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Abstract: Transforming Growth factor-β (TGF-β)/Smad signaling is a complex regulatory network that both inhibits 
and promotes tumorigenesis. However, the mechanisms underlying the function of TGF-β/Smad signaling pathway 
remain to be fully elucidated. As a methyltransferase, METTL3 is closely related to tumor development, but the role 
of METTL3 in the proliferation and metastasis of TGF-β/Smad-activated gastric cancer (GC) is unclear. In this study, 
we identified TGF-β/Smad2/3 axis as an important carcinogenic pathway in GC, which significantly promoted the 
proliferation and metastasis of GC. Furthermore, we found that Smad3 mRNA could be modified by m6A, which was 
subsequently recognized and stabilized by IGF2BP2, thereby enhancing Smad3 protein expression and promoting 
the activation of TGF-β/Smad pathway. Importantly, we also found that METTL3 could combine with p-Smad3 to 
regulate the transcription of downstream target genes. Therefore, this study revealed a novel mechanism by which 
METTL3 synergistically regulates TGF-β/Smad2/3 signaling and provide a new potential therapeutic target for the 
treatment of GC. 
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Introduction

Gastric cancer (GC) is one of the leading causes 
of death globally, as well as the fifth most com-
mon cancer type and the fourth leading cause 
of cancer death in 2020. Most patients with  
GC are diagnosed at an advanced stage with 
poor prognosis. Current GC treatments include 
endoscopic detection in adjuvant or neoadju-
vant settings, gastrectomy, and chemotherapy 
or chemoradiotherapy [1]. Therefore, it is urgent 
to identify novel biomarkers and effective ther-
apeutic targets for the early diagnosis and 
treatment of GC. 

Transforming growth factor-β (TGF-β)/Smad sig-
naling pathway is significantly over-activated in 
various tumors. TGF-β binds to its membrane 
receptors which then phosphorylates and acti-
vates Smad2/3 protein to transmit signals to 

the nucleus [2]. Smad2/3 regulates the tran-
scription of genes that are involved in various 
cellular processes such as cell adhesion, cell 
cycle and extracellular matrix remodeling, 
thereby playing important roles in cancer cell 
proliferation, apoptosis, differentiation, inva-
sion and metastasis, angiogenesis, and epithe-
lial-mesenchymal transformation (EMT) [3]. 
Furthermore, TGF-β/Smad2/3 signaling path-
way inhibits E-cadherin transcription in several 
tumors including GC, breast cancer, and glioma 
by inducing the expression of EMT-related tran-
scription factors Snail1, Slug, Zeb1/2, Twist, 
etc., which further promotes the occurrence of 
EMT [4-6]. We have also previously shown that 
phosphorylated Smad2/3 protein level was sig-
nificantly higher in GC cell line MGC803 than  
in normal epithelial cells. Additionally, the 
growth and metastasis ability of MGC803 cells 
were significantly reduced by the treatment of 
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TGF/Smad2/3 inhibitor SB431542 but were 
significantly enhanced by TGF-β treatment, sug-
gesting that the TGF-β/Smad2/3 pathway is 
indeed activated in GC cells and is critical for 
the development and metastasis of GC cells.

