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A B S T R A C T   

Background: Gastric cancer (GC) is a typical malignant tumor and the main cause of cancer-related 
deaths. Its pathogenesis involves multiple steps, including pyroptosis, although these steps are 
still uncertain. Pyroptosis, also known as gasdermin-mediated programmed necrosis, participates 
in various pathological processes in tumors, including GC. ELANE, which encodes neutrophil 
elastase, is closely associated with GC. Additionally, ELANE has been implicated in GC cell 
pyroptosis, but this has not been confirmed. Therefore, investigating the link between ELANE and 
pyroptosis in GC is warranted. This research uses bioinformatics and experiments to examine the 
relationship between ELANE, pyroptosis, and GC prognosis. 
Methods: The GEO and TCGA databases, along with pyroptosis-related genes, were applied to 
identify pyroptosis-related differentially expressed genes (DEGs). ELANE was selected via primary 
screening. Using the median expression level of ELANE as the threshold, pyroptosis-related DEGs 
were divided into low- and high-ELANE groups. Based on the DEGs in these two groups, GO, 
KEGG and GSEA analyses were conducted to elucidate the mechanisms of ELANE in GC. 
Furthermore, we plotted ROC and Kaplan–Meier curves to analyze the clinical and pathological 
features of ELANE expression. The Nomograms tool was applied to calculate the predictive value 
of ELANE for the clinical outcomes of GC cases. Immunohistochemical analysis was performed to 
detect the level of ELANE in GC tissues and to validate whether ELANE was involved in pyroptosis 
in GC cells through cell experiments. Finally, the immune infiltration of ELANE was investigated, 
and interaction networks (proteins-ELANE, microRNA-ELANE, and small-molecule drug-ELANE) 
were constructed. 
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Results: We aimed to investigate the expression of the ELANE gene in GC and study the rela-
tionship among ELANE, pyroptosis, and the prognosis of patients with GC. Differential expression 
analysis of gene-expression datasets from TCGA-STAD and GSE49051 revealed that the expres-
sion of the ELANE gene was significantly up-regulated in GC. Using STRING network analysis, we 
identified multiple proteins involved in the occurrence and development of GC, including in-
teractions between ELANE and GSDMC, a member of the gasdermin protein family. Survival 
analysis showed that ELANE expression levels significantly affected overall survival (OS), disease- 
free survival (DFS), and progression-free survival (PFS) in patients with GC. Additionally, ROC 
analysis demonstrated that ELANE was effective in distinguishing GC patients from normal 
controls (AUC = 0.812). Immunohistochemical analysis showed that ELANE was highly expressed 
in gastric cancer tissues and was closely related to age, tumor grade, and stage. The cell exper-
iments further confirmed that the high expression of ELANE in gastric cancer cells was associated 
with pyroptosis. Comprehensive analysis indicated that ELANE could be used as a potential 
prognostic marker for GC and plays an important role in pyroptosis. 
Conclusion: High ELANE expression is related to poor survival and prognosis of patients with GC. 
It participates in pyroptosis and immune infiltration in GC. Therefore, ELANE is a promising 
prognostic biomarker for pyroptosis in GC.   

1. Introduction 

Gastric cancer (GC) is the leading cause of cancer-related deaths and is a highly prevalent form of malignant tumor in the digestive 
system [1,2]. Approximately 1 million new patients with GC are diagnosed worldwide annually, and cases with advanced GC have a 
5-year survival rate of 18–29 % [3]. This imposes pressure on the global economy and public health. Despite significant advances in GC 
therapy, the prognosis for advanced GC is still discouraging due to the complex etiology of the disease and limited therapy options. 
Typically, in the diagnosis of GC, the tumor–lymph node–metastasis (TNM) classification is a standard adopted to assess the risk of GC 
in clinical settings. Additionally, carcinoembryonic antigen (CEA) and carbohydrate antigen (CA) 19–9, as serum tumor markers, are 
widely used to assess malignancy and recurrence and predict the therapeutic effect of GC [4,5]. However, CEA and CA19-9 values do 
not necessarily reflect clinical features, especially their lack of sensitivity and specificity for the early recognition of GC, its recurrence, 
and prognosis [6]. To date, diverse prognostic biomarkers have been discovered through experimental and metagenomic screening, 
especially with the rapid development of recent advancements in bioinformatics technology. Therefore, identifying novel molecular 
biomarkers for forecasting the diagnosis and prognosis of GC is crucial. 

