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Abstract

FUS-mediated alternative splicing and METTL3-regulated RNA methylation play crucial roles in RNA processing. The
purpose of this study was to investigate the interactive roles of FUS and METTL3 in gastric cancer (GC) progression. RNA
sequencing data were obtained from the TCGA-STAD dataset. Differentially expressed genes (DEGs) were analyzed across
groups stratified by the medians of FUS, METTL3, and NEAT1, respectively. Endoplasmic reticulum (ER) stress markers
PERK, IRE1, pIRE1, Bip, and CHOP, as well as related apoptosis stress markers PARP, cleaved-PARP, (Cleaved) Caspase
7, and (Cleaved) Caspase 3, were assessed through western blotting. Alternative splicing and N6-methyladenosine (m(6)A)
methylation of specific genes were detected with MeRIP-PCR. Finally, in vivo experiments were conducted using nude mice
bearing sh-FUS-transfected HGC27 xenograft tumors. FUS and METTL3 expression levels were elevated in GC tissues. A
significant overlap of DEGs was observed between the FUS- and METTL3-stratified groups. These overlapping DEGs were
predominantly enriched in mRNA processing and protein processing in the ER. ER stress and apoptosis were induced by
sh-FUS or sh-METTL3, which was further enhanced by ER stress inducer tunicamycin in both MKN45 and HGC27 cells.
Similarly, DEGs for NEAT1 high- and low-expressed groups were enriched in protein processing in the ER and spliceosome.
To a lesser extent, ER stress was also induced by sh-NEAT1 and enhanced by tunicamycin in HGC27 cells. Furthermore,
sh-FUS or sh-METTL3 influenced alternative splicing and methylation of specific mRNAs, including FUS, NEAT1, PCNA,
MCM2, and BIRCS. Tumor progression was inhibited by sh-FUS in mice, and ER stress and apoptosis were induced, which
were further enhanced by tunicamycin. FUS and METTL3 collaborate to facilitate RNA maturation. Inhibiting FUS or
METTL3 promoted ER stress and apoptosis and inhibited progression in GC.
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Abbreviations

GC Gastric cancer

0OS Overall survival

ODG Open distal gastrectomy

FUS Fused in sarcoma
AS Alternative splicing

LCD Low complexity domain

LLPS Liquid-liquid phase separation

EMT Epithelial-mesenchymal transition

m(6)A N6-methyladenosine

MTC Methyltransferase complex

NCAPH Non-SMC condensin I complex subunit H
ALS Amyotrophic lateral sclerosis

UPR Unfolded protein response

ER Endoplasmic reticulum

DEGs Differentially expressed genes

GO Gene ontology

KEGG  Kyoto Encyclopedia of Genes and Genome
Introduction

Gastric cancer (GC) causes the fifth and third leading can-
cer incidences and deaths worldwide [1]. Characterized by
significant intertumor and intratumor heterogeneity, GC
advances rapidly, metastasizes extensively, and often dis-
plays resistance to chemotherapy [2]. The five-year overall
survival (OS) rate for GC patients spans from 70% to a mere
4%, largely contingent upon the disease stage at diagnosis
[3]. The survival rate for locally advanced GC can be mark-
edly improved to about 74% by open distal gastrectomy
(ODG) with D2 lymph node dissection when performed by
skilled surgeons [4]. This underscores the limited efficacy
of current (neoadjuvant) chemotherapies for late-stage GC
patients.

Fused in sarcoma (FUS), also known as TSL or hnRNP P,
represents a nuclear RNA-binding protein exhibiting broad
nucleic acid-binding activity. FUS orchestrates various cel-
lular processes such as alternative splicing (AS) of RNA,
mRNA transport, microRNA processing, and DNA repair by
selectively binding to specific motifs [5,6]. Its low complex-
ity domain (LCD), or prion-like domain in the C-terminal
region, facilitates liquid—liquid phase separation (LLPS) and
self-assembly [7], forming paraspeckles in collaboration
with other components through direct interaction with the
long non-coding RNA NEAT1 as a scaffold [8, 9]. LLPS is
pivotal for FUS functionality, as its suppression or mutations
lead to compromised AS, autoregulation, and paraspeckle
dysfunction [10, 11]. Recent findings have implicated FUS
in promoting GC progression, particularly through inter-
actions with a cascade of regulatory RNAs. For instance,
the long non-coding RNA DLX6-AS1 stabilizes MAP4K1
by upregulating FUS expression, consequently fostering
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proliferation, migration, and epithelial-mesenchymal tran-
sition (EMT) of GC cells [12]. However, the involvement
of FUS-mediated AS in GC progression remains elusive.