Epigenetic factors are important links between 
genetic and environmental factors. There are 
more than 170 types of RNA modifications, 
among which N6-methyladenine (m6A) methyl-
ation is the most common epigenetic modifica-
tion on RNA molecules. The m6A methylation 
process is catalyzed by RNA methyltransferase 
(writers), METTL3, METTL14 and WTAP, while 
the reversible demethylation is catalyzed by the 
demethylase (erasers) FTO and ALKBH5. The 
m6A modified sites can be recognized and 
bound by m6A binding protein (readers), which 
regulates RNA metabolism, including transla-
tion, splicing, translocation, degradation, and 
processing [7-9]. Hence, the aberrant m6A 
methylation affects the mRNA processing, deg-
radation, and translation, leading to the activa-
tion of oncogenes and the inactivation of tumor 
suppressor genes, which is closely related to 
the occurrence, development, and drug resis-
tance of malignant tumors including hemato-
mas and solid tumors. Among the enzymes 
involved in m6A methylation, METTL3 is the 
catalytic core enzyme. In fact, a study pub-
lished in Nature in 20217 by Kouzarides et al. 
has reported that METTL3 plays a key role in 
the development and maintenance of AML and 
that targeting the enzymatic activity of METTL3 
may be a therapeutic strategy for acute myeloid 
leukemia (AML) [10]. Subsequently, METTL3 
was also found to be involved in the occurrence 
and development of multiple tumors [11-13]. 
Meanwhile, our team confirmed that the upreg-
ulation of METTL3 in GC was positively corre-
lated with the poor prognosis of patients. In 
addition, we have shown that METTL3 pro-
motes tumor growth and metastasis as knock-
ing down METTL3 significantly attenuates the 
growth of xenograft tumor in a mouse model. 
Intriguingly, knocking down METTL3 can signifi-
cantly inhibit TGF-β-induced proliferation and 
metastasis of GC. Conversely, overexpression 
of METTL3 can enhance the effect of TGF-β/
Smads pathway inhibitor SB431542 on the 
malignant phenotype of MGC803 cells. 
However, the interplay between METTL3 and 
TGF-β/Smad pathway in GC remains to be 
determined. Therefore, in this study, we 
explored whether METTL3 participates in 
TGF-β/Smads pathway regulation and could 

serve as a therapeutic target for the treatment 
of patients with GC.

It has been known that METTL3 initiates the 
methylation of m6A mRNA, resulting in a 
decreased or increased expression of target 
mRNA, depending on the recognition of m6A 
binding proteins such as YTH domain family 
proteins (YTHDFs) and protein insulin-like 
growth factor 2 mRNA binding proteins 
(IGF2BPs) [14, 15]. For example, IGF2BPs rec-
ognize as well as bind to the conserved GG 
(m6A) C sequence on mRNA and enhance the 
stability of mRNA under normal and stress  
conditions. In this study, we not only explored 
whether METTL3 functioned as a methyltrans-
ferase to regulate TGF-β/Smad pathway related 
gene expression, but also assessed if there 
was a direct interaction between METTL3 and 
Smads. Our results demonstrated that METTL3 
combined with Smads to promote the develop-
ment of GC via regulating the expression of 
downstream genes.

In conclusion, in this study, we identified TGF- 
β/Smad as an important cancer-promoting 
pathway in GC. Furthermore, we found that 
METTL3 could synergize with TGF-β/Smad 
pathway to promote the growth and meta- 
stasis of GC cells. Mechanistically, METTL3 
enhanced Smad3 protein expression by modi-
fying Smad3 mRNA with m6A and recognizing 
stable Smad3 mRNA by IGF2BP2. Significantly, 
we also found that METTL3 could interact with 
p-Smad3 to regulate the transcription of down-
stream target genes. Hence, this study has 
revealed a new mechanism by which METTL3 
regulates TGF-β/Smad3 signaling and may 
serves as a new potential therapeutic target for 
the treatment of GC.

Materials and methods

Cell culture

Human embryonic kidney cell line 293T and  
GC cell lines GES-1, MGC803, MNK45, and 
SGC7901 were obtained from ATCC. MGC803, 
MNK45 and SGC7901 cells were cultured in 
RPMI1640 medium supplemented with 10% 
FBS and 1% penicillin-streptomycin, while 
GES-1 and 293T cells were cultured in high-
glucose DMEM medium supplemented with 
10% FBS and with 1% penicillin-streptomycin. 
All cells were maintained in a 37°C humidified 
incubator with 5% CO2.
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CCK-8 assay

Briefly, cells (3×103 cells/well) were plated in a 
96-well plate. At the indicated time, 10 ul of 
CCK-8 solution in 90 μl of medium was added 
to each well. After 2 h incubation, the optical 
density (OD) value at 450 nm was measured 
with a microplate reader.

