). 

GO terms and KEGG pathway analysis of alter-
natively spliced genes

To understand the biological function of genes 
with alternative splicing in METTL3-knockdown 
cells, we performed enriched GO terms and 

KEGG pathway analysis (Figure 3). The list of 
top 10 most enriched GO biological process 
(BP) showed that cell cycle-related functions, 
such as “cell division”, “chromatin organiza-
tion”, “mitotic spindle organization”, and “regu-
lation of cell cycle”, and some basic functions 
for gene expression, including “RNA splicing”, 
“mRNA transport”, “regulation of translation”, 
and “proteasome-mediated ubiquitin-depen-
dent protein catabolic process” were enriched 
in alternatively spliced genes (Figure 3A). The 
proteins encoded from these genes were local-
ized in “cytosol”, “nucleoplasm”, “membrane”, 
and “centrosome” (Figure 3B), and the enriched 
molecular function (MF) of these genes were 
“protein binding”, “RNA binding”, and “ATP-
binding” functions (Figure 3C). Additionally, 
infection-related functions, such as Escherichia 
infection, Salmonella infection, and ‘human 
T-cell leukemia virus 1 infection’, were enriched 
based on the KEGG pathway analysis (Figure 
3D). Since previous studies have demonstrated 
that decreased METTL3 inhibits the prolifera-
tion of osteosarcoma cells [29], we focused on 
“cell division” and “regulation of cell cycle” 
functions in our study. This suggests that ch- 
anges in the alternative splicing of many cell 
cycle-related genes can affect the proliferation 
of osteosarcoma cells.

Comparison of m6A peak and alternative splic-
ing events

To determine whether the alternative splicing 
events observed in RNA-seq are related to 
METTL3 binding near alternative splicing sit- 
es, we compared our RNA-seq and MeRIP-seq 
data of the methyltransferase writer METTL14 
(GSE173519) [30]. We first examined the pres-
ence of m6A peaks from MeRIP-seq near 1 kb 
from alternative splicing sites found from our 
RNA-seq data (Figure 4A). We set up a 1 kb dis-
tance because the distance to which the U1 
snRNP splicing factor can extend its influence 
in RNA is approximately 1 kb [31, 32]. App- 
roximately 69.2-86.7% of alternatively spliced 
genes had an m6A peak near 1 kb from alterna-
tive splicing sites in each category (q-value < 
0.05; Figure 4B). The distance of the m6A peak 
within 1 kb was further subdivided, showing 
that most of the m6A peak (72.2-94.0%) was 
present within 200 bp of alternative splicing 
sites (Figure 4C). These data suggest that m6A 
modification likely affects alternative splicing 
within very close distances.
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Figure 2. Alternative splicing events in METTL3-knockdown 
cells. Total alternative splicing events (A) and alternatively 
spliced genes (B) were analyzed in control and METTL3-knock-
down cells using JUM. A p-value < 0.05 was considered sig-
nificant. A3’SS: alternative 3’ splice site, A5’SS: alternative 5’ 
splice site, IR: intron retention. (C) Venn diagram showing alter-
natively spliced genes in five different categories. (D) Venn dia-
gram showing total alternatively spliced genes and upregulated 
and downregulated genes as a result of METTL3 knockdown. 
(E) RT-PCR validation of selected alternatively spliced genes.



Regulation of alternative splicing by METTL3

1449 Am J Cancer Res 2023;13(4):1443-1456

Analysis of RBP motif near alternative splicing 
sites

RBPs play an important role in regulating RNA 
splicing. To investigate the molecular mecha-
nism underlying alternative splicing in METTL3-
knockdown cells, we analyzed the effect of cis-
acting elements and trans-acting factors on 
METTL3-related alternative splicing using RBP 
motif analysis. To search for enriched RBPs 
near alternative splicing sites in METTL3 knock-
down cells, we performed RBP-binding motif 
analysis using rMAPS [33]. We discovered that 
the binding motifs of 19 RBPs were enriched 
near alternative splicing sites in METTL3 knock-
down cells (P < 0.05; Figure 5A). To examine 
the relationship between the 19 RBPs and 
METTL3 expression in cancer, we analyzed the 
correlation between each RBP and METTL3 
expression in 12,839 TCGA pan-cancer pa- 
tients. Among the enriched 19 RBPs, seven 
showed considerable correlation with METTL3 