Methyltransferase-like 3 (METTL3) serves as a core com-
ponent of the N6-methyladenosine (m(6)A) methyltrans-
ferase complex (MTC), functioning as an m(6)A "writer"
to modulate RNA degradation, translation, splicing, stabil-
ity, and export [13]. Extensive evidence has established the
role of METTLS3 in promoting GC by augmenting prolifera-
tion, invasion, migration, EMT, stemness, and drug resist-
ance [14-16]. Notably, alterations in m(6)A modifications
induced by METTL3 can trigger genome-wide AS, includ-
ing cell cycle-related genes [17].

The maturation of mRNA can be concurrently regu-
lated by both FUS and METTL3. For instance, non-SMC
condensin I complex subunit H (NCAPH) is upregulated
in clear cell renal cell carcinomas, which is dependent on
FUS-associated splicing and METTL3-mediated m(6)A
modification [18]. Direct interaction between METTL3 and
FUS has been observed [19], as evidenced by the alleviation
of FUS-associated granules in amyotrophic lateral sclerosis
(ALS) neurons upon treatment with STM2457 (a METTL3
inhibitor) [20], suggesting that METTL3 regulates FUS lev-
els. Moreover, extensive crosstalk between AS and m(6)A
modification has been identified in RNA maturation [21],
potentially triggering endoplasmic reticulum (ER) stress,
unfolded protein response (UPR), and apoptosis [22]. In this
study, we hypothesize that such collaboration between FUS
and METTLS3 is prevalent in promoting mRNA maturation
and GC progression. This hypothesis was predicted through
bioinformatics analysis and validated in GC cells treated
with sh-FUS and sh-METTL3, as well as in nude mice bear-
ing HGC27 xenograft tumors transfected with sh-FUS.

Methods
Bioinformatics analysis

Transcriptome sequencing data from 370 GC patients
and 34 paired adjacent normal tissues were acquired from
TCGA-STAD (https://portal.gdc.cancer.gov/projects/) on
06/25/2023. The log,FC for FUS, METTL3, and NEAT1 in
the patients were compared between adjacent tissues, stages
I & 1II, and stages III & IV. Subsequently, Pearson corre-
lations of FUS, METTL3, and NEAT1 were analyzed in
the GC tissues. FUS, METTL3, and NEAT1 high- and low-
expressed groups were stratified by their respective medi-
ans. Differentially expressed genes (DEGs) were defined as
Log,FC>2 and adjusted P value <0.05 (Table S1), with
volcano plots illustrating these findings. The ggvenn package
was employed to identify overlapping DEGs. Gene Ontol-
ogy (GO) and Kyoto Encyclopedia of Genes and Genome
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(KEGG) enrichments were applied to the interested DEGs,
particularly the intersection genes, using the Limma package
in R (v3.2.5).

Cell culture and transfection

MKN45 (FH0267) and HGC27 (FH0271) cells were pro-
cured from FuHeng Biology (Shanghai, China) and cultured
in RPMI1640 (C3010-0500, Viva Cell, Shanghai, China)
or DMEM (C3113-0500, Viva Cell), respectively. The cul-
ture medium was supplemented with 10% FBS (04-001-
1ACS, Viva Cell) and 1 X penicillin—streptomycin solution.
Plasmids of FUS were designed based on its siRNAs. The
sequences for sh-METTL3 and sh-NEAT1 were as reported
[23, 24]. These shRNAs were packaged into the pLV-THM
lentiviral vector (Addgene, USA), which underwent ampli-
fication in Escherichia coli (TOP10; Invitrogen, USA) and
cultured for 24 h before recombinant plasmid extraction.
Subsequently, the vector was packaged with 293T cells. For
transfection, MKN45 or HGC27 cells were infected with
the vector-loading lentivirus, followed by screening with
Puromycin (2 pg/mL, P8833, Sigma-Aldrich, USA) and
identification via qPCR and western blotting. The shRNAs
and si-RNAs used are listed in Table S2.