Transwell assay

Transwell assay was used to determine the 
migration of cells. Briefly, cells (8000-10000 
cells/well) were starved in serum-free medium 
for 8 h and seeded into the upper chamber of 
transwell in serum free medium. Complete 
medium containing 20% fetal bovine serum 
was added to the lower well. After overnight cul-
ture, the cells migrated to the lower side of the 
membrane were fixed, stained with crystal vio-
let solution, and counted under microscope.

Colony formation assay

Briefly, 1000 cells per well were seeded in six-
well plates and cultured for about two weeks. 
When cell colonies reached about 50 cells/per 
colony, the cell colonies were fixed, stained with 
crystal violet solution, and counted under 
microscope.

Western blot

Standard western blotting protocol was fol-
lowed. Briefly, protein samples were separated 
by SDS-PAGE, transferred onto PVDF mem-
brane and blocked with 5% skim milk powder. 
The membrane was then incubated with indi-
cated primary antibody followed by incubation 
with corresponding HRP-conjugated secondary 
antibody (anti-Rabbit or -Mouse, 1:5000). ECL 
solution was used to detect the protein signal. 
Primary antibodies against the following pro-
teins were used in this study: GAPDH (from pro-
teintech), METTL3 (from proteintech), TGF-β 
(from wanlei), Smad2 (from Zen Bio), Smad3 
(from Zen Bio), p-Smad2 (from Abconal), and 
p-Smad3 (from CST).

Mouse xenograft tumor model

Six-week-old/female nude mice were used in 
our in vivo tumor growth study. To develop  
xenograft tumors, appropriate 1×108 cells 
(MGC803 knockdown mettl3 stable cell line) 
and control were injected (subcutaneous injec-
tion) into nude mice. Tumor growth was moni-

tored, and the tumor size was measured three 
times a week for 3 weeks. At the end of the 
experiments, the tumors were dissected for fur-
ther analysis.

Nucleoplasmic separation 

Nucleoplasmic separation assay was conduct-
ed using Nuclear protein and cytoplasmic pro-
tein extraction kit (Beyotime, China) according 
to the manufacturer’s instruction.

Co-immunoprecipitation (Co-IP)

Co-IP was performed to determine the interac-
tion between p-Smad3 and METTL3. It is a 
classical method used for investigating protein 
interactions based on the specific interaction 
between antibodies and antigens. It is an effec-
tive technique for determining the rational 
interaction of two proteins within an intact cell. 
Context The design concept of immunocopre-
cipitation is that if a known protein is a compo-
nent member of a large protein complex, it is 
possible to “pull” the whole protein complex 
from the solution by using the specific antibody 
of this protein and the proteinA/G beads that 
can bind to the antibody, so as to achieve the 
purpose of enriching the protein complex. 
Western Blot was then used to verify whether 
the known protein was bound to the predicted 
protein.

RNA binding protein immunoprecipitation 
(RIP)-qPCR 

The binding of RNA to proteins in cells was 
determined using RNA Immunoprecipitation 
(RIP) kit (BersinBio, China) following the manu-
facturer’s protocol. Briefly, the RNA-protein 
complex is precipitated by antibodies against 
the target protein. After extensive washing, the 
RNAs that bound to the complex were exam-
ined by qPCR. In this study, RNA-binding pro-
teins in the nucleus or cytoplasm were captured 
by the anti-IGF2BP2 antibody (proteintech, 
China). 

