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A B S T R A C T   

Ferroptosis is linked to various tumor biological traits, and alternative splicing (AS), a crucial step 
in mRNA processing, plays a role in the post-transcriptional regulation of ferroptosis-related 
genes (FRGs). A least absolute shrinkage and selection operator (LASSO) penalized Cox regres-
sion analysis was utilized to build a prognostic signature based on 12 AS events (p < 0.05), which 
was validated in gastric cancer (GC) patients. The high-risk group (n = 203) showed enrichment 
in cancer and metastasis pathways (p < 0.05). Significant differences existed between the high- 
and low-risk groups in terms of tumor microenvironment (TME) cell infiltration and immune 
activities (p < 0.05). The low-risk group (n = 203) was characterized by immune activation and 
improved prognosis (p < 0.001). Additionally, targeted treatment and immunotherapy were more 
likely to benefit the low-risk group (p < 0.05). Correlation analysis was performed to detect 
related splicing factors (SF) (Cor>0.4, FDR<0.05). Furthermore, our functional assay results 
suggested that high SF3A2 expression might increase ferroptosis resistance and promote cell 
proliferation. In conclusion, the FRAs model we built has an advantage in predicting GC prog-
nosis. The model’s demonstration of variations in the immune microenvironment and drug 
response could potentially inform decisions regarding treatment strategies.   

1. Introduction 

GC is the third leading cause of death among digestive tumors and the fifth leading cause of death globally [1,2]. Although surgery 
is the most effective treatment for GC, individuals with advanced GC have a median survival duration of only approximately one year 
[3]. Consequently, there is a critical need for new biomarkers and molecular targets to improve therapeutic strategies and prognosis for 
patients with GC. The characteristics of FRGs are effective in distinguishing GC prognosis [4,5]. Previous studies have primarily 
focused on coding and noncoding RNAs associated with ferroptosis; however, few have examined the characteristics of FRG tran-
scripts. These enriched RNAs under AS parameters could more comprehensively characterize the differential genes in GC patients. 
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Ferroptosis is a type of peroxidation-induced cell death dependent on abundant and readily accessible cytosolic iron. Morpho-
logically, biochemically, and genetically, ferroptosis differs with apoptosis, necrosis, and autophagy [6]. Significant accumulation of 
lipid reactive oxygen species (ROS) and iron-dependent activation by erastin, RSL3, and regulatory chemicals characterize this process 
[7]. It has been established that the processes controlling ferroptosis are strongly linked to cysteine and glutathione metabolism, as 
well as the ability of phospholipid peroxidase 4 (GPX4) to inhibit the formation of lipid peroxide [8]. Ferroptosis may play a physi-
ological role in tumor suppression and immunology. Induction of ferroptosis has been conclusively proven to be a viable cancer 
treatment method [9]. Recent research has demonstrated that ferroptosis dysfunction plays a significant role in the progression of GC 
[10–12]. Compared to other types of tumors, the effects of ferroptosis in GC are well studied. Previous research has identified func-
tional genes that partially regulate ferroptosis or serve as ferroptosis indicators in various diseases [13]. FerrDb, the first database to 
collect ferroptosis regulators and indicators, contains 253 regulators and analyzes the associations of ferroptosis with disease [14]. 
Therefore, developing more precise FRG biomarkers and analyzing FRG signatures, as well as the investigation of prognosis-related 
biomarkers based on biological and molecular mechanisms in GC, are essential for the development of precise, individualized treat-
ment regimens. 

More than 95 % of human genes undergo various degrees of AS [15]. Consequently, AS significantly expands the structure and 
function of the human proteome [16]. AS is regulated by RNA-binding proteins (RBPs) known as SF [17]. Serine/arginine (SR) 
residue-rich splicing regulatory proteins (also known as SR proteins) and heterogeneous ribonucleoproteins (hRNPs) are the two most 
prevalent SFs [18]. Substantial evidence indicates that aberrant splicing events contribute to the development of specific cancers [19]. 
In one study, more than 8000 samples from 32 distinct malignancies were evaluated, revealing thousands of splice isoforms in tumor 
tissue but not in noncancerous tissue [20]. AS events have been shown to be predictive for a range of cancer types [21]. 
MAP2K7exon2-driven dedifferentiation of GC cells in the MBNL1-low subpopulation is one example. MBNL1 downregulation in gastric 
cancer is predictive of lower overall survival [22]. hnRNPM (heterogeneous nuclear ribonucleoprotein M) inhibits GC metastasis by 
regulating gene AS during cell migration [23]. However, the mechanism by which FRGs undergo dysregulation of splicing components 
in GC remains unknown. Studying the characteristics and biological activities of FRAs is crucial for improving the treatment and 
prognosis of GC. 

Although considerable study has been conducted on the full transcriptome of AS events, there are no studies that demonstrate how 
FRAs impact GC. In this study, the percent spliced-in (PSI) value was utilized to determine the prognostic value of FRAs, leading to the 
creation and validation of an FRA prognostic signature. We examined the characteristics of FRAs in relation to TME cell infiltration, 
targeted therapy, and immunotherapy. Using correlation analysis and in vitro experiments, we verified the regulatory axis between 
SF3A2 and FBXW7|70846|AP in SFs and FRAs, respectively. Overall, these results revealed that FRAs could be exploited as novel 
prognostic indicators, opening new research avenues into the molecular mechanisms underlying FRA occurrence in GC and their 
therapeutic applications. 