Cell viability

Cells in the logarithmic growth phase were isolated, and
approximately 5,000 cells were seeded in each well of a
96-well plate. ER stress was enhanced with tunicamycin.
The IC50 of tunicamycin (HY-A0098, 200-1,200 ng/mL,
MCE, China) at 48 h was evaluated by adding 10 pL of
CCK-8 (C0037, Beyotime, China) 1 h before measuring the
optical density at 450 nm. Tunicamycin concentrations used
for co-treatment assays were 1,552 ng/mL for HGC27 cells
and 1,191 ng/mL for MKN45 cells, corresponding to their
calculated IC50 values, respectively.

qPCR

RNA was extracted from cultured cells by directly adding
1 mL of Trizol (15,596,026, Invitrogen) or from xenograft
tumor tissues by grinding in liquid nitrogen with Trizol (50
mg tissue per 1 mL). After extraction with chloroform and
isopropanol, the RNAs were reverse transcribed into cDNA
using HiScript III All-in-one RT SuperMix Perfect for qPCR
(R333-01, Vazyme, China). Finally, real-time PCR was per-
formed with ChamQ Universal SYBR qPCR Master Mix
(Q711-02, Vazyme), following a protocol of 95 °C for 30
s, followed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s.
GAPDH was utilized as an internal control. Relative RNA
levels were determined using the 2722 method. Primers
used are listed in Table S2.

Western blotting

Total protein was extracted with lysis buffer (P0O013, Beyo-
time) directly from cell samples on ice, or from xenograft
tumor tissues by grinding in liquid nitrogen. The lysis
buffer was added with PMSF (G2008, Servicebio, China)
and a protease and phosphatase inhibitor cocktail (P1045,
Beyotime). After quantification with a BCA kit (POO10,
Beyotime) and addition of loading buffer, the proteins were
loaded onto SDS-PAGE gel and electrophoresed at 90 V for
20 min, followed by 120 V for 1 h. The proteins were then
transferred onto an NC membrane (66,485, Pall, USA). The
membrane was incubated with 5% skim milk blocking solu-
tion for 2 h, followed by overnight incubation with primary
antibodies at 37 °C, and subsequent incubation with sec-
ondary antibodies for 1 h. Finally, the blots were visualized
with ECL reagent (G2014, Servicebio) and semi-quantified
using Imagel] software (1.53t, NIH, USA). Antibodies used
were: HRP-labeled Goat Anti-Mouse 1gG (A0216, 1:1000,
Beyotime), HRP-labeled Goat Anti-Rabbit IgG (A0208,
1:1000, Beyotime), METTL3 (CY7240, 1:1000, Abways,
China), FUS/TLS (68,262—1-Ig, 1:30,000, Proteintech,
USA), GAPDH (AB0036, AB0037, 1:5000, Abways), PERK
(24,390-1-AP, 1:3000, Proteintech), BIP (ab108615, 1:5000,
Abcam, UK), IRE1 (27,528-1-AP, 1:2000, Proteintech),
p-IRE1 (ab124945, 1:2000, Abcam), Caspase 7 (AF5118,
1:1000, Affinity, China), Cleaved-Caspase 7 (AF4023,
1:2000, affinity), CHOP (66,741-1-Ig, 1:500, Proteintech),
PARP (13,371-1-AP, 1:4000, Proteintech), Cleaved-PARP
(AF7023, 1:1000, Affinity), Caspase 3 (DF6879, 1:500,
Affinity), Cleaved Caspase 3 (AF7022, 1:1000, Affinity).

Methylated RNA immunoprecipitation (MeRIP)-PCR

Total RNA extraction followed the above-described method,
wherein it was treated with Fragmentation Buffer via PCR
at 70 °C for 6 min. The resulting RNA fragments were col-
lected and incubated with 30 pL of PC Buffer, 1 puL of PC
Enhancer, and 750 pL of ethanol overnight at — 80 °C. The
centrifuged RNA was then incubated with m(6)A antibody-
conjugated PGM beads at 4 °C for 1 h. After washing with
IP buffer, elution, and ethanol precipitation, the target RNAs
were subjected to qPCR analysis, as described above. The
primer sequences are also listed in Table S2. Finally, the
gPCR products were separated with northern blotting.