Methylated RNA immunoprecipitation (meRIP)-
qPCR

Briefly, anti-m6A RNA methylation antibodies 
(Abclonal, America) were used to purify RNA 
methylation modified fragments, and qPCR was 
then used to quantify the enriched RNA levels 
(BersinBio, China). 
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Statistical analysis

Data were analyzed using GraphPad Prism 7, 
and all experiments were independently repeat-
ed three times. The data were expressed as 
mean ± standard deviation. Difference between 
two groups of experimental data was compared 
by t-test, and P<0.05 was considered statisti-
cally significant.

Results

Upregulation of TGF-β/Smad pathway in GC

To evaluate the expression of TGF-β/Smad sig-
naling pathway in GC, we compared the tran-
scriptome of RNA-seq data between GC and 
the corresponding normal tissues in TCGA and 
GTEx databases through GEPIA website and 
found that, compared with normal tissues, the 
mRNA levels of TGF-β and Smad3 were signifi-
cantly increased in GC tissues (Figure 1A). In 
addition, the analysis of GC data in TCGA data-
base by UALCAN web portal revealed that the 
expression of TGF-β, Smad2 and Smad3 was 
closely related to the clinical stage of GC (Figure 
1B). Furthermore, Kaplan-Meier survival analy-
sis showed that the increased expression of 
TGF-β, Smad2 and Smad3 was positively cor-
related with the poor prognosis of patients 
(Figure 1C). Moreover, our qPCR results showed 
that the mRNA levels of TGF-β, Smad2 and 
Smad3 were significantly higher in GC cell lines 
than in normal GC epithelial cells (Figure 1D). 
Consistently, western blot analysis showed  
that the protein levels of TGF-β, Smad3 and 
p-Smad2/3 were significantly increased in GC 
cell lines (Figure 1E).

The activation of TGF-β/Smad2/3 pathway 
was crucial for the development of GC

To further explore the role of TGF-β/Smad2/3 
pathway in the development of GC, we treated 
MGC803 cells with TGF-β and found that the 
morphology of MGC803 cells was significantly 
changed to spindle shape by 72 h of TGF-β 
treatment (Figure 2A). In line with this observa-
tion, transwell assay also showed an enhanced 
cell migration by TGF-β treatment (Figure 2B). 
In addition, colony formation assay demon-
strated that TGF-β treatment promoted the clo-
nogenic ability of MGC803 cells (Figure 2C). 
Since SB-431542 is a highly selective ALK5/
TGF-β Type I receptor inhibitor that can signifi-
cantly inhibit the phosphorylation of Smad2/3, 
we treated GC cells with different concentra-

tions of SB-431542, and the protein level of 
phosphorylated Smad2/3 was assessed. The 
results showed that 10 μM SB-431542 could 
significantly inhibit the level of phosphorylat- 
ed Smad2/3 in MGC803 cells (Figure 2D). 
Notably, SB431542 not only inhibited the prolif-
eration of MGC803 cells in a time- and dose-
dependent manner, as determined by CCK-8 
assay and colony formation assay (Figure 2E, 
2F), but also attenuated the migration of 
MGC803 cell in transwell assay (Figure 2G). 
Consistently, the qPCR results showed that the 
mRNA levels of vimentin and fibronectin (FN), 
which is the indicator of metastasis, were 
decreased (Figure 2H). Together, these results 
indicated the regulation of GC progression by 
TGF-β/Smad2/3 pathway. 