expression (Pearson’s correlation coefficient > 
0.2) in cancer patients, with SFPQ showing  
the highest Pearson’s correlation coefficient, 
0.3368 (Figure 5B), thereby indicating that 
splicing factors, including SFPQ, affect alter- 
native splicing in METTL3-knockdown cells. To 
investigate the m6A-mediated regulation of 
SFPQ mRNA, we performed the methylated 
RNA immunoprecipitation (MeRIP)-qPCR for 
the predicted m6A site in the 3’UTR of SFPQ 
mRNA and found that m6As were significantly 
enriched in the 3’UTR of SFPQ mRNA (Figure 
5C). As the mRNA levels of SFPQ were positively 
correlated with METTL3, an m6A writer, we 
investigated the effect of IGF2BPs, which are 
involved in stabilizing m6A-modified mRNAs 
[34] on the mRNA levels of SFPQ. Among the 
IGF2BPs, knockdown of IGF2BP3 significantly 
decreased the mRNA levels of SFPQ (Figure 
5D) and IGF2BP3 was significantly enriched in 
the 3’UTR of SFPQ mRNAs in a ribonucleo- 
protein immunoprecipitation (RIP)-qPCR assay 

Figure 3. Gene Ontology (GO) term and KEGG pathway analyses of alternatively spliced genes. Top 10 enriched GO 
terms of alternatively spliced genes in biological process (A), cellular component (B), molecular function (C), and 
KEGG pathway (D). The bar graph represents the -log (p-value). 
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using an IGF2BP3 antibody (Figure 5E), sug-
gesting that m6A-modified SFPQ mRNAs are 
stabilized by the m6A-binding protein IGF2BP3. 
To analyze the SFPQ binding near the alterna-
tive splicing site, we compared our RNA-seq 
and PAR-CLIP data of SFPQ (GSE113349) [35]. 
Figure 5F showed approximately 24.3-59.7%  
of alternatively spliced genes had a SFPQ bind-
ing peak near 1000 bp from the alternative 
splicing site in each category, suggesting that 
decent amount of alternative splicing was 
affected by SFPQ binding. 

Comparison of alternatively spliced genes in 
different cell lines

To investigate whether there were any com- 
mon alternatively spliced genes in METTL3-
knockdown cells, we analyzed data from differ-
ent cell lines in the GEO database (GSE183967 
and GSE200649) [36]. Alternative splicing  
in HULEC-5a (endothelial cells; METTL3 was 

knocked down using shRNA) and A375 cells 
(melanoma cells; METTL3 was knocked down 
using shRNA) was analyzed using JUM with the 
same criteria as U2OS cells. The total number 
of alternatively spliced genes was 793 and 
1072 in HULEC-5a and A375 cells, respectively 
(Figure 6A). We then compared the alterna- 
tively spliced genes in U2OS, HULEC-5a, and 
A375 cells (Figure 6B), where 39% (309/793) 
of alternatively spliced genes in HULEC-5a  
cells showed the same fate in U2OS or A375 
cells. Furthermore, 33% (354/1072) of alterna-
tively spliced genes in A375 cells and 24% 
(432/1803) in U2OS cells overlapped with 
those in the other cells (Figure 6B). To deter-
mine the enriched functions of alternatively 
spliced genes in HULEC-5a and A375 cells, we 
performed GO term analysis. Interestingly, si- 
milar to U2OS cells, “cell division” and “mitotic 
cell cycle” functions and “G2/M transition of 
the mitotic cell cycle” were enriched in HULEC-
5a and A375 cells, respectively (Figure 6C).