Animal experiments

Animal experiments were conducted under the approval
of the Ethics Committee of General Hospital of Ningxia
Medical University (approval no.: KYLL-2021-766). All
procedures were performed in accordance with the guide-
lines provided by the Institutional Animal Care and Use
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Committee (IACUC). Each five nude mice (aged 4-6 weeks,
sourced from Shanghai Lab. Animal Research Center) were
randomly assigned to the NC, NC + tunicamycin, shFUS,
and shFUS + Tunicamycin groups. Normal HGC27 cells or
sh-FUS-transfected HGC27 cells were inoculated into the
armpits of the mice, which received weekly injections of
tunicamycin (0.25 mg/kg, intraperitoneal injection, on days
0,7, 14, and 21) or equivalent saline. Weekly observations
were made regarding the condition of the mice, including
measurements of tumor volume and body weight. On the
30th day, the mice were euthanized by cervical dislocation,
and tumor tissues were collected. Tumor volume and weight
were measured.

The tumor tissues were divided into three parts for RNA
and protein extraction, as described earlier, or fixed in 4%
PFA (G1101, Servicebio) for histological staining. The fixed
tissues were routinely embedded in paraffin, cut into 4 pm
sections, and mounted on slides. Sections were rehydrated
sequentially: xylene I for 15 min, xylene II for 15 min, etha-
nol I for 5 min, ethanol II for 5 min, 85% ethanol for 5 min,
75% ethanol for 5 min, and distilled water for 10 min.

For TUNEL staining, sections were treated with 20 pg/
mL DNase-free protease K (ST533, Beyotime), incubated
with TUNEL working solution (C1088, Beyotime) for 1 h,
and observed under a fluorescence microscope (XSP-C204,
CIC, China).

For Ki67 staining (AF0198, Affinity), sections were
sequentially incubated with citric acid (pH 6.0) antigen
repair solution, 3% H202, 3% BSA (A8020, Solarbio,
China), and the Ki67 primary and secondary antibodies.
After counterstaining with Harris hematoxylin for approxi-
mately 3 min, the sections were observed. Finally, the posi-
tive staining area for Ki67 and TUNEL was determined
using Imagel] software.

Statistics

Each experiment was repeated at least three times. Quantita-
tive data are presented as mean + standard deviation. Group
differences were analyzed using Student's t test or one-way
analysis of variance (one-way ANOVA) followed by Tukey's
multiple comparisons test. Statistical analyses were per-
formed using GraphPad Prism (v8.0, La Jolla, USA), with
P <0.05 considered statistically significant.

Results

FUS and METTL3 are related to RNA maturation, ER
stress and apoptosis in GC

The potential interaction between FUS and METTL3 was
predicted through bioinformatics analysis. FUS expression
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was elevated in the 370 GC patients compared to the 34
adjacent normal tissues (Fig. 1A), across both stages
I-II and stages III-IV. Similar trends were observed for
METTLS3 (Fig. 1B). However, neither FUS nor METTL3
showed significant changes between group I-II and group
III-IV patients. Despite a relatively modest correlation
coefficient, a clear correlation between FUS and METTL3
was evident in these GC samples (Fig. 1C). Acceptable
sample variation was confirmed by a PCA plot, generated
after batch effects were removed using the ComBat method
(Fig. 1D). The differentially expressed genes (DEGs) for
FUS and METTL3 groups were characterized (Fig. 1E,
Table S1), revealing a significant proportion of intersec-
tion genes (Fig. 1F). Specifically, 917 genes were identified
as FUS-Low/METTL3-Low or FUS-High/METTL3-High,
while only 9 genes were FUS-Low/METTL3-High or FUS-
High/METTL3-Low, indicating a high correlation or con-
sistency in the functions of FUS and METTL3. The inter-
section DEGs were enriched in GO and KEGG pathways
(Fig. 1G, H, Table S1), notably related to RNA splicing,
spliceosomal complex, nuclear speckle, cell cycle, mnRNA
surveillance pathway, and unfolded protein binding. These
results suggest that FUS and METTL3 work in concert to
promote RNA maturation, potentially contributing to ER
stress and UPR in GC.

ER stress and apoptosis were induced with sh-FUS
and tunicamycin to inhibit GC

To assess the impact of FUS on RNA maturation, UPR, and
apoptosis, FUS was silenced using shRNA. Both mRNA and
protein levels of FUS were reduced by sh-FUS in MKN45
and HGC27 cells (Fig. 2A—C). sh-FUS led to a modest
reduction in the viability of GC cells, which was signifi-
cantly enhanced with co-treatment of tunicamycin (Fig. 2D).
Western blotting analysis revealed induction of ER stress
(PERK, IREI, pIRE1/IRE1, Bip, CHOP) and apoptosis
markers (PARP, cleaved-PARP/PARP, Caspase 7, Cleaved
Caspase 7/Caspase7; Caspase 3, and Cleaved Caspase 3/
Caspase3) by sh-FUS, further augmented with tunicamycin
in both MKN45 and HGC27 cells (Fig. 2E-I). These find-
ings support the role of sh-FUS in inducing ER stress and
apoptosis in GC cells.