Upregulation of METTL3 in GC cells promoted 
GC growth and metastasis

“R” analysis on the data of GC samples from 
TCGA database suggested that the expression 
of the 16 m6A-related “writers”, “eraser” and 
“reader” was upregulated in GC cell lines 
(Figure 3A, 3B). Kaplan-Meier plotter survival 
analysis further showed that the expression of 
METTL3, METTL14 and WTAP was significantly 
elevated in GC tissues and was positively cor-
related with the poor prognosis of patients 
(Figure 3C). These findings were also experi-
mentally verified, as western blot analysis 
showed that protein levels of METTL3 and 
METTL14 were significantly higher in GC cells 
than in normal GC epithelial GES-1 cells (Fig- 
ure 3D). qPCR demonstrated the upregulation 
of transcription (Figure 3E). At the same time, 
Dot blot results showed that compared with 
normal gastric carcinoma epithelial cells GES-
1, the overall mRNA modification level of gas-
tric carcinoma cell lines was significantly high- 
er (Figure 3F). To further explore the role of 
abnormal m6A modification in GC, we took the 
approach of METTL3 knockdown or overexpres-
sion in MGC803 cells, which was confirmed by 
western blot (Figure 3G). We then injected the 
stable shMETTL3-expressing MGC803 cells 
into nude mice and observed that the tumor 
growth was significantly inhibited by METTL3 
knockdown (Figure 3H).

In addition to the in vivo tumor growth study, we 
also found that METTL3 knockdown significant-
ly inhibited the migration of GC cells (Figure 
4A), while METTL3 overexpression showed the 
opposite effect (Figure 4B). Furthermore, the 
colony formation ability of GC cells was also 
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Figure 1. TGF-β/Smad pathway activation in GC. A: GEPIA website analyzes the mRNA expression of TGF-β/Smad 
signal pathway related genes in GC and corresponding normal tissues in TCGA and GTEx databases; B: UALCAN 
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website analyzes the correlation of clinical stage with the expression of TGF-β, Smad2 and Smad3 in GC using 
GC data in TCGA database; C: Kaplan-Meier plotter displayed the correlation between the expression of TGF-β/
Smad signal pathway related genes and the poor prognosis of patients; D: The mRNA levels of TGF-β/Smad signal 
pathway related genes in normal gastric epithelial and GC cells, as determined by qPCR; E: Western blot analysis of 
the protein levels of TGF-β/Smad signal pathway related genes in normal gastric epithelial and GC cells (*P<0.05, 
**P<0.01, ***P<0.001).
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Figure 2. The activation of TGF-β/Smad2/3 pathway is crucial in the development of GC. A: Morphology changes in 
TGF-β-treated MGC803 cells; B: TGF-β promoted the migration of MGC803 cells, as determined by transwell assay; 
C: TGF-β promoted the colony formation of MGC803 cells; D: Inhibitor SB-431542 suppressed phosphor-Smad2/3 
levels in MGC803 cells; E: The proliferation of MGC803 cells was detected by CCK-8; F: SB431542 inhibited the 
colony formation of MGC803 cells; G: The migration of MGC803 cells, as determined by transwell assay; H: The 
mRNA levels of Vimentin and FN was detected by qPCR (*P<0.05, **P<0.01, ***P<0.001).

inhibited by METTL3 knockdown (Figure 4C), 
whereas METTL3 overexpression promoted 
this ability (Figure 4D). Moreover, flow cytome-
try showed that METTL3 knockdown blocked 
G0/G1 phase to S phase progression of cell 
cycle. Conversely, METTL3 overexpression 
caused the opposite effect (Figure 4E). Colle- 
ctively, these results indicate that METTL3 is 
essential for the growth and metastasis of GC 
cells.

METTL3 knockdown suppressed the TGF-β-
induced proliferation and migration of GC 
cells and improved the sensitivity of cells to 
SB431542 

Studies have shown that TGF-β/Smad2/3 sig-
naling is critical in promoting the proliferation 
and migration of GC cells. Therefore, we 
explored whether METTL3 promoted TGF-β-
induced GC cell proliferation and migration by 
using METTL3 knockdown MGC803 cells. 
Transwell assay showed that METTL3 knock-
down inhibited TGF-β-induced GC cell migra- 
tion (Figure 5A). Notably, when we treated 
METTL3 knockdown MGC803 cells with SB- 

421542, METTL3 knockdown could enhance 
the inhibitory effect of SB431542 on GC cell 
migration (Figure 5B). Similar results were also 
observed in colony formation assay, in which 
METTL3 was indeed involved in the prolifera-
tion of GC cells by affecting the TGF-β/Smad 
pathway (Figure 5C, 5D).