Pyroptosis [7], also known as gasdermin-mediated programmed necrosis, participates in multiple pathological processes in tumors, 
including GC. When Gasdermin D (GSDMD) was cleaved by inflammatory caspase, and Gasdermin E (GSEME) was cleaved by 
apoptotic caspase, cell death by pyroptosis resulted in the cell became swelling, and the plasma membrane ruptured; ultimately, the 
intracellular content released into the microenvironment. Recent studies suggest that pyroptosis is important in promoting or 
inhibiting tumor development [8–10]. Zhou et al. revealed that statins could induce ARID1A inactivated cells pyroptosis in clear cell 
ovarian carcinoma via the inhibition of the mevalonate pathway [11]. With the advancement of bioinformatics technology and the 
expansion of genome databases, a pyroptosis-related gene (PRG) signature has been utilized for cancer detection and/or prognosis 
prediction [12–14]. Therefore, many scholars have explored new PRGs for GC, focusing on building a clinical prediction model of GC. 
However, the specific regulation mechanisms of pyroptosis in GC are still unclear, especially looking for new variants of PRGs in GC. 
This study used bioinformatic data to screen a PRG——ELANE. 

ELANE, which encodes neutrophil elastase, is located on chromosome 19 [15]. It is one of six elastase genes found in humans. It 
encodes a preprotein that is converted into an active protease capable of hydrolyzing proteins in specialized neutrophil lysosomes and 
proteins in the extracellular matrix to perform biological functions. Previous studies have linked ELANE mutations to illnesses such as 
periodic neutropenia, severe congenital neutropenia [16], and acute pancreatitis [17]. In the field of tumor research, the ELANE gene 
promotes the formation of lung tumors by degrading insulin receptor substrate-1 [18,19]. ELANE is associated with the prognosis of 
renal clear cell renal carcinoma [20] and endometrial carcinoma [21]. There have been two related studies in the field of GC. Among 
these, one study focused on the association of ELANE level and GC prognosis as well as immune infiltration [22], while another study 
discovered that ELANE was implicated in GC cell pyroptosis [23]. However, whether ELANE plays a role in cell pyroptosis in GC as a 
promoter or suppressor, thus affecting the GC outcome, remains unclear. 

This research aimed to investigate the GO, KEGG, GSEA, Friends analysis, and prognostic performance of ELANE signatures in GC 
using bioinformatics. Moreover, we also explored the relationship between ELANE and immune cell infiltration. Lastly, interaction 
networks (proteins-ELANE, miRNA-ELANE, TF-ELANE, and small-molecule drugs-ELANE) were built to predict the transcription, 
translation, expression, gene function, and target drug of ELANE. Additionally, we verified the expression levels of ELANE using the 
tissue microarray of GC. Moreover, the relationship between ELANE and GC pyroptosis was verified, providing a basis for how ELANE 
affects GC via pyroptosis. Furthermore, we studied the underlying mechanism using bioinformatics. The above findings may provide 
novel insights into the early diagnosis, therapeutic target, and prognosis evaluation of GC. 
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2. Materials and methods 

2.1. Acquisition of data and differentially expressed genes (DEGs) 

GSE49501 from the GEO (Gene Expression Omnibus) database was downloaded using the “GEOquery” [24] package, which 
comprises six samples, three GC tissues, and three normal tissues. Additionally, the “TCGAbiolinks” [25] software was applied to 
download the TCGA-STAD database. Simultaneously, clinical data of the corresponding patients were acquired, including age, sex, 
living status, follow-up time, tumor–lymph node–metastasis stage, and pathological stage. The cases were divided into 373 GC and 32 
healthy individuals. The “Limma” [26]package was employed for the GEO dataset to identify the DEGs. Genes with logFC >0.58 (or 
logFC <–0.58) and adjusted p < 0.05 were classified as up-regulated (or down-regulated) DEGs. Similarly, for the TCGA dataset, the 
“DESeq2” [27] package was used to select the DEGs, and genes with logFC >1(or logFC <–1) and adjusted p < 0.05 were considered 
up-regulated (or down-regulated) DEGs. Finally, the “ComplexHeatmap” [28] package was utilized to visualize the DEGs. 

Furthermore, we intersected the DEGs (from both datasets) with genes related to pyroptosis to identify the key genes associated 
with pyroptosis in GC. The median level of ELANE was used as the threshold, and the GC group (375 patients) was categorized into two 
subgroups: the high-ELANE group and the low-ELANE group (188 and 187 cases, respectively) (see Supplementary Table S1). Based on 
the “DESeq2” software, DEGs were obtained for further analysis. 

2.2. Functional enrichment analysis of the DEGs 

The R package “clusterProfiler” [29] was used to perform GO functional annotation analysis and KEGG analysis on DEGs. 

2.3. Gene set enrichment analysis (GSEA) 

GSEA [30] is applied to assess the distribution trend of genes in a predefined gene set in the gene table to judge its influence on 
phenotype. For this study, the “c2.all.v7.4. symbols” gene set from the Molecular Signatures Database was obtained, and GSEA analysis 
was performed using the “clusterprofiler” R software package. A false discovery rate (FDR) < 0.25 was considered as significantly 
enriched. 

2.4. Friends analysis 

The Friends analysis method was applied to identify the key genes. It is mainly applied to determine the functional association 
between a gene and other genes in a pathway. We assumed that if a gene interacted with other genes in the pathway, it could be 
regarded as a key gene. To analyze the key gene, the R package “GOSemSim” [31] was used to clarify the functional correlation 
between the DEGs in two ELANE-expressed GC groups. The top 10 genes with the strongest functional correlations among the 
differentially upregulated or downregulated genes were regarded as key genes. 