ER stress and apoptosis were induced
with sh-METTL3 and tunicamycin to inhibit GC

Similarly, the impact of METTL3 on RNA maturation,
UPR, and ER stress was assessed by silencing METTL3
with shRNA. Both mRNA and protein levels of METTL3
were reduced by sh-METTL3 in MKN45 and HGC27 cells
(Fig. 3A-C). sh-METTL3 led to reduced viability of GC
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Fig. 1 Potential interaction of FUS and METTL3 predicted by bio-
informatics. RNA sequencing data were obtained from the TCGA-
STAD dataset. A FUS mRNA expression in adjacent non-tumor tis-
sues and GC tissues of the patients; B METTL3 mRNA expression
in adjacent non-tumor tissues and GC tissues of the patients; C the

cells, which was further decreased with tunicamycin co-
treatment (Fig. 3D). Western blotting analysis revealed
induction of ER stress and apoptosis markers by

correlation of FUS and METTL3 in GC tissues; D PCA plot of the
involved samples; E volcano plot of the DEGs for FUS and METTL3,
characterized as Log,FC>2 and adjusted P value <0.05; F intersec-
tion of the DEGs; G enrichment of the intersectional DEGs with GO;
H Enrichment of the intersectional DEGs with KEGG

sh-METTL3, which were further enhanced with tunicamy-
cin in both cell lines (Fig. 3E-I), supporting the induction
of ER stress and apoptosis in GC cells.
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Fig.2 The role of FUS-regulated alternative splicing (AS) in ER
stress and apoptosis in GC. For both MKN45 and HGC27 cells, sam-
ples were collected after stable transfection was established for 72 h,
followed by 48 h of tunicamycin treatment. A mRNA level of FUS
in sh-FUS-transfected cells; B protein level of FUS in sh-FUS-trans-
fected cells; C protein level of FUS in sh-FUS-transfected cells ana-
lyzed by Imagel]; D viability of the sh-FUS-transfected cells within

ER stress and apoptosis were induced with sh-NEAT1
and tunicamycin

Given the reported association of NEAT1 with FUS and
METTL3 in RNA maturation (25, 26), DEGs for NEAT1
were analyzed in the TCGA-STAD dataset (Fig. 4A). Simi-
lar to FUS and METTL3, DEGs for NEAT1 were enriched in
pathways related to protein processing in the ER, cell cycle,
spliceosome, mRNA surveillance pathway, and nucleocy-
toplasmic transport (Fig. 4B), though with a reduced inter-
section of DEGs relative to FUS and METTL3 (Fig. 4C).
Treatment of HGC27 cells with sh-NEAT1 induced UPR
and increased expression of ER stress markers (Fig. 4D-F),
indicating NEAT1's potential contribution to FUS/METTL3-
regulated RNA maturation in GC cells, albeit with less sig-
nificant effects on ER stress.
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48 h; E western blotting analysis of UPR and apoptosis protein
markers; F Analysis of UPR markers in MKN45 cells with Imagel;
G analysis of apoptosis markers in MKN45 cells with Image]; H
analysis of UPR markers in HGC27 cells with Imagel; I analysis of
apoptosis markers in HGC27 cells with ImageJ. N=3. *P <0.05 and
*#*P<0.01 by one-way ANOVA followed by Tukey’s multiple com-
parisons

FUS-mediated AS coordinates METTL3-dependent
m(6)A modification in RNA maturation