2. Materials and methods 

2.1. Data preprocessing and collection 

GC patient transcriptome and clinical data were retrieved from the TCGA online database (https://portal.gdc.cancer.gov/), 
obtaining a total of 447 GC tissue samples. After excluding patients with inadequate clinical information, insufficient statistics, and 
short-term follow-up events, 406 GC samples remained for data analysis. The FRG collection was sourced from the FerrDb database 
(http://www.zhounan.org/ferdb/), the first online portal dedicated to ferroptosis and disease connections. Ferroptosis-promoting and 
ferroptosis-inhibiting factors were obtained and combined into a single set. After removing duplicate genes from driver and suppressor 
sets, the FRG gene set included 217 genes. To ensure the reliability of the AS events, we quantified them using PSI values and filtered 
out those with PSI values below 0.75. The default format for specifying AS events was gene symbol - AS ID - AS type. AS events included 
alternative acceptor sites (AA), alternative donor sites (AD), alternative promoters (AP), alternative terminators (AT), exon skipping 
(ES), mutually exclusive exons (ME) and retained intron (RI). With AS events controlled, we collected the gene symbols of 404 SFs for 
data analysis [24]. R version 4.1.0 was used to collect and analyze all raw data. 

2.2. Identification of FRGs and FRAs in GC 

The “AnnoProbe” package was utilized to relabel the R-based gene sequence matrix, the ‘limma’ package was employed to calibrate 
the microarray data, and the “UpSetR” package was utilized to convert the gene distribution over the seven AS events into a graphical 
representation [25]. Using univariate Cox regression analysis, the impact of each AS event PSI on the clinical outcome of GC patients 
was determined, ultimately revealing OS-associated AS occurrences. Then, for OS-associated DEAS events, we used the “UpsetR” 
package to characterize the relevant AS events of the parental genes. A P-value <0.05 indicated statistical significance. 

2.3. AS events with anticipated FRG construction 

For OS-AS events screened by univariate Cox regression analysis, LASSO regression analysis was used to create a generalized linear 
signature while adjusting for variables and complexity [26]. The AS occurrences evaluated by LASSO regression were then subjected to 
multifactor Cox regression analysis to develop a risk signature. Using the signature, risk scores were produced for each GC patient 
based on the median risk scores: Risk score =

∑
Expi * βi (Expi, each FRG’s signature expression; βi, each PRG’s signature coefficient). 
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Patients were separated into high- and low-risk groups. The signature’s capacity to predict the outcome of GC patients was determined 
using Kaplan-Meier survival analysis curves and receiver operating characteristic (ROC) curves [27]. Additionally, we conducted 
univariate and multivariate Cox regression analyses on the risk score, gender, age, TNM stage, and tumor grade. 

2.4. Analysis of the clinical importance and stratification ability of the prognostic signature 

Stratification analyses were used to reduce confounding variables and identify the specific link between risk scores and GC patients. 
According to clinicopathologic features, including age, gender, stage M, stage N, tumor stage, tumor grade, and stage T, we separated 
GC samples into distinct layers. This allowed us to investigate the relationship between exposure to the AS signature and each layer, 
determining the main performance of the AS signature in GC patients. 

2.5. Construction and validation of a clinical prediction nomogram 

We employed univariate Cox and multivariate regression analyses to identify independent prognostic markers. A nomogram 
prediction signature for 1-year, 3-year, and 5-year overall survival (OS) was established using the “rms” R package. The accuracy of the 
predicted survival probabilities was validated using 1-, 3-, and 5-year calibration plots, while the performance of the nomogram was 
evaluated using time-dependent ROC [28]. 

2.6. Functional enrichment analysis 

First, we selected 436 FRAs connected to differentially expressed genes (DEGs) with absolute values of | Log2 FC | > 0.58 and p <
0.05 associated with the two risk categories. The “ClusterProfiler” package [29] was then used to perform Gene Ontology (GO) 
analysis, including the biological process (BP), cellular component (CC), and molecular function (MF) categories. Additionally, Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analyses were conducted using the same package. 

2.7. Evaluation of TME infiltration, immunological checkpoints, and medication sensitivity between low- and high-risk groups 

The immunological and stromal scores of the TME were analyzed using the ESTIMATE method. The infiltration of 22 human 
immune cell types was computed for each patient using the CIBERSORT program [30]. The single-sample gene set enrichment analysis 
(ssGSEA) technique was used to evaluate the scores of invading immune cells and the activity of immune-related pathways, utilizing 
the “GSVA” R package [31]. Additionally, the connections between the two subtypes and the expression of 47 immunological 
checkpoints was evaluated [32,33]. The “pRRophetic” R program was utilized to predict the half-maximal inhibitory concentration 
(IC50) values of chemotherapeutic medicines [34]; the immunophenoscore (IPS) values for CTLA-4 and PD-1 inhibitors were obtained 
from the TCIA database. Two score groups were predicted for PD-1 and CTLA4 were predicted using the TIDE algorithms (http://tide. 
dfci.harvard.edu/) [35]. 