METTL3 positively controlled TGF-β/Smad2/3 
signaling through the m6A modification of 
Smad3 mRNA in GC cells

In METTL3 knockdown GC cells, we found that 
Smad3 and p-Smad3 levels were significantly 
decreased (Figure 6A); they were significantly 
increased in METTL3-overexpressing cells 
(Figure 6B). Consistently, qPCR results showed 
that the mRNA level of Smad3 was decreased 
significantly in METTL3 knockdown GC cells 
(Figure 6C), suggesting that the expression of 
Smad3 might be regulated by m6A modifica-
tion. Hence, we utilized SRAMP and identified 
25 potential m6A modification sites near the 
3’UTR of Smad3 mRNA (Figure 6D, 6E). The top 
three putative modification sites, 6354, 6360 
and 6406, closest to the 3’UTR region were 
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Figure 3. METTL3 expression was upregulated in GC cells. A, B: High expression of m6a related genes in TCGA database, as determined by “R” analysis; C: Kaplan-
Meier plotter survival showed the correlation between the mRNA levels of METTL3, METTL14 and WTAP and the poor prognosis of GC patients; D: The protein 
levels of METTL3 and METTL14 were detected by Western blot; E: The mRNA levels of METTL3 and METTL14 in GC cells were detected by qPCR; F: The overall m6A 
modification level of cell mRNA was detected by Dot blot; G: The protein level of METTL3 was detected by Western blot; H: Tumor growth in nude mice (*P<0.05, 
**P<0.01, ***P<0.001).
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Figure 4. METTL3 promoted the growth and migration of GC cells. A, B: METTL3 knockdown attenuated the migration of GC cells, as determined by transwell as-
say; C, D: METTL3 overexpression enhanced the colony formation of GC cells; E: The cell cycle of GC cells was measured by flow cytometry (*P<0.05, **P<0.01, 
***P<0.001).
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Figure 5. METTL3 knockdown reduced TGF-β-induced proliferation and metastasis of GC cells and improved the 
sensitivity to SB431542. A: Transwells assay of GC cells in the presence or absence of TGF-β1; B: Transwells assay 
of GC cells in the presence or absence of SB431542; C: The colony formation assay of GC cells in the presence or 
absence of TGF-β1; D: The colony formation assay of GC cells in the presence or absence of SB431542 (*P<0.05, 
**P<0.01, ***P<0.001).
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Figure 6. METTL3 positively modulated TGF-β/Smad2/3 signaling via the m6A modification of Smad3 mRNA in 
GC cells. A: Western blot analysis of the expression and phosphorylation of TGF-β/Smad protein after METTL3 
knockdown by shMETTL3; B: Western blot analysis of the expression and phosphorylation of TGF-β/Smad protein in 
METTL3-expressing cells (OE); C: qPCR analysis of Smad3 mRNA level in shMETTL3 cells; D: Prediction of the m6A 
modification sites on Smad3 mRNA by SRAMP online database; E: Statistical analysis of m6A modification site on 
Smad3 mRNA; F: High confidence modification site in the 3’UTR region of Smad3; G: meRIP detected Smad3 mRNA 
modification by m6A (*P<0.05, **P<0.01, ***P<0.001).

selected for further meRIP study (Figure 6F). 
MeRIP results showed that Smad3 mRNA was 
indeed regulated by m6A modification (Figure 
6G).