The predicted coordination of FUS-mediated AS and
METTL3-dependent m(6)A modification can be wide-
spread and interactive [19, 21]. So, we intended to
observe the typical alternatively spliced variants in
MeRIP enriched RNAs to confirm this coordination. FUS,
METTL3, NEATI, and several reported key regulators
that potentially experience AS (PCNA, MCM2, VEGFA,
CD44, and BIRCS) in GC was tested with MeRIP-qPCR
followed by northern blotting [27], in HGC27 cells trans-
fected with sh-FUS or sh-METTL3 (Fig. SA). Alterations
in splice variants were observed for FUS, NEAT1, PCNA,
MCM?2, and BIRCS, accompanied by significant changes
in m(6)A modification, including reduced methylated FUS,
MCM?2, and BIRC5 with ch-METTL3; increased meth-
ylated NEAT1 and MCM2 with sh-FUS; and increased
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Fig.3 The role of METTL3-regulated m(6)A methylation in ER
stress and apoptosis in GC. For both MKN45 and HGC27 cells,
samples were collected after stable transfection was established
for 72 h, followed by 48 h of tunicamycin treatment. A mRNA
level of METTL3 in sh-METTL3-transfected cells; B protein level
of METTL3 in sh-METTL3-transfected cells; C protein level of
METTL3 in sh-METTL3-transfected cells analyzed by Imagel]; D

methylated NEAT1 with sh-METTL3 (Fig. 5B). The
results confirmed the presence of coordinated regulation
of RNA maturation by FUS and METTL3 in GC cells.

Enhanced ER stress and apoptosis by sh-FUS
and tunicamycin inhibited GC in vivo

Finally, the induction of ER stress and apoptosis by sh-FUS
was validated in xenograft mice bearing sh-FUS-transfected
HGC27 cells. Tumor tissues were smaller in sh-FUS xeno-
grafts, and their size was further reduced with tunicamy-
cin co-treatment (Fig. 6A, B), with no significant changes
observed in body weight (Fig. 6C). Reduced expression of
FUS, METTL3, and NEAT1 was observed during the 30-day
period (Fig. 6D). Western blotting analysis confirmed the
activation of ER stress and apoptosis with sh-FUS and tuni-
camycin treatment in vivo (Fig. 6E-G). Histological staining
revealed reduced Ki67 and increased TUNEL with sh-FUS,

viability of the sh-METTL3-transfected cells within 48 h; E Western
blotting analysis of UPR and apoptosis protein markers; F analysis
of UPR markers in MKN45 cells with ImageJ; G analysis of apopto-
sis markers in MKN45 cells with ImagelJ; H analysis of UPR mark-
ers in HGC27 cells with ImagelJ; I Analysis of apoptosis markers in
HGC27 cells with ImageJ. N=3. *P<0.05 and **P <0.01 by one-
way ANOVA followed by Tukey’s multiple comparisons

which is enhanced with tunicamycin treatment (Fig. 6H-J),
supporting the inhibition of proliferation and enhancement
of ER stress and apoptosis by sh-FUS and tunicamycin in
GC.

Discussion

Large-scale genomic studies widely support the occurrence
of aberrant RNA processing in promoting cancer progres-
sion and unveiling novel therapeutic vulnerabilities [28].
Simple alterations in RNA processing genes or proteins are
anticipated to generate isoforms within specific segments of
the transcriptome and proteome, potentially triggering ER
stress and apoptosis, sensitizing chemotherapy, and eliciting
immunogenic responses [29-31]. In GC, various modes of
RNA processing are significantly linked to tumor prognosis,
stemness, and chemoresistance [32]. Here, we investigated
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Fig.4 The role of NEAT1 in ER stress and apoptosis in GC. HGC27
cells were stably transfected with sh-NEAT1 for 72 h, and samples
were collected after 48 h of tunicamycin treatment. A Volcano plot
of the DEGs for NEAT1 differently expressed groups in TCGA-
STAD, characterized as Log,FC>2 and adjusted P value <0.05;
B KEGG enrichment of the DEGs; C intersection of the DEGs for

the therapeutic potential of inducing ER stress in GC by
evoking UPR through the silencing of RNA processors FUS
and METTL3. A significant proportion of intersecting DEGs
between the FUS and METTL3 differentially expressed sam-
ples was identified. These intersecting genes were enriched
in mRNA processing and maturation-related GO pathways,
including RNA splicing, RNA localization, spliceosomal
complex, nuclear speck, transcription coactivator activity,
unfolded protein binding, and pre-mRNA binding. Similarly,
mRNA processing and maturation-associated KEGG path-
ways, such as nucleocytoplasmic transport, spliceosome, and
mRNA surveillance pathway, were also enriched. Other sig-
nificantly enriched pathways, including cell cycle, chromo-
some segregation, base excision repair, and mismatch repair,
are potentially related to the cellular DNA damage response
induced by UPR, as regulated by p53 [33]. This enrichment
strongly suggests that FUS and METTL3 interact exten-
sively to promote mRNA maturation in GC, and that abnor-
mal levels of FUS and METTL3 can trigger ER stress and
apoptosis by generating splicing and methylation transcript
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FUS, METTL3, and NEAT1 differently expressed groups; D western
blotting analysis of UPR and apoptosis protein markers; E analysis
of UPR markers with Image]; F analysis of apoptosis markers with
Image]. N=3 for western blotting. *P <0.05 and **P <0.01 by one-
way ANOVA followed by Tukey’s multiple comparisons