2.5. Construction of ELANE interaction networks 

The Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database [32] was applied to construct the PPI network 
for key DEGs related to high and low expression of ELANE in GC. We obtained the miRNA-gene interactive network from the miR-
TarBase v8.0 database via the NetworkAnalyst platform [33] and utilized the chromatin immunoprecipitation data from the Ency-
clopedia of DNA Elements (ENCODE) database [34] to construct the miRNA-key gene and transcription factor-key gene networks for 
key genes. The output results from the NetworkAnalyst database [33] were visualized using Cytoscape software (https://cytoscape. 
org/). STITCH [35] was used to construct a small-molecule drug-target gene interaction network. 

2.6. ELANE gene analysis 

We analyzed ELANE’s ability to distinguish normal tissues from GC, drew ROC curves for each gene based on the “pROC” [36] 
software, and determined the area under the curve (AUC). Using the complete clinical data of patients with GC, we compared the 
differences in overall survival (OS), disease-free survival (DFS), and progression-free interval (PFI) between patients with GC and those 
with different ELANE levels across various clinical subgroups. 

ELANE, with an AUC >0.6 and prognostic significance, was selected as the key gene related to pyroptosis in GC. Simultaneously, we 
analyzed the association between ELANE levels and different pathological factors. Time-dependent ROC can utilize additional in-
formation on each individual’s onset time to form ROC curves at multiple actual points and compare the predictive abilities of different 
factors. The “timeROC” [37] package was used to predict the survival outcome of cases for 1, 3, and 5 years. A univariate Cox analysis 
was performed to clarify the association between different pathological features and the OS rate of the cases, and clinicopathological 
features (p < 0.1) were selected for multivariate Cox analysis. Clinicopathological features (p < 0.05) were considered independent 
factors affecting the prognosis of patients with GC; the corresponding factors were included in the model. A nomogram was applied to 
predict the survival of cases at different years. We evaluated whether the predicted values of the model were consistent with the 
probability of the outcome event by drawing a calibration plot of the model. 
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2.7. Immune infiltration analysis 

The “CIBERSORT” method was applied to analyze the immune infiltration of the sample and identify immune cells that were 
differentially enriched in the data of two ELANE level groups [38]. The Tumor Immune Estimation Resource (TIMER) database uses a 
deconvolution approach to determine the abundance of such cells based on gene expression information. This study detected the 
expression level of ELANE in GC during research and conducted correlation analysis to clarify its relationship with immune infiltrating 
cells, in order to determine the role of ELANE in the pathological process of GC. 

2.8. Immunohistochemical (IHC) verification of ELANE expression level in gastric tumor tissues of patients with GC 

The tissue microarray (TMA) of gastric cancer tissues and adjacent normal mucosa tissues (HStm-Ade060PG-01) was purchased 
from Shanghai Outdo Biotech Company (Shanghai, China). We performed an immunohistochemistry analysis on TMA. The steps of 
IHC have been previously described in detail [39]. Subsequently, we judged the result based on the following conditions: 1) staining 
intensity score: 0 (negative), 0.5 (0.5 +), 1 (1 +), 2 (2 +), and 3 (3 +); 2) positive staining rate score: 0–100 %; 3) total score: “staining 

Fig. 1. Differential expression of key genes related to pyroptosis in GC. (A–B): DEGs in GC from the TCGA-STAD dataset and the GSE49051 dataset. 
The abscissa of A and B represents the patient ID, while the ordinate represents their respective DEGs. Red indicates high gene expression, blue 
indicates low gene expression, purple annotation bars represent normal tissues, and green annotation bars represent tumor tissues. These annotation 
bars show the DEGs in these datasets. (C): A Venn diagram of three databases. The pink circle represents the DEGs in the TCGA-STAD dataset, the 
blue circle represents the DEGs in the GSE49051 dataset, and the purple circle represents the genes related to pyroptosis. The key genes related to 
pyroptosis are obtained by intersection. (D): PPI of differentially expressed key genes related to pyroptosis in GC. 
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intensity score” multiply by “positive rate” (0–300 %); and 4) ELANE expression level analysis: 160 % of the total score was designated 
the low-level group, while >160 % was the high-level group. 