METTL3 regulated Smad3 expression via m6A 
reader IGF2BP2

Furthermore, the RNA binding proteins that can 
interact with Smad3 mRNA were analyzed by 
using CLIP-seq data in starBase, and the 
Smad3-binding m6A reader proteins were 
screened out, among which insulin-like growth 
factor 2 mRNA binding protein (IGF2BP2) 
showed the highest correlation (Figure 7A, 7B). 
Importantly, we experimentally validated the 
regulatory role of IGF2BP2 in Smads. Our 
results showed that, in IGF2BP2 knockdown 
GC cell lines, Smad3 and p-Smad2/3 levels 
were significantly decreased (Figure 7C), while 
their levels were significantly increased in 
IGF2BP2 overexpressing cells (Figure 7D). The- 
se findings were supported by qPCR results in 
which the mRNA level of Smad3 was increas- 
ed significantly by IGF2BP2 overexpression 
(Figure 7E). Moreover, RIP results confirmed 
that IGF2BP2 bound to and stabilized Smad3 
mRNA (Figure 7F). We also examined the  
stability of Smad3 mRNA with actinomycin D 
(Act D) treatment and found that knockdown of 
IGF2BP2 shortened the half-life of Smad3 
mRNA, whereas IGF2BP2 overexpression ex- 
hibited the opposite effect (Figure 7G). 

METTL3 and p-Smad3 synergistically pro-
moted the transcription of downstream target 
genes

Accumulating studies have shown the interac-
tions between METTL3 and chromatin, sug-
gesting that m6A is directly related to trans- 

criptional regulation. Here, Pearson analysis 
showed that METTL3 was closely associated 
with p-Smad3 in a variety of tumors (Figure 
8A). p-Smad3, as one of the most important 
transcription factors in TGF-β/Smad signaling 
pathway, directly binds to the promoters of tar-
get genes to regulate their transcription, there-
by participating in the process of tumor devel-
opment. Hence, we conducted protein nucleo-
plasmic separation experiments in MGC803 
cells to show the co-localization of METTL3 and 
p-Smad3 in the nucleus (Figure 8C), which was 
further confirmed by immunofluorescence 
staining (Figure 8B). Furthermore, Co-IP experi-
ments also demonstrated the interaction 
between METTL3 and p-Smad3 (Figure 8D). 
Next, we analyzed the CHIP seq data of MET- 
TL3 and p-Smad3, and obtained the joint regu-
latory downstream gene HNRNPL (Figure 8E) 
after intersection. Meanwhile, correlation anal-
ysis showed that the expression level of 
HNRNPL was indeed positively correlated with 
METTL3 and p-Smad3 (Figure 8F). By analyz- 
ing TCGA data, it was found that HNRNPL is 
highly expressed in gastric cancer and positive-
ly correlated with patient stage grading. As an 
oncogene, it participates in regulating the pro-
gression of gastric cancer (Figure 8G, 8H). The 
qPCR results further confirmed that compared 
with the control group, knocking down METTL3 
and Smad3 significantly reduced the mRNA 
expression levels of HNRNPL. More important-
ly, knocking down METTL3 and Smad3 simulta-
neously resulted in lower mRNA expression lev-
els of HNRNPL (Figure 8I). Together, these 
results suggest that METTL3 interacts with 
p-Smad3 to promote the transcription of down-
stream target genes and regulate tumor 
progression.
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Figure 7. METTL3 regulated Smad3 expression via m6A reader IGF2BP2. A: Analysis of Smad3 mRNA binding pro-
teins from CLIP-seq data in starBase; B: Correlation analysis between Smad3 and IGF2BP2 expression; C: Western 
blot analysis of the expression and phosphorylation of TGF-β/Smad protein in IGF2BP2 knockdown cells; D: Western 
blot analysis of the expression and phosphorylation of TGF-β/Smad protein inIGF2BP2-overexpressing cells; E: qPCR 
analysis of Smad3 mRNA expression in IGF2BP2-overexpressing cells; F: IGF2BP2 binding to Smad3 mRNA deter-
mined by RIP; G: Stability of Smad3 mRNA, as determined by the Act D assay (*P<0.05, **P<0.01 ***P<0.001).