variants. We further validated this hypothesis by showing
that silencing FUS or METTLS3 significantly induced ER
stress and apoptosis, as indicated by the increased protein
levels of PERK, IRE1, p-IRE1/IRE1, Bip, CHOP, PARP,
cleaved PARP, Caspase 7, cleaved Caspase 7/Caspase 7,
Caspase 3, and cleaved Caspase 3/Caspase 3 in the sh-FUS
and sh-METTL3 groups. These effects were validated in
nude mice bearing sh-FUS-transfected HGC27 cells, where
decreased RNA levels of FUS, METTL3, and NEAT1 were
observed in vivo. Additionally, mice in the sh-FUS group
exhibited smaller tumor sizes, increased expression of UPR
and ER stress-related apoptosis marker proteins, lower tissue
Ki67 expression, and higher TUNEL levels. These effects
were all augmented with tunicamycin co-treatment, suggest-
ing that dysregulated RNA maturation regulators such as
FUS and METTL3 can serve as therapeutic vulnerabilities.

More than 95% of all human genes undergo AS [28].
FUS has primarily been characterized as an alternative RNA
splicer extensively involved in the maturation of nascent
RNA within the central nervous system [34]. By forming
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Fig.5 The levels of typical transcripts were tested with MeRIP-PCR.
HGC27 cells were transfected with an empty vector, sh-FUS, or sh-
METTL3 for 72 h. A Alternative splicing (AS) and m(6)A methyla-
tion of specific mRNAs were tested by MeRIP-PCR, with AS directly
observed (marked with a white dotted frame); B analysis of the rela-

condensates with other splicing factors and noncoding
RNAs such as EWS, TAF15, and NEAT1, FUS undergoes
phase separation to form paraspeckles [35, 36]. Rearrange-
ments of the FUS gene with CREB1 or ATF1 are frequently
observed in malignant gastrointestinal neuroectodermal
tumors [37]. AS induced by FUS contributes to heteroge-
neity in GC, resulting in different epithelial-mesenchymal
transition subtypes and survival outcomes [38]. FUS has
been shown to significantly promote GC progression by
forming a LBX2-AS1/miR-219a-2-3p/FUS/LBX2 posi-
tive feedback loop [26]. We further showed that silencing
FUS inhibited GC progression by inducing ER stress. The
MeRIP-PCR experiments confirmed the induction of iso-
forms of NEAT1, MCM2, and BIRCS with sh-FUS. These
effects were mediated by dysregulated RNA splicing and
maturation, potentially generating numerous RNA and pro-
tein isoforms with altered RNA splicing, translation, and
protein folding and processing.

& v >
N o &

)
O
R\ &

tive RNA levels of the main blot lanes with ImageJ, which indicates
different methylation level of the target genes. N=3. *P<0.05 and
**P<0.01 by one-way ANOVA followed by Tukey’s multiple com-
parisons