2.8. SF and FRA network development 

The mRNA expression data of 404 SFs were obtained from TCGA. All SF expression levels and PSI values of the 12 FRAs were ranked 
for each variable. After calculating the square of each difference in rank between the two groups, Spearman rank correlation analysis 
(Cor >0.4, FDR <0.05) was conducted. Fifteen SFs were detected with a high correlation to 2 FRAs. Based on the risk value of each 
FRA, a network of SF-FRA-risk/protection was constructed. 

2.9. Quantitative RT‒PCR analysis to measure FRA expression 

We selected the SF-AS pair with the highest correlation from the regulatory network. To ensure the validity of the experimental 
results, the following forward and reverse primers were designed: SF3A2 (Forward 5′-TCG ACA TCA ACA AGG ACC CG-3′, Reverse 5′- 
GCT TCT TCC CCT GCG TAT GT-3′), FBXW7|70846|AP (Forward 5′-CAG GAC ATT TGG TAG GGG AAG G-3′, Reverse 5′-GGA GGC CTT 
GGG CAA TGA T-3′), and GAPDH (Forward 5′-TCG GAG TCA ACG GAT TTG GTC-3′, Reverse 5′-ATG GAA TTT GCC ATG GGT GGA-3′). 
On an Applied Biosystems 7900HT Sequence Detection System, mRNA expression was evaluated using SYBR Green qPCR MasterMix 
(Seven, China). Relative mRNA changes were calculated using the 2− ΔΔCt method, with GAPDH serving as the internal standard. Each 
measurement was performed in triplicate. We also utilized agarose gel electrophoresis to evaluate the expression of the transcripts 
measured by PCR. 

2.10. Culture, treatment, and transfection of cells 

The human gastric cancer AGS (CL-0022) and HGC-27 (CL-0107) cell lines were supplied by Procell Biocentre (Wuhan, China). 
Cells were cultured in F–12K/DMEM (Procell, China) supplemented with 10 % fetal bovine serum (Biological Industries, Israel). Using 
siRNA (Guangzhou, China), the cellular expression of SF3A2 (GCCTGACACTTCACAACAA) was temporarily suppressed. NC siRNA 
(Guangzhou, China), which has no effect on gene knockdown, was employed as a control. The pcDNA3.1 plasmid vector (Changsha, 
China) was used to overexpress SF3A2 mRNA. Before the day of transfection, 2 × 105 cells were seeded into each well of a 6-well plate 
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to achieve 50 % confluency. 50 nM siRNA was diluted into 200 μl jetPRIME® buffer, then 4 μl jetPRIME® reagent was added, vortex for 
1 s, after 15 min of incubating, the mixture was evenly distributed across the well. All cells were cultured in an incubator (Thermo 
Scientific, US) at 37 ◦C in a humidified 5 % CO2 environment. As previously described, a ferroptosis inducer containing 10 μM erastin 
[36,37] was applied to cells grown in six-well plates. 

2.11. Cell proliferation assay 

Cell Counting Kit-8 (CCK-8) Assay. Different groups were established with 4 × 103 cells per well in 96-well plates. Four 96-well 
plates were used with five replicate wells for each group. At 0 h, 24 h, 48 h, and 72 h, 10 μl of CCK-8 reagent was added to the 
wells. After 2.5 h in an incubator at a constant temperature of 37 ◦C, the optical density (OD) was measured at 450 nm. 

EdU Assay. Separate groups of treated cells were seeded into 12-well plates at a density of 5 × 104 cells per well, and the cells were 
incubated for 2 h at 37 ◦C in complete medium containing EdU (10 μM) (Beyotime, China). Then, the cells were fixed for 15 min in 4 % 
paraformaldehyde. For permeabilization, 500 μl of 0.3 % Triton X-100 PBS (Beyotime, China) was added to each well for 15 min. The 
cells were stained with Click-reaction solution (Beyotime, China) for 30 min, followed by DAPI (Beyotime, China) staining for 5 min. 
Each well was meticulously washed and imaged under an inverted fluorescence microscope. 

2.12. ROS detection 

DCFH-DA (Beyotime, China) was diluted 1:1000 in serum-free growth medium (Procell, China) to a final concentration of 10 μmol/ 
L. This solution was then added to 6-well plates containing cells grown to 90 % confluency. After 30 min of incubation, the fluorescence 
intensity was assessed under a fluorescence microscope. 

2.13. Colorimetric intracellular iron assay 

To wash cells in a 24-well plate, prechilled PBS was used. Then, 200 μl of lysis solution was added to each well, and the plate was 
shaken for 2 h. Mix A (Applygen, China) was prepared by mixing the kit’s dilution solution and a 4.5 % potassium permanganate 
solution in a 1:1 ratio. At 60 ◦C, 100 μl of Mix A was incubated with 100 μl of sample for 1 h. Then, 30 μl of iron ion detector was added, 
and the plate was incubated at room temperature for 30 min. Finally, the absorbance at 550 nm was measured using 200 μl from 96- 
well plates. The reaction product was measured according to the manufacturer’s protocol. 