2.9. Cell experiments to verify ELANE expression level and its relationship with pyroptosis in GC cells 

Cell sources: GES and AGS cells were purchased from the China Cell Bank (Beijing, China) through reagent suppliers. The cell 
culture conditions are as follows: constant-temperature cell incubator with 5 % CO2 at 37 ◦C, medium with RPMI 1640 (Gibco, Thermo 
Fisher Scientific, Waltham MA, USA) +10 % fetal bovine serum (Gibco, Thermo Fisher Scientific) +1 % double antibiotics (penicillin 
and streptomycin) (Gibco, Thermo Fisher Scientific) for GES cells, and AGS-specific medium (Punuosai Life Science and Technology 
Co., Ltd, China) for AGS cells. According to the previous work, we first treated the cells with 500 μg/mL lipopolysaccharide (LPS) 
(Sigma Aldrich, Burlington, MA, USA) for 4 h and then treated via them with 5 mM ATP (Sigma Aldrich) for 36 h to establish a cell 
pyroptosis model. Subsequently, the experimental groups were designated as GES, GES + LPS + ATP, AGS, and AGS + LPS + ATP. 
Finally, the cells were collected for RT-qPCR experiments, western blotting, and electron microscopy experiments, as described in 
previous research [40]. 

2.10. Statistical analysis 

All data analyses were conducted on R (version 4.0.2; R Foundation for Statistical Computing, Vienna, Austria). Since there are 
significant prior differences between the groups and differences in specific contrasts need to be identified, we opted for a pairwise 
comparison. For normally distributed measurement data, we applied the t-test when comparing the differences in results between 
groups. For non-normally distributed measurement data, we used the U test is used for difference analysis (i.e., the Wilcoxon rank-sum 
test). 

3. Results 

3.1. Pyroptosis-related DEGs in GC 

To obtain DEGs in two types of tissues, we conducted a multi-data differential gene analysis. As shown in Fig. 1A–C, 3768 DEGs 
were obtained from TCGA-STAD data, containing 1713 upregulated and 2055 downregulated genes (Fig. 1A). Simultaneously, 14,664 
DEGs were obtained in GSE49051, containing 1144 upregulated genes and 13520 downregulated genes (Fig. 1B). These two gene sets 
interacted with the representative genes involved in pyroptosis, and we identified three key genes, including ELANE. Additionally, 
STRING web analytics were used to identify the proteins (ELANE, CXCL1, CXCL8, IL1B, IL-6ST, IL-6R, IL-6, and Gasdermin C(GSDMC)) 
that may be involved in the occurrence and development of GC. Moreover, other studies have shown that ELANE interacts with 
GSDMC, a key protein involved in pyroptosis (Fig. 1D). 

Using the relevant clinical data of cases with GC, we grouped patients with GC according to the median level of these genes and 
compared the OS differences between different groups. According to the analysis result, only the ELANE gene level significantly 
affected OS (Fig. 2A), DFS (Fig. 2B), and PFI (Fig. 2C) of patients with GC, indicating that the pyroptosis-related gene ELANE may play 
an important role in the GC prognosis. Additionally, ROC analysis of DEGs related to GC pyroptosis of ELANE showed that the AUC of 
ELANE in the TCGA dataset (Fig. 2D) was 0.812 (0.736–0.887), indicating that ELANE had a good ability to distinguish GC from the 
normal control group. In summary, the above results indicated that ELANE is closely related to the prognosis of GC and pyroptosis. 

Fig. 2. Gastric cancer survival prognosis analysis of the ELANE gene in TCGA-STAD data. (A–C): Survival analysis of ELANE gene expression level, 
grouped by the median of ELANE gene expression level. Blue lines represent the low-ELANE gene expression group, and yellow lines represent the 
high-ELANE gene expression group. The horizontal axis is survival time, and the vertical axis is survival probability. (D): A ROC curve, where the x- 
axis is 1-specificity, and the y-axis is sensitivity. The AUC and the 95 % confidence interval (CI) are noted in the lower right corner. 
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3.2. Differential expression analysis of low/high expression groups of ELANE in patients with GC 

Considering that ELANE is closely related to the prognosis of GC, we separated the 373 patients with GC into a high and low ELANE 
level group (186,187 patients) (Supplementary Table S1), using the median level of ELANE as the cut-off value. The DEGs were 
identified using the “DESeq2” package. We obtained 2280 DEGs, of which 2239 were upregulated genes and 41 were downregulated 
genes, as shown in a volcano plot (Fig. 3A). The top 20 genes were shown in a heatmap (Fig. 3B). The similar expression patterns of 
multiple genes suggest that they may form functional complexes acting in concert. Subsequently, we analyzed the heatmap of the top 
10 genes with strong correlations with ELANE expression (Fig. 3C), and it was found that ELANE and TSPAN6 were most evidently 
associated. 