The total m(6)A content significantly increases in patients
infected with H. pylori, a key inducer of GC in humans [39].
METTL3 is responsible for catalyzing over 95% of all m(6)
A modifications in mRNA [40]; high METTL3 expression
is associated with poor clinical outcomes [41]. However,
patients from the STAD dataset with lower METTL3 expres-
sion exhibited shorter OS (Table S1). This paradox may be
explained by the fact that both increased and decreased m6A
levels can contribute to GC progression and drug resistance
[42]. The activity of METTL3 depends on its localization and
co-localized proteins. Cytoplasmic METTL3 tends to directly
bind to mRNA, initiating translation and promoting tumor
progression, independent of RNA methylation [43]. In the
nucleus, METTL3 can suppress GC when METTL14 is highly
expressed [44], but tends to promote GC when METTL3 pre-
dominates over METTL 14, crucially influencing EMT and
metastasis in GC [45]. Additionally, METTL3 plays criti-
cal roles in proliferation, angiogenesis, glycolysis, and drug
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Fig.6 In vivo validation of ER stress and apoptosis in GC xenograft
mice. sh-NC or sh-FUS-transfected HGC27 cells were inoculated
into the armpits of the mice, which were dosed with tunicamycin on
days 0, 7, 14, and 21. Tumor tissues were collected on the 30th day.
A Tumor tissues harvested on day 30; B tumor volume of the mice;
C body weight of the mice measured every week; D relative RNA
level of FUS, METTL3, and NEAT1 in the tumor tissues; E western
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blotting analysis of UPR and apoptosis protein markers; F analysis
of UPR markers with ImagelJ; G analysis of apoptosis markers with
ImagelJ; H Ki67, and TUNEL staining of the tumor tissues; I Ki67
positive cells per field; J TUNEL positive cells per field. The cells
were counted with ImageJ. N=3-5 as indicated by each scattered dot.
*P<0.05 and **P<0.01 by one-way ANOVA followed by Tukey’s
multiple comparisons
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resistance in GC [14, 16, 46]. We also showed that silencing
METTL3 inhibited GC progression both in vitro and in vivo.
The tumor-suppressive effect of sh-METTL3 was associated
with induced ER stress and apoptosis. Reduced m(6)A lev-
els of FUS, PCNA, MCM2, and BIRCS were achieved with
sh-METTL3, while the m(6)A level of NEAT1 increased.
Moreover, AS changes of FUS, NEAT1, PCNA, MCM2, and
BIRCS5 were induced with sh-METTL3. As these tested RNAs
were chosen for their potential effects on GC and certain
DEGs (PCNA, MCM2, BIRCS) of them exhibited significant
changes in m(6)A modification and AS levels, it is reasonable
to conclude that both FUS and METTL3 are necessary for the
RNA processing of a subset of RNAs in GC. Silencing FUS
or METTLS3 resulted in dysregulated RNA maturation, UPR,
and apoptosis. METTL3 potentially acts upstream of FUS, as
evidenced by the induction of splicing variants of FUS with
sh-METTL3, while methylated METTL3 mRNA was less sig-
nificantly influenced by sh-FUS.

NEAT]1 serves as the scaffold for RNA processing-related
paraspeckles, frequently observed at active transcription
sites [47]. In addition to forming phase separations and
directly interacting with FUS in the cell nucleus, mutations
in the FUS gene can disrupt paraspeckles, leading to exces-
sive free NEAT1 [48]. Conversely, METTL3 can regulate
m(6)A modification of NEAT, altering its secondary struc-
ture [49]. The m(6)A "reader" protein hnRNPA2B1 stabi-
lizes NEAT1, promoting metastasis and chemoresistance in
GC [25, 50], Considering these potential interactions among
FUS, METTL3, and NEATI1, along with their functional
overlaps in RNA maturation, it is reasonable to suspect that
these three regulators form a cooperative complex within
paraspeckles. However, we found that although sh-NEAT1
induced UPR, it was not significantly affected. Previous
research in GC has indicated the promotion of ER stress with
NEATI, consistent with our observations [51]. This was also
supported by our bioinformatics analysis (Table S1), where
fewer intersection genes were identified in the FUS-high/
METTL3-high/NEAT1-high subset (32 DEGs) compared
to the FUS-high/METTL3-high/NEAT1-low subset (240
DEGs). These results suggest that although the interaction
between FUS and NEAT1 is well-characterized, the interac-
tion between FUS and METTL3 may be more significant,
at least in GC.

There are limitations to this work. Downregulation of tar-
get genes was achieved with shRNAs, which may have been
incomplete. FUS and METTL3 may exhibit redundancy in
their effects [52, 53], allowing regular RNA processing to
continue even upon silencing. Recently, a novel inhibitor of
METTL3 has been developed [54], which warrants further
investigation. Ideally, MeRIP followed bottom-up transcrip-
tome sequencing could be employed to explore the targeting
RNAs and interactive mechanisms for FUS and METTL3.

Conclusion

Collaborations between FUS and METTL3 appear to be
widespread, facilitating RNA maturation, which in turn miti-
gates ER stress and apoptosis, thereby promoting progres-
sion in GC. Inhibiting FUS/METTL3 to induce ER stress
and apoptosis could be a potential strategy to hinder GC
progression.
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