Fig. 1. | Flow diagram of FRA as prognostic marker.  
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2.14. Immunofluorescence assay 

The day before the experiment, cells were seeded in 6-well plates with glass slides. The next day, 1 ml of 4 % paraformaldehyde was 
applied to each well for 20 min at room temperature. After three washes with PBS, 1 ml of 0.5 % Triton X-100 (Beyotime, China) was 
applied to each well to permeabilize the membrane. For cell blocking, 2 % bovine serum albumin (BSA) (Shanghai, China) was used. 
Anti-Ki67 (1:150 dilution, Wuhan, China) was employed for staining. The diluted antibodies and cells were mixed overnight at 4 ◦C 
and then incubated for 1 h at room temperature with secondary antibodies (Beijing, China). Finally, photographs were taken using a 
fluorescence microscope. 

2.15. Statistical evaluation 

R (version 4.1.0), GraphPad Prism (version 9.0), and SPSS software were utilized for all statistical analyses (23.0). P < 0.05 was 
regarded as statistically significant for all analyses. 

3. Results 

3.1. Overview of FRAs and screening for AS events related to survival in gastric carcinoma 

The full flow of the research is described in Fig. 1. Identifying the splicing taxonomic features of FRGs and understanding the AS 
landscape of all genes are crucial for comprehending the transcriptional regulation of FRGs. AS events were scattered among seven 
common splice types: including alternate acceptor site (AA), alternate donor site (AD), alternate promoter (AP), alternate terminator 
(AT), mutually exclusive exons (ME), retained intron (RI), and exon skip (ES) (Fig. 2A). We obtained 217 FRGs from the FerrDb 
database and identified 1185 AS events. A total of 555 ES events were performed on 155 genes, making ES the most frequent splicing 
event. The other splicing events, in descending order of occurrence, were AP, AT, AA, AD, RI, and ME. This suggests that AS does not 
occur randomly; instead, there is a preference for certain splicing types (Fig. 2B). A total of 159 FRGs underwent multiple AS events, 

Fig. 2. | An overview of FRAs events in GC. (A) 7 different types of AS events. (B) The number of FRAs and parental genes counted according to AS 
event types. (C) UpSet plot, it shows the signature of AS events in parental genes. (D) UpSet plot of interactions between prognostic FRAs and its 
parent genes. 
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Fig. 3. | Prognostic AS signature was constructed and independent prognostic factors were identified in GC. (A) Volcano map for prognostic FRAs 
events. (B, C) In the LASSO-Cox model of TCGA-STAD cohort, the minimum standard was adopted to obtain the value of the super parameter λ by 
10-fold cross-validation. The λ value was confirmed as 0.07685 where the optimal lambda resulted in 12 non-zero coefficients. (D) Risk score map, 
grouping GC patients according to the median of risk score. (E) The survival of GC patients in different groups. (F) Heat map showing the expression 
of 12 AS events in two groups. (G) Kaplan-Meier curves with log-rank test for GC patients. (Log-rank test, p < 0.001). (H) The AUC of time- 
dependent ROC curves based on risk score. (I, J) The univariate and multifactorial Cox regression analysis for clinicopathologic features. (K) 
ROC curves of independent prognostic factors. 

Fig. 4. | The association between FRAs signature and the clinicopathological features in GC. (A) Heat map of clinicopathological features in high- 
and low-risk groups in GC (Chi-square test or Fisher’s exact test, *P < 0.05; **P < 0.01; ***P < 0.001). (B–H) Box diagram representation for 
different risk groups in terms of clinicopathological characteristics, (Wilcox test, *P < 0.05; **P < 0.01; ***P < 0.001). 
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produced far more than two transcripts. The different AS types of FRAs were visualized in UpSet plots (Fig. 2C). Univariate Cox 
regression analysis was used to identify prognostic AS events among the 1185 FRAs. We found that 18 AS events were significantly 
associated with OS in GC patients (p < 0.05). We discovered that only one parental gene for prognostic AS events had more than two 
splice types. Prognosis-related transcripts were often one of several transcripts of parental genes (Fig. 2D). 