3.3. ELANE gene and clinical pathological characteristic 

Subsequently, this study analyzed the association between the pathological features of cases with GC and ELANE expression. ELANE 
expression was higher in older GC cases (Fig. 4A), histologically graded G3 stage (Fig. 4B), and T2 stage (Fig. 4C). In the subgroup 
analysis of different clinical features, we found that in patients with GC aged <65 years, histological grade G3 and T3–4, the expression 
level of ELANE had an impact on OS (Fig. 4D–F). Low ELANE level was related to a better prognosis in GC cases. We evaluated the 
predictive efficacy of ELANE expression for OS (Fig. 4G), DFS (Fig. 4H), and PFI (Fig. 4I) using time-dependent ROC curves. According 
to the ROC analysis result, ELANE can effectively predict the 5-year DFS, with an AUC of 0.7. Next, we conducted univariate Cox 
analysis based on ELANE levels and clinicopathological features, and found that age, grade, stage, and expression of ELANE were 
unfavorable factors for patient prognosis (Fig. 5A; Supplementary Table S2). We included factors with p < 0.1 and conducted 
multivariate Cox analysis, the results revealed that age, M stage, and expression of ELANE can be seen as the independent risk factors 
for the prognosis of GC cases (Fig. 5B; Supplementary Table S2). Subsequently, a nomogram (Fig. 5C) was constructed using age, M 
stage, and ELANE gene level to predict the survival rates of GC cases. Based on the calibration curve, it can be indicated that the above 
model can effectively predict the 1- and 3-year survival rates of GC cases (Fig. 5D). 

Fig. 3. Taking the median expression level of ELANE as the threshold, the GC group was divided into two subgroups: the high-ELANE group and the 
low-ELANE group, and then differential expression was analyzed. (A): A volcano plot of differential expression, where the x-axis represents log2-
FoldChange, and the y-axis is -log10(Adjusted P-value). Red nodes indicate up-regulated DEGs, blue nodes indicate down-regulated DEGs and gray 
nodes represent genes that are not significantly differentially expressed. (B): A heatmap of differential expression, where the x-axis represents 
patient IDs, and the y-axis is their respective DEGs. Red indicates high gene expression, blue indicates low gene expression, the purple annotation 
bar represents the high-ELANE group, and the green annotation bar represents the low-ELANE group. (C): A thermogram of the expression of ELANE- 
related genes. Red indicates high gene expression, blue indicates low gene expression, and the x-axis represents different GC individuals. 
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3.4. Functional enrichment and friends analysis of DEGs between Low-ELANE and High-ELANE groups in patients with GC 

GO and KEGG analyses were conducted to enrich DEGs related to ELANE in TCGA-STAD. Up-regulated DEGs related to ELANE in GC 
were mainly enriched in “regulation of membrane potential,” “sensory perception of smell,” “muscle contraction,” and other biological 
processes. Simultaneously, these genes also enriched cellular components such as “transmembrane transporter complex,” “transporter 
complex,” and so on. Also, they enriched “ion channel activity”, “passive transmembrane transporter activity,” and other molecular 
functions (Fig. 6A, Supplementary Table S3). KEGG results suggested that up-regulated DEGs were mainly enriched in “neuro Active 
ligand-receptor interaction,” “olfactory transport,” “dilated cardiomyopathy,” and “hypertrophic cardiomyopathy pathways” 

Fig. 4. ELANE and Clinicopathological Features. (A–C): The relationship between the expression level of ELANE in patients with GC and the 
clinicopathological features of patients in the TCGA dataset. The x-axis represents different clinicopathological features, and the y-axis indicates the 
expression level of the ELANE gene. (D–F): Survival analysis of subgroups of patients with GC in the TCGA dataset. Blue lines indicate low expression 
of ELANE, and yellow lines indicate high expression of ELANE. The horizontal axis represents survival time, and the vertical axis represents survival 
probability. (G–J): Time-dependent ROC curve. The x-axis is 1-specificity, and the y-axis is sensitivity. The area under the curve and 95 % confidence 
interval are also indicated. 
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(Fig. 6A–Supplementary Table S4). Besides, we presented the markedly enriched pathways: HSA04974 (“protein digest and absorp-
tion”) and HSA04024 (“cAMP signaling pathway”) in Fig. 6C and D. In contrast, the down-regulated DEGs related to ELANE in GC were 
mostly enriched in biological processes like “response mediated by antimicrobial peptide,” “locomotory behavior,” and so on. For the 
molecular functions, they were enriched in “ferric iron binding,” “oxidoreductase activity,” and so forth (Fig. 6B). The top 10 key genes 
of up- and down-regulated DEGs related to ELANE in GC were identified via the Friends analysis and visualized using box plots. As 
shown in Fig. 6E and F, IGFN1 had the strongest correlation with other upregulated DEGs, and NKX2-1 had the strongest correlation 
with other downregulated DEGs; these results indicated that they can be regarded as key factors in the GC pathological process. 

3.5. GSEA 

To determine the functions of the different gene sets in the two ELANE level groups in TCGA-STAD, we performed GSEA. The results 
(Supplementary Table S5) showed that the gene sets including “KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION” (Fig. 7A), 
“NABA_CORE_MATRISOME” (Fig. 7B), “REACTOME_MUSCLE_CONTRACTION” (Fig. 7C), “NABA_ECM_GLYCOPROTEINS” (Fig. 7D), 
“WP_GPCRS_CLASS_A_RHODOPSINLIKE” (Fig. 7E), and “REACTOME_ADORA2B_MEDIATED_ANTIINFLAMMATORY_CYTOKINE-
S_PRODUCTION” (Fig. 7F) were mainly enriched in the high-ELANE group. The gene sets of “REACTOME_DNA_S-
TRAND_ELONGATION” (Fig. 7G), “REACTOME_ACTIVATION_OF_THE_PRE_REPLICATIVE_COMPLEX” (Fig. 7H) and 
“REACTOME_EXPORT_OF_VIRAL_RIBONUCLEOPROTEINS_FROM_NUCLEUS” (Fig. 7I) were mainly enriched in the low-ELANE 
group. 