Discussion

GC, as one of the leading causes of cancer-
related death globally [16], is the fifth most 
common cancer type and the fourth leading 

cause of cancer death in 2020. In addition, 
more than 70% of GC occurs in developing 
countries [17]. Treatment for advanced GC is 
challenging, and the complete cure rates for GC 
over the past 20 years is still suboptimal [18-
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20]. Although the development of multimodal 
therapy by using surgery in combination with 
systemic multiline chemotherapy has improved 
patient survival, the overall survival of >70% GC 
patients is still poor [21], which highlights the 
need of identifying novel biomarkers for the 
early diagnosis and the treatment of patients 
with GC.

TGF-β/Smad signaling regulates a diversity of 
cellular processes such as cell proliferation, 
differentiation, migration, apoptosis, adhesion, 
angiogenesis, and immune surveillance. Many 
types of mammalian cells produce and respond 
to TGF-β, forming a complex network that 
includes epithelial cells, tumor cells, immune 
cells, and stromal fibroblasts. This complex net-
work not only causes disease but also evolves 
over time, enabling TGF-β to have both tumor 
suppressive and tumor promoting effects [22]. 
In this study, we revealed that TGF-β/Smad2/3 
pathway was upregulated in GC cells. In addi-
tion, we observed that TGF-β treatment signifi-
cantly induced the EMT process, while TGF-β/
Smad inhibitor attenuated the proliferation and 
metastasis of GC cells. Therefore, our findings 
indicated that the activation of TGF-β/Smads 
signaling pathway promotes the development 
of GC, and understanding its functional mecha-
nisms can provide new insight for the clinical 
treatment of GC.

m6A plays an important role in almost every 
biological process, especially in the develop-
ment of cancer; as a result, many studies have 
focused on identifying aberrant m6A modifica-
tions as the new mechanism of tumor develop-
ment. This study used bioinformatics analysis 
and experimental validation to demonstrate 
that the mRNA and protein levels of METTL3 
were significantly increased in GC tissues and 
were negatively correlated with the survival of 
patients. Xenograft tumor formation in nude 
mice also further verified that METTL3 knock-
down significantly inhibited tumor growth, indi-
cating that the high expression of METTL3 pro-

motes GC cancer development. Moreover, we 
found that METTL3 regulated TGF-β/smad 
pathway-associated gene expression as a 
methyltransferase, and, in particular, METTL3 
modified Smad3 mRNA by m6A modification. 
Intriguingly, IGF2BP2 was identified to stabilize 
Smad3 mRNA, thereby elevating Smad3 pro-
tein level.

An increasing number of interactions between 
METTL3 and chromatin suggest that m6A is 
directly related to transcriptional regulation. In 
this study, Pearson analysis revealed that 
METTL3 was closely related to p-Smad3 in a 
variety of tumors. p-smad3, as one of the most 
important transcription factors in TGF-β/Smad 
signaling pathway, directly bind to the promot-
ers of downstream target genes to regulate 
their transcription. Here, we identified a new 
mechanism of p-Smad3 regulation through its 
interaction with METTL3.

In conclusion, TGF-β/Smad2/3 signaling activi-
ty was upregulated in GC, which promoted GC 
progression. In addition, our study revealed a 
novel mechanism of TGF-β/Smad signal trans-
duction regulation by METTL3, which provided 
the rationale for targeting METTL3 as a new 
therapeutic strategy for the treatment of 
patients with GC.

Acknowledgements

Our study was supported by the “Fundamental 
Research Funds for the Central Universities 
(Grant No. 2042022kf1209)” and the “National 
Natural Science Foundation of China (Grant No. 
81972833)” and “Basic and Clinical Medical 
Research Joint Fund of Zhongnan Hospital of 
Wuhan University (Grant No. JCZN2022008)”. 
We would like to thank GEO (Gene Expression 
Omnibus) database (http://www.ncbi.nlm.nih.
gov/geo/) and TCGA (The Cancer Genome 
Atlas) database (https://portal.gdc.cancer.
gov/) for using their data.
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