3.2. Development and evaluation of AS-based prognostic signature 

We marked prognostic AS events with red dots in the volcano plot (Fig. 3A). LASSO regression and multivariate analysis were 
employed to identify for independent prognostic factors in GC based on 18 AS events, leading to the identification of 12 FRAs 
(Fig. 3B–C) including NCOA4|11536|AP, ATG13|15584|ES, ATG4D|47541|ES, STAT3|41041|AA, FBXW7|70846|AP, NR5A2| 
130134|ME, SIRT3|13596|AD, TAZ|90586|ES, NQO1|37303|ES, CS|22420|ME, ATG13|15596|ES, and SREBF1|39505|ES were 
identified. The characteristics of their AS type in (Fig. S. 1). An AS signature was built from these 12 FRAs, and a formula based on the 
signature’s characteristics and regression coefficients was established to calculate patient risk scores using the following formula: risk 
score = NCOA4|11536|AP * (− 2.84672098471663) + ATG13|15584|ES * (− 3.7739758802168) + ATG4D|47541|ES * 
1.73957177191192 + STAT3|41041|AA * 2.67659067668673 + FBXW7|70846|AP * (− 1.30368835410691) + NR5A2|130134|ME * 
(− 0.926863953619284) + SIRT3|13596|AD * 2.26136568357004 + TAZ|90586|ES * (− 1.23847007753781) + NQO1|37303|ES * 
(− 2.54089884699231) + CS|22420|ME * 2.80619789869434 + ATG13|15596|ES * 1.74428023840916 + SREBF1|39505|ES * 
2.48852689381684. Following the calculation of each patient’s risk score, the median risk score was used to divide patients into a 
high-risk group (n = 203) and a low-risk group (n = 203) for further analysis. The risk curve ranked the patients’ risk scores (Fig. 3D). 
The high-risk group had significantly worse overall survival than the low-risk group (Fig. 3E). Among the FRAs included in the 
signature, NCOA4|11536|AP, ATG13|15584|ES, FBXW7|70846|AP, NR5A2|130134|ME, TAZ|90586|ES, and NQO1|37303|ES had 
significantly lower expression levels in the high-risk group (Fig. 3F). K-M survival curves revealed that patients in the high -risk group 
were more likely to have poor clinical outcomes than those in the low-risk group (Fig. 3G). Furthermore, ROC curves revealed the AS 
module’s forecasting capability for the prognosis of GC patients, with 1-year, 3-year, and 5-year area under the curve (AUC) values of 
0.739, 0.723, and 0.753, respectively (Fig. 3H). These analyses validated the AS signature’s exceptional prognostic ability for GC 
patients. Additionally, we discovered that risk score (HR: 1.461, 95 % CI: 1.345–1.587), grade staging (HR: 1.398, 95 % CI: 
1.003–1.948) and tumor stage (HR: 1.634, 95 % CI: 1.308–2.204) were independent prognostic factors for GC (Fig. 3I–J). The AUC of 
the risk score for predicting 3-year survival in GC patients was 0.739, which was higher than those of the Garde score (0.554), age 
(0.583), gender (0.517), and stage (0.609) (Fig. 3K). These findings showed that the risk signature, alone or in combination with other 
graded indicators, outperformed other factors in predicting the prognosis of GC patients. 

3.3. The AS prognostic Signature’s expression and clinical features 

We correlated risk scores with GC clinicopathological characteristics, and the results showed that the risk scores were consistent 
across different stratifications. Six FRAs were identified as risk factors, and their expression levels were higher in the high-risk group. 
Others demonstrated protective function in GC and were downregulated in the high-risk group. When comparing the clinicopatho-
logical characteristics of the two groups, significant differences were found in tumor stage and N stage (Fig. 4A). Furthermore, stages 
III-IV were significantly enriched in the high-risk group, and the risk scores of GC patients with N stages 1–3 were higher. However, 
some clinicopathological characteristics, such as age, gender, M stage, tumor grade, and T stage, showed differences between the high- 
and low-risk groups, but these differences were not significant (Fig. 4B–H). We also determined the OS of GC patients grouped by AS 
signature and further subgrouped by different clinicopathological features. Notably, the low-risk group had better OS than the high- 
risk group in the subgroups of age, gender, tumor grade, M stage, N stage, tumor stage, and T stage (Fig. S. 2A-2G). However, there was 
no significant difference in OS in the M1 subgroup (Fig. S. 2D). According to the findings of these studies, the AS signature may have a 
meaningful impact on predicting tumor progression. 

3.4. Defining the composite prognostic nomogram and functional enrichment of the high- and low-risk groups 

The predictive nomogram calculates a patient’s chance of survival by adding the scores of many relevant factors identified on a 
point scale. Four variables, including age, lymph node metastasis, TNM staging, and OS signature, were eventually included in the 
subsequent OS nomogram construction using backward stepwise selection based on optimized Akaike’s information criterion (AIC) 
(Fig. 5A). The calibration plot supports the nomogram’s accuracy (Fig. 5B). As a result, the nomogram combining clinical charac-
teristics and risk scores had a more accurate predictive function and could be used to assess GC patients’ clinical prognosis. The 
performance of the risk signature, as well as the molecular mechanisms and functional roles of FRAs, were investigated in the two 
groups. Functional enrichment analyses were conducted on the mRNA expression levels of sample genes in the two risk groups. GO and 
KEGG enrichment analyses were performed, revealing that the extracellular matrix was present in all CC, MF, and BP categories in the 

Fig. 5. | Nomogram predict survival for GC patients and the biological function and pathway in AS signature. (A) Nomogram constructed by risk 
scores and clinicopathological features is employed to predict the prognosis of GC patients. (B) The calibration plot of AS signature and clinico-
pathological features. (C) GO enrichment analysis of biological processes enriched in different groups. (D) KEGG pathway enrichment analysis of the 
differentially expressed genes grouped by AS signature. (Bayes moderation, *P < 0.05; **P < 0.01; ***P < 0.001). 
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high-risk group by GO analysis. Differential genes were significantly enriched in processes related to cell substrate adhesion, epithelial 
cell proliferation, angiogenesis regulation, growth factor binding, and cytokine binding (Fig. 5C). Furthermore, the KEGG analysis 
revealed that the most frequently enriched pathways were the PI3K-Akt signaling pathway, transcriptional misregulation in cancer, 