3.6. Construction of interaction network 

The PPI network was drawn for the top 20 key genes obtained from friend analyses, and the results were visualized using the 

Fig. 5. ELANE and Prognosis Model. (A): Forest plot of single-factor Cox analysis. (B): Forest plot of multi-factor Cox analysis. (C): A nomogram 
predicts the survival of patients at 1 year, 3 years, and 5 years. (D): A calibration chart, with the x-axis indicating the predicted patient survival and 
the y-axis indicating the actual patient survival. 
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Cytoscape software. This network comprises 18 nodes and 26 edges (Fig. 8A). Using the Cytoscape plugin MCODE, we identified the 
modules and displayed them as purple nodes. Another key gene that interacted the most was ERBB2 (interacting with seven genes), 
followed by NKX2-1 (interacting with five genes) (Fig. 8B). MiRNAs and transcription factors play vital roles in gene expression. We 
constructed the miRNA-ELANE and transcription factor (TF)-ELANE networks of GC using the NetworkAnalyst database. The miRNA- 
key gene network comprised four nodes and three edges (Fig. 8C). ELANE was regulated by three miRNAs, namely, hsa-mir-126-3p, hsa- 
mir-146a-5p, and hsa-mir-31-5p. The TF-ELANE network consisted of 23 nodes and 22 interaction relationship pairs (Fig. 8D), indi-
cating the degree of interaction between TF and ELANE genes in GC. Finally, this study established a network of small-molecule drug- 

Fig. 6. GO, KEGG enrichment analysis, and Friends analysis. (A–B): GO and KEGG enrichment analysis network diagrams, with red nodes repre-
senting different genes and blue nodes representing enriched terms. The size of the blue node indicates the number of genes enriched in the 
respective pathway. Each functional category shows the top three enriched items. (C–D): Visualization results of the pathway. Each node represents 
a gene that plays an important role in this pathway, and the color of the node is determined by log2FC; green represents a differentially down- 
regulated gene, while red represents a differentially up-regulated gene. (E–F): The box plots show the functional similarity analysis between 
differentially up-regulated genes and differentially down-regulated genes, respectively. The x-axis represents the correlation, and the y-axis rep-
resents the gene name. 
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ELANE gene interactions based on STITCH, and it was found that ELANE is a target of 10 small-molecule drugs. 

3.7. Immune infiltration analysis 

To analyze the difference in immune infiltration levels between the two ELANE expression groups in TCGA-STAD, we determined 
the association between the ELANE level and main immune cells using the TIMER database, with a p-value less than 0.05. We found 
that the ELANE level was positively related to B cells, CD4+ T cells, and macrophages and negatively related to tumor purity (Fig. 9A). 
Additionally, we calculated the infiltration of 22 immune cells using the CIBERSORT method. The proportions of immunocyte infil-
tration in different samples are shown as stacked bar graphs (Fig. 9B). Using the “wilcox.test” algorithm, 10 immune cells in the TCGA 
data set showed significant differences between the two ELANE groups (Fig. 9C). These included naïve B cells, memory B cells, CD4+

Fig. 7. GSEA analysis. (A–F): The TCGA dataset shows the gene sets enriched in the high-ELANE expression group in GC. (G–I): Display of gene sets 
enriched in the low-ELANE expression group in GC from the TCGA dataset. 
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memory-activated T cells, activated mast cells, resting NK cells, monocytes, and macrophages. 

3.8. IHC verification of ELANE expression level, cell experiments verification of ELANE expression level and its relationship with pyroptosis 

IHC analysis of TMA indicated a high ELANE level in gastric cancer tissue (Fig. 10A and B). Based on a previous study, we suc-
cessfully built cell pyroptosis models for normal gastric cells and GC cells, as shown in the electron microscopy experiments 
(Fig. 10C–E). Subsequently, the experimental groups were designated as GES, GES + LPS + ATP, AGS, and AGS + LPS + ATP. Fig. 10D 
shows the high ELANE level in the GES + LPS + ATP and AGS + LPS + ATP groups and the high ELANE level associated with pyroptosis 
produced in these cells via RT-qPCR. In addition, the AGS + LPS + ATP groups showed higher expression of ELANE than the GES + LPS 
+ ATP group, as demonstrated by Western blot and RT-qPCR experiments (Fig. 10D–F, Additional file3). 