Figure 4. Analysis of m6A peak location from MeRIP-seq data. A. Schematic diagram of the assay. To capture the 
m6A peak near the alternatively spliced genes, we used MeRIP-seq data of the m6A writer METTL14. B. The number 
of m6A peaks located within a distance of 1 kb of alternatively spliced genes was counted. C. The m6A peaks were 
further subdivided into categories based on the distance between the m6A peak and alternatively spliced genes  
(< 200 bp, 200 bp-500 bp, and 500 bp-1 kb) and counted. 
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Figure 5. Enriched RBP motif in alternatively spliced genes. A. rMAPS captured a total of 19 RBPs that were enriched 
in alternatively spliced genes in METTL3-knockdown cells. Each RBP is represented with a different color based on 
the type of alternative splicing (alternative 3’ splice site: red, alternative 5’ splice site: blue, cassette exon: black, 
intron retention: green). B. The Pearson’s correlation coefficients between each RBP and METTL3 expression were 
analyzed in 12,839 TCGA pan-cancer patients. C. The m6A modification of the 3’UTR of SFPQ mRNA. The m6A sites 
in SFPQ mRNA was analyzed using SRAMP (https://www.cuilab.cn/sramp; left panel) and a red arrow indicates the 
predicted m6A site in the 3’UTR. MeRIP-qPCR analysis was performed to validate the predicted m6A site in U2OS 
cells (right panel). D. The mRNA expression levels of SFPQ and IGF2BP3 after knockdown of IGF2BP3. The mRNA 
expression levels were estimated by real-time PCR after transfecting 25 nM of IGF2BP3 siRNA for 48 h. E. Enrich-
ment of IGF2BP3 in the 3’UTR of SFPQ mRNA. RIP-qPCR analysis was performed to detect binding of IGF2BP3 to 
the 3’UTR of SFPQ mRNA. F. The number of SFPQ peaks located within a distance of 1000 bp of alternatively spliced 
genes was counted.
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Discussion

Splicing is regulated by multiple factors, with 
proper RNA splicing being an important factor 
in the regulation of gene expression in eukary-
otes. Perturbed splicing in many genes due to 
defects in splicing factors has been reported in 

many cancers [12, 14, 37]. Therefore, under-
standing the mechanism underlying alternative 
splicing is important for cancer therapy. In addi-
tion to mutations in DNA and splicing factors, 
epigenetic modifications, such as m6A, also 
affect alternative splicing. To understand the 
mechanism underlying alternative splicing by 

Figure 6. Alternatively spliced genes in METTL3-knockdown HULEC-5a and A375 cells. A. Alternative splicing was 
analyzed using JUM in METTL3-knockdown HULEC-5a and A375 cells using shRNA. The number of alternatively 
spliced genes is represented using a bar graph (p-value < 0.05 being significant). B. Venn diagram showing the 
number of common alternatively spliced genes between U2OS, HULEC-5a and A375 cells. C. Top 10 enriched GO 
terms of alternatively spliced genes in HULEC-5a and A375 cells.
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m6A modification, we used METTL3-knockdown 
U2OS cells and performed RNA-seq for analysis 
in this study. Our data showed that 1,803 
genes demonstrated alternative splicing pat-
terns in METTL3-knockdown cells compared to 
the control, with genes being enriched mostly 
in the “cell division” and “regulation of cell 
cycle” functions. 

Many studies have reported reduced cell prolif-
eration in osteosarcoma and other cancer cells 
with METTL3 knockdown [29, 38, 39] which 
can be explained by the enrichment of cell 
cycle-related function in alternatively spliced 
genes (Figure 3A). The enrichment of cell cycle-
related functions in alternatively spliced genes 
was not only observed in U2OS cells with 
METTL3 knockdown but also in HULEC-5a and 
A375 cells (Figure 6C). It is well known that m6A 
is involved in stem cell development and cell 
cycle regulation [40, 41]. Additionally, a recent 
study with dental pulp stem cells also showed 
that decreased METTL3 expression was asso-
ciated with cell cycle and mitosis using m6A 
RIP-seq and RNA-seq [42]. In the case of 
CCNB1, which is alternatively spliced in both 
U2OS and A375 cells, this modification has 
been reported to cause G2 and M phage length-
ening in zebrafish [43]. MDM2 captured in both 
U2OS and A375 cells has been reported as an 
alternative and aberrant splicing in human can-
cer [44]. These data suggest that alternative 
splicing of cell cycle-related genes in METTL3-
knockdown cells is not a cell type-specific phe-
nomenon and, therefore, plays a significant role 
in cancer development. 