Fig. 6. | Immune infiltration in the high- and low-risk groups in GC. (A) The two groups of Immune score, stromal score, tumor purity in GC patients 
(Wilcox test, *P < 0.05; **P < 0.01; ***P < 0.001). (B) Box diagram indicates the different immune abundances in the high- and low-risk groups. 
(Wilcox test, *P < 0.05; **P < 0.01; ***P < 0.001). (C) Expression of immune-related genes in GC among two groups based on AS signature. (Wilcox 
test, *P < 0.05; **P < 0.01; ***P < 0.001). (D) XCELL, TIMER, QUANTISEQ, MCPCOUNTER, EPIC, CIBERSORT− ABS, CIBERSORT algorithms is 
used to calculate the correlation between immune cells and GC patient samples. (E–H) The response of the groups to immunotherapy according to 
anti-CTLA-4 and anti-PD-1. (Wilcox test, *P < 0.05). (I–K) Sensitivity of the two groups to different targeted drugs. (Wilcox test, *P < 0.05). 
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Fig. 7. | SF3A2 regulates the AS of FBXW7 pre-mRNA. And SF3A2 reduces cytoplasmic peroxidation and inhibits ferroptosis, while promoting the 
proliferation of GC cells. (A) The Sankey diagram identified the coherence and potential relationship between SFs and FRAs. (B) qPCR reveals the 
knockdown and overexpress efficiency of SF3A2 in cells (Paired t-test, *P < 0.05; **P < 0.01). (C) qPCR indicated the expression of FBXW7|70846| 
AP in gastric cells. (D, E) Detection of total iron ion alterations in siSF3A2 GC cells (Paired t-test, *P < 0.05; **P < 0.01; ***P < 0.001). (F) Dif-
ferential performance for ROS in the NC and siSF3A2 groups, right bar chart represents quantification relative level of ROS (Paired t-test, *P < 0.05; 
**P < 0.01; ***P < 0.001). (G, H) CCK-8 assay indicates cell proliferation at 24,48,72 h (Paired t-test, *P < 0.05; **P < 0.01; ***P < 0.001). (I) The 
EdU assay shows the amount of new GC cells added at 2 h, with quantitative results of the bar chart right (Paired t-test, *P < 0.05; **P < 0.01; ***P 
< 0.001). (J, K) Immunofluorescence exhibits the location and abundance of ki67 in NC and siSF3A2 cells. (Paired t-test, *P < 0.05; **P < 0.01; 
***P < 0.001). 
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proteoglycans in cancer, cell adhesion molecules, ECM receptor interaction, protein digestion and absorption, Rap1 signaling pathway, 
and cytokine–cytokine receptor interaction (Fig. 5D). 

3.5. Immune cell infiltration examination 

We sought to evaluate the relationship between AS signature characteristics and antitumor immunity by comparing the abundance 
of infiltrating immune cells between the two groups. Stromal scores, immune scores, and estimation scores were all markedly higher in 
the high-risk group (Fig. 6A). Immune checkpoint gene expression levels in high-risk and low-risk GC patients were determined, 
revealing that 20 checkpoint genes differed significantly between the two groups. In the high-risk group, 19 immune-related genes 
were highly expressed (Fig. 6B). Furthermore, we calculated scores for the functional activity of 19 immune cells and 10 immune- 
related functions in the two groups. In the high-risk group, the abundances of Treg cells, DCs, HLA, macrophages, mast cells, neu-
trophils, NK cells, pDCs, T helper cells, APC costimulation, type II IFN response, and other immune cells and immune-related pathways 
were higher (Fig. 6C). We analyzed the correlation coefficients of immune cells with GC patients using seven different algorithms, 
including XCELL, TIMER, QUANTISEQ, MCPCOUNTER, EPIC, CIBERSORT-ABS, and CIBERSORT. In the high-risk group, there were 
higher abundances of macrophages, monocytes, myeloid dendritic cells, naive CD4+ T cells, and CD8+ T cells, while the correlations 
with CD4+ Th1 T-cell, activated NK cell, and uncharacterized cell correlations were also lower (Fig. 6D). The patients were then 
divided into four subgroups based on their response to anti-CTLA-4 and anti-PD-1 immunotherapy. The low-risk group responded 
better to immunotherapy in the CTLA-4-positive PD-1-negative, CTLA-4-negative PD-1-negative, and CTLA-4-negative PD-1-positive 
subgroups. However, there was no significant difference between the two groups in the CTLA-4-positive PD-1-positive subgroup 
(Fig. 6E–H). We also compared the sensitivity to common molecularly targeted drugs between the two groups, with dasatinib, ima-
tinib, and pazopanib showing a significant increase in sensitivity in the low-risk group (Fig. 6I–K). 

3.6. Transcriptional differences in FBXW7 are closely related to SF3A2 

The biological process studied, namely direct binding of SFs to pre-mRNA, was influenced by exon selection and splice site strength 
to regulate the AS type of genes. Therefore, we investigated the expression of 404 SFs in GC patients and connected them with the 12 
FRAs used for the prognostic signature. Ultimately, 15 SFs were discovered to be associated with 2 AS events, FBXW7|70846|AP and 
CS|22420|ME (Fig. 7A). The AS event FBXW7|70846|AP was a protective factor, whereas the AS event CS|22420|ME was a risk factor. 
ALYREF, CACTIN, GPATCH3, INTS1, KHSRP, PTBP1, RALY, RAVER1, RBM10, SART1, SF3A2, and U2AF2 might regulate FBXW7| 
70846|AP. CS|22420|ME might be regulated by 3 SFs including LUC7L3, NSRP1, and RBM25. SF3A2 was found to be positively related 
to FBXW7|70846|AP. Interestingly, SF3A2 was also associated with FBXW7|70849|AP (Table S. 1), suggesting that SF3A2 might have 
a closer biological relationship with FBXW7. We selected the highest correlation for verification by biological analysis. siRNA and 
Plasmid DNA were used to regulate the expression of SF3A2 in AGS cells and HGC-27 cells, and the gene knockout efficiency was 
confirmed by qPCR (Fig. 7B). qPCR revealed that the FBXW7|70846|AP level was reduced in the siSF3A2 group compared with the 
normal control group. However, the expression level of FBXW7|70846|AP was increased in the overexpression group. These results 
indicated a positive regulatory effect of SF3A2 on FBXW7|70846|AP, which was consistent with our bioinformatic analysis results 
(Fig. 7C, Fig. S. 3). 