4. Discussion 

Pyroptosis is a type of lytic cell death associated with gasdermin protein. Cells engage in inflammasome assembly, gasdermin 
cleavage, the generation of proinflammatory cytokines and other cellular materials, and inflammatory cell death in response to 
external or endogenous signals [41,42]. Many factors, including oncogenic activity and chronic inflammation, regulate tumors. Some 
scholars have found that chronic exposure to an inflammatory environment is closely associated with a higher cancer risk [43]. The 

Fig. 8. Construction of interaction network. (A): PPI networks were constructed using the top 10 up-regulated and down-regulated DEGs as the 
centers in the Friends analysis. (B): A bar chart showing the number of interactions between the first six important nodes and other genes in the 
protein interaction network. The abscissa represents the gene, and the ordinate represents the number of interaction pairs between the gene and 
other genes. (C): mRNA-ELANE network. Pink round nodes represent ELANE, and purple triangular nodes represent interacting miRNAs. (D): TF- 
ELANE network. Pink round nodes represent ELANE, and yellow square nodes represent interacting transcription factors. (E): Small molecule drug- 
ELANE network. Pink round nodes represent ELANE, and blue nodes represent different small molecule drugs. 
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specific mechanism may be that release of IL-1 and IL-6 [44,45] induced by pyroptosis can increase the infiltration level, thereby 
enhancing the risk of tumor occurrence and proliferation [46]. These indicate that pyroptosis may play an important role in the clinical 
diagnosis and treatment of tumors. However, the exact role that pyroptosis plays in the evolution of GC is unclear. 

At present, bioinformatics analysis is often used to predict the expression of a gene in tumors and to study various aspects such as 
clinical prognosis, immune infiltration, PPI, functional pathway and mechanism prediction, and drug-gene prediction. In this study, we 
performed a series of bioinformatics analyses to explore the target and prognostic biomarkers of GC. Firstly, we conducted differential 
gene analysis in TCGA and GEO databases through bioinformatics analysis. These two genomes interacted with representative genes of 
pyroptosis, and we screened ELANE as a PRG. ELANE, also called neutrophil elastase, is only expressed in mature bone marrow 

Fig. 9. Immune infiltration analysis. (A): The TIMER database calculates the correlation between ELANE expression level and six types of immune 
cells as well as immune purity. (B): The richness of 22 types of immune cells in patients with gastric cancer. The horizontal axis represents different 
gastric cancer samples, and the vertical axis represents the abundance of immune cell infiltration. (C): Comparison of immune infiltrating cells 
between the high-ELANE expression group and the low-ELANE expression group. Green represents the low-ELANE expression group, and red 
represents the high-ELANE expression group, the horizontal axis represents 22 types of immune cells, and the vertical axis represents the infiltration 
abundance of immune cells. 

M. Cui et al.                                                                                                                                                                                                            



Heliyon 10 (2024) e34360

13

(caption on next page) 

M. Cui et al.                                                                                                                                                                                                            



Heliyon 10 (2024) e34360

14

mononuclear cells and immature myeloid precursors. Neutrophils release a small amount of ELANE under normal conditions; however, 
neutrophils release a large amount of ELANE during infection, which could be involved in tumor development and progression [44]. As 
an essential part of the neutrophil extracellular traps (NETs) [22], ELANE has been recently shown to selectively destroy various cancer 
cells while causing no harm to neighboring cells. Additionally, ELANE can limit tumor growth by inducing apoptosis [45]. However, in 
acute promyelocytic leukemia, the situation is rather different; ELANE could promote leukemia cell growth and inhibit apoptosis by 
activating the PI3K/AKT signaling pathway [47]. High ELANE expression is associated with poor prognosis in different cancer types 
[48]. This study deeply investigated the role of pyroptosis in GC pathogenesis and the correlation between ELANE and GC prognosis 
prediction. 

The enrichment analyses were conducted to determine the function of ELANE. Multivariate Cox analysis results indicated that age, 
M stage, and ELANE expression were independent risk factors for GC (Fig. 5B). Subsequently, a nomogram incorporating age, M stage, 
and ELANE genes (Fig. 5C) was applied to predict the survival rates of GC cases. According to the relevant calibration curve results, it 
can be found that the nomogram significantly predicted 1- and 3-year survival rates (Fig. 5D). We found that ELANE is associated with 
poor clinical prognosis. Regarding the mechanisms underlying the function of ELANE in the occurrence and progression of GC, the 
main findings of GO and KEGG analyses are associated with processes such as “membrane potential regulation,” “human immunity,” 
“transmembrane transporter complex,” “transporter complex,” and “ion channel activity”. Many of these overlap with the pyroptosis 
process, indicating that ELANE may participate in the pathological process of GC by impacting the pyroptosis process through the 
above channels. Particularly, ELANE was mainly enriched in hsa04024 (cAMP signaling pathway) (Fig. 6). According to previous 
reports, activating the cAMP/PKA pathway induces pyroptosis in breast cancer cells [49], which may also affect the cAMP/PKA 
signaling pathway in GC. By Gene Set Enrichment Analysis (Fig. 7), we found ELANE could influence the pathway of ADORA2B 
mediated anti-inflammatory cytokines production. ADORA2B, one of four purine nucleoside adenosine (ADO) sensing receptors [50], 
is closely associated with inflammation [51,52] and many common tumors, such as glioblastoma, pancreatic cancer, and so on 
[53–56]. In cancer, it plays important roles in proliferation, apoptosis, angiogenesis, metastasis, and immunomodulation [57]. Some 
evidence suggests that the adenosine receptor is intricately tied to the mitogen-activated protein kinase (MAPK) signaling pathway 
[58]. Previous studies have suggested that the MAPK signaling pathway could inhibit pyroptosis [59,60]. Thus, we speculated that 
ELANE might interact with ADORA2B and mediate the pyroptosis of GC via the MAPK signaling pathway. 