The total decrease in m6A modifications in  
RNA can affect alternative splicing in METTL3 
knockdown. Many alternatively spliced genes, 
which varied 69.2-86.7% depending on the 
type of alternative splicing, have an m6A peak 
near the splicing site (Figure 4). This suggests 
that, although not all alternatively spliced 
genes have m6A peaks, alternative splicing of a 
considerable number of genes is regulated by 
an m6A-dependent mechanism.

Although RNA m6A modification has been sug-
gested to be associated with the alternative 
splicing of mRNA, the detailed molecular mech-
anisms have not been fully elucidated. One of 
the main players in m6A-dependent mRNA 
splicing is the m6A reader protein, YTHDC1. 
This was reported to be localized in the nucleus 

and participate in the exon inclusion of target-
ed mRNAs in an m6A-dependent manner by 
recruiting the splicing factor SRSF3 and inhibit-
ing the splicing factor SRSF10 from binding to 
the mRNA [45]. In mouse oocytes, YTHDC1 
deficiency resulted in extensive alternative sp- 
licing defects in association with splicing fac-
tors such as CPSF6, SRSF3, and SRSF7, and 
only in wild-type mice, but not m6A-binding-defi-
cient mice, YTHDC1 rescued this phenomenon 
[46]. Therefore, the m6A reader YTHDC1-de- 
pendent recruitment of splicing factors is one 
of the possible mechanisms underlying m6A-
dependent alternative splicing. 

When we analyzed the effect of cis-acting ele-
ments and trans-acting factors using enriched 
RBP motif analysis, 19 RBP motifs were found 
to be enriched near the alternative splicing site 
in METTL3-knockdown cells (Figure 5A). Am- 
ong them, the expression of the splicing factor 
SFPQ showed the maximum correlation with 
METTL3 expression in 12,839 TCGA pan-can-
cer patients. SFPQ, an essential splicing factor, 
is involved in early spliceosome formation and 
alternative splicing [47]. It also participates in 
exon inclusion in association with the splicing 
factor heterogeneous nuclear ribonucleopro-
tein (hnRNP) M and NeuN [48, 49] but pro-
motes exon skipping of the CD45 gene in as- 
sociation with the exonic splicing silencer 1 
(ESS1)-bound hnRNP L complex [50]. Addition- 
ally, SFPQ is known as a direct binding partner 
of the FTO m6A eraser protein, and the interac-
tion between these two proteins enhances the 
demethylation of m6A modification [51]. The 
enriched SFPQ motif near the alternative splic-
ing site in METTL3-knockdown cells suggests 
that SFPQ might have a different function from 
the previously known demethylation function of 
FTO binding. Previous mass spectrometry data 
demonstrated that SFPQ acts as a binding part-
ner of METTL3 based on immunoprecipitation 
analysis [52], thereby suggesting that the func-
tion of SFPQ is regulated by METTL3. In addi-
tion, METTL3 binds to SFPQ mRNA as per RIP-
seq data [52], and the expression of SFPQ can 
be regulated by the binding of the m6A reader 
proteins IGF2BP1/2/3 and YTHDF1/2 [6, 53]. 
We verified that the 3’UTR of SFPQ mRNAs was 
modified by m6A, which was subsequently rec-
ognized by IGF2BP3, leading to the stabilization 
of SFPQ mRNA (Figure 5C-E). These data sug-
gest that METTL3 regulates alternative splicing 
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by altering the function and expression of the 
splicing factor SFPQ via direct binding to the 
SFPQ protein or m6A modification of SFPQ 
mRNA. 

In summary, we observed genome-wide alter-
native splicing changes in METTL3-knockdown 
cells, and interestingly, cell cycle-related genes 
found to be enriched in METTL3-knockdown 
U2OS cells showed similar data in several dif-
ferent cell types. Our analysis suggests that a 
decent number of alternative splicing events 
can be regulated by direct m6A modification by 
METTL3; however, m6A peak-independent alter-
native splicing also occurs. Furthermore, the 
splicing factor SFPQ regulates alternative splic-
ing in a METTL3-dependent manner. 
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