3.7. Knockdown of SF3A2 reduces cellular resistance to ferroptosis and inhibits GC cell proliferation 

We attempted to knockdown SF3A2 and observe whether cells underwent iron-dependent death to analyze the specific effect of AS 
on ferroptosis. Before conducting this study, we compared the differences in SFs between the low- and high-risk groups of GC patients. 
The findings revealed that these SFs were abundant in tumors (Fig. S. 4A). Box plots showed the same results, with SF3A2 being more 
abundant in high-risk samples than in low-risk samples (Fig. S. 4B). We identified the importance of SF3A2 in ferroptosis regulation. 
The total iron ion content of cells was measured in siSF3A2 cells and NC cells treated with 10 μM erastin, and siSF3A2 cells produced 
more total iron ions (Fig. 7D and E). ROS levels were also measured, with siSF3A2 cells having higher levels (Fig. 7F). Ferroptosis 
inhibits cell proliferation and can be induced by compounds such as erastin, a Ras-selective lethal small-molecule drug [38]. Therefore, 
we measured the cell proliferation capacity using the CCK-8 reagent, and the tumor cell proliferation capacity of siSF3A2 cells was 
significantly reduced (Fig. 7G and H). The same results were obtained with EdU testing (Fig. 7I). To further clarify the effect of SF3A2 
on GC cell proliferation, we performed immunofluorescence staining for Ki67 in the cells. The cellular Ki67 expression levels in AGS 
and HGC-27 cells were decreased after SF3A2 knockdown (Fig. 7J and K). According to the findings, SF3A2 inhibited cell proliferation 
and decreased ferroptosis resistance in cells. 

4. Discussion 

In GC, the probable mechanisms of FRGs are not well characterized or clarified. AS generates numerous proteins from a single gene, 
thereby enhancing proteome diversity [18]. AS leads to the production of significantly more transcripts than genes, and these FRAs 
play a crucial role in the ferroptotic process. However, few studies have examined the role of AS in ferroptosis. 

In this study, we focused on the role of AS in the potential for ferroptosis induction and investigated the biological activities of FRAs 
in GC. Identifying variable FRAs could enhance the understanding of the ferroptosis process and provide an approach for individu-
alized therapy. A total of 18 prognostic AS events were identified from 1185 FRAs in 406 GC samples, and 12 FRAs were used to 
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develop an effective risk AS signature for predicting the OS of GC patients according to the PSI value. Univariate Cox regression, 
multivariate Cox regression, and systems biology techniques determined that the AS signature had independent prognostic value for 
GC patients and exhibited stronger predictive performance than the TNM stage. We discovered that two of the 12 FRAs, ATG13|15584| 
ES and ATG13|15596|ES, are derived from the same parent gene. Notably, ATG13|15584|ES was part of the protective AS signature, 
whereas ATG13|15596|ES was a risk FRA. Furthermore, we created an SF-AS coexpression network and found that SF3A2 had strong 
associations with FBXW7|70846|AP, a protective prognostic FRA. We investigated the functional enrichment of differentially 
expressed genes in high-risk and low-risk GC patients to determine the functional and molecular mechanisms of FRAs. Both groups 
were heavily involved in the initiation and maintenance of GC. For example, angiogenesis may influence the creation and balance of 
the TME, potentially leading to hypoxia [39]. ROS and angiogenesis are also connected, suggesting a potential relationship between 
angiogenesis and ferroptosis [40]. The PI3K-AKT signaling pathway was highly enriched in the high-risk group. PI3K and AKT 
mid-regulators promote cellular proliferation and tumorigenesis via oncogenic signaling and metabolic reprogramming [41]. When 
the PI3K/AKT pathway is activated, it blocks ferritin autophagy and hence iron-dependent lipid peroxidation [42]. The study 
“Transcriptional dysregulation in cancer” found that AS expression differed across high- and low-risk groups, indicating that AS might 
be associated with tumor grade malignancy [43]. Cell adhesion molecules and the Rap1 signaling pathway, both linked to cancer 
metastasis, were also shown to be enriched [44,45]. Proteoglycans influence cancer cell behavior and the TME during the evolution of 
solid tumors and hematopoietic malignancies [46], implying that ferroptosis may function in an alternate tumor pathway [47]. These 
findings underscore the predictive capacity of the FRA-based signature and indicate a possible mechanism for the partial stimulation or 
suppression of ferroptosis in GC. 

Ferroptosis is a TME regulator, and ferroptosis inducers can promote lipid peroxidation in immune cells, limiting their function and 
survival [48]. In vivo, CD8+ T lymphocytes can cause ferroptosis in tumor cells [49]. By reducing ferroptosis in Treg cells, GPX4 
maintains TME homeostasis [50]. Treg and CCR cells were found to be strongly related to FRGs in one investigation [51]. This result 
suggested that immunotherapy could benefit low-risk GC patients. Ferroptosis in tumor or immune cells promotes the establishment of 
an immunological milieu via numerous pathways, and ferroptosis plays a crucial role in immunity. Macrophages regulate ferroptosis in 
tumor cells biologically; therefore, modifying macrophage activity could be a cancer treatment strategy [52]. We discovered that 
macrophages were considerably overrepresented in high-risk patients. Furthermore, by inducing macrophage polarization, tumor cell 
ferroptosis increases proliferation and spread [53]. As a result, targeting macrophages may have an impact on the tumor immune 
microenvironment. Some oncogenic pathways can induce ferroptosis in carcinoma cells, raising their potential in cancer therapy [54]. 
The high-risk group was found to be less sensitive to dasatinib, imatinib, and pazopanib. Sun and colleagues observed that suppressing 
cellular ferroptosis increased sorafenib resistance, which is consistent with our findings [55]. Furthermore, enhanced ferroptosis adds 
to the antitumor efficacy of immunotherapy [49]. Understanding the role of ferroptosis in immunotherapy has important implications 
for GC treatment options. Two well-known immunotherapeutic targets are CTLA-4 and PD-L1/PD-1 [55]. We calculated the 
responsiveness to immunotherapy (CTLA-4 or PD-1 targeted) of the two groups. In the high-risk group, immunotherapy was less 
effective. This implies that following ferroptosis, cells are more susceptible to immunotherapy. As a result, establishing FRA pheno-
types may influence immunotherapy and targeted therapy outcomes. Evaluating patient FRA signatures may provide valuable in-
formation for decision-making in prospective tailored treatments. 

Several factors, including the strength of the splice site, cis-regulatory sequences in pre-mRNAs, and trans-acting factor expression 
levels, influence the relative abundance of AS to produce distinct AS isoforms [15]. Consequently, correlation analysis of SF expression 
levels and the PSI values of AS events was performed to study the mechanism of FRAs, which could provide more systematic knowledge 
of the molecular regulatory mechanisms of FRAs in GC. In this study, we screened 15 SF genes through univariate analysis and 
correlated these 15 genes with 12 model related AS events. Among these genes, SF3A2 had the strongest association with FBXW7 (cor 
= 0.476). Therefore, we chose to investigate the splicing effect of SF3A2 on FBXW7 in GC cells. However, due to lack of research 
evidence, we did not consider the effect of SF3A2 on the potential biological behavior of GC under the splicing effect of FBXW7. SF3A2 
is a subunit of the SF SF3a, which also includes SF3A1 and SF3A3. SF3a is required for the in vitro synthesis of the functional 17S U2 
snRNP and prespliceosome assembly [56]. SF3A1 and SF3A3 have been linked to tumor growth in the previous studies [57–60]. 
Furthermore, SF3A2 appears to have a more significant relationship in GC. We used siSF3A2 cells to perform assays to assess ROS and 
total iron ion levels. In siSF3A2 cells treated with erastin, ferroptosis was likewise significantly enhanced. As a result, SF3A2 improved 
the resistance of GC cells to ferroptosis. Ferroptosis is more common in cells with low SF3A2 expression, inhibiting GC development. 
SF3A2 may regulate cellular ferroptosis by altering the differential transcripts of a selection of important FRGs. As a result, AS has a 
significant impact on the biological function of FRGs, and examining machine-processed gene transcripts may help us understand 
ferroptosis at a deeper level. SF3A2 was also found to be crucial in the proliferation of GC cells. This finding implies that SF3A2 may 
operate as a proto-oncogene, and more research is needed to focus on SF3A2’s mechanistic role in tumor growth and progression. 

Finally, in our investigation, we developed FRA-related biomarkers and a therapeutically effective predictive signature to highlight 
the prognostic usefulness of FRGs and associated AS events in GC. Unlike prior AS analyses, our focus on FRGs may open up new 
avenues and possibilities for studying ferroptosis mechanisms in GC. However, our study had some limitations. First, discrepancies in 
PSI values might have arisen due to heterogeneous in GC samples, the PSI values are highly sensitive and can be significantly affected 
by the methods of RNA extraction and storage, as well as RNA-Seq protocols. Second, while we verified the regulatory role of SF3A2 in 
FBXW7, we did not find a direct interaction between SF3A2 and FBXW7 pre-mRNA. Furthermore, the specific FRAs that played a major 
role in GC were not identified, nor was the mechanism by which FRA-induced ferroptosis affects GC elucidated. Overall, our findings 
provide useful information in the search for effective ferroptosis-based therapy for GC. 
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5. Conclusion 

We discovered predictive AS events for FRGs and used 12 FRAs to build a high-performance prognostic signature. This signature 
outperformed conventional pathological features in terms of patient prognosis. The association between the risk signature and the 
immunological landscape was investigated in the preliminary stage. The finding of SF-FRAs contributes to our understanding of the 
potential mechanisms of ferroptosis. Finally, the AS signature we developed predicts clinical outcomes in GC patients, and the FRA 
analysis provides references and possibilities for ferroptosis research. 
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