Fig. 8A and B shows that ERBB2 interacted closely with other key genes, followed by NKX2-1. ERBB2 is human epidermal growth 
factor receptor-2, also known as HER2. It is involved in the occurrence and metastasis of various tumors, including GC, and is a well- 
known immunotherapeutic target [61]. NKX2-1, a transcription factor containing homeoboxes named TTF-1, functions as a “lineage 
survival” cancer-related gene in lung adenocarcinoma [62]. Although increasing evidence supports the carcinogenic effect of NKX2-1, 
its expression also exhibits a clinical effect in inhibiting tumor progression [63]. ELANE is closely related to these two genes, suggesting 
that ERBB2, NKX2-1, and ELANE may be important factors in the pathological process of GC, providing further insights into the role of 
ELANE in GC immunotherapy. However, it remains unclear in recent research whether these genes are involved in pyroptosis in GC. 
ELANE may be a “door” to initiate exploration in this area. In addition, we found that hsa-mir-126-3p, hsa-mir-146a-5p, and hsa--
mir-31-5p regulate ELANE (Fig. 8C). Among them, hsa-mir-126-3p and hsa-mir-146a-5p are associated with GC but not with pyroptosis 
[64], according to the literature. Therefore, they may affect the molecular mechanism of GC by regulating ELANE. Furthermore, the 
TF-ELANE network consisted of 23 nodes and 22 interaction relationship pairs (Fig. 8D), indicating a degree of interaction between TFs 
and ELANE in GC. These TFs may participate in GC via the TF-ELANE pathway. Moreover, for the first time, we identified ELANE as a 
target of 10 drugs. This provides predictions for the development of ELANE target drugs, which is beneficial for the development of GC 
target drugs (Fig. 8E). As the immune system plays a crucial role in tumor evolution and immune infiltration is closely related to 
immunotherapy responsiveness, we performed an immune infiltration analysis to investigate the differences in immune cell infiltration 
between two groups of patients with GC. We found that the ELANE level was positively related to B cells, CD4+ T cells, and macro-
phages and negatively related to tumor purity (Fig. 9A). Additionally, we calculated the immune cell infiltration based on the 
CIBERSORT method. Overall, 10 immune cell types in the TCGA dataset exhibited obvious differences between the low and high--
ELANE groups (Fig. 9C). These findings suggest that ELANE is a potential therapeutic target in anti-tumor immunity. The key point of 
this paper is that we first proved the high expression of ELANE in tumor samples of clinical patients with GC and verified the existence 
of a pyroptosis process linked to high ELANE levels in GC tumor cells through cell experiments (Fig. 10). 

Based on the above research results, we could infer that ELANE is not only a potential biomarker in the diagnosis and prognosis of 
GC but also a key target for immunotherapy. This provides theoretical support for the mechanism in which ELANE regulates the 
pathological process of GC by affecting the pyroptosis process of GC cells, thus facilitating further research and development of anti- 
ELANE tumor drugs. 

However, this study had some limitations. Firstly, our study did not further verify how ELANE regulates the pyroptosis process of 
GC. Next, we will perform in vivo and in vitro experiments to verify the mechanism of action of ELANE. Secondly, the patient’s clinical 
information was obtained from the TCGA database; we will collect real-world patient information from our hospital. Finally, drawing 
conclusions about miRNAs and drug effects lacked inadequate experimental validation; therefore, the prediction results should be 

Fig. 10. The experiment verified the expression of the ELANE gene in GC and its relationship with pyroptosis. (A): Immunohistochemical (IHC) 
analysis of ELANE expression in gastric cancer tissues. Magnification: × 20. (B): The statistics chart of ELANE expression in gastric cancer tissues and 
normal tissues. (C): A schematic diagram of the pyroptosis modeling and grouping of normal gastric cells (GES) and GC cells (AGS). (D): RT-qPCR 
experiment verified the expression of ELANE. (E): Normal gastric cells (GES) and GC cells (AGS) pyroptosis models were observed under an electron 
microscope. (F): Western Blot experiment verified the expression of ELANE in the cell experiment. 
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verified by subsequent experiments to confirm their biological function and clinical application value. 

5. Conclusion 

ELANE has a higher level in GC tissues, and high ELANE expression is related to poor survival and prognosis of patients with GC. 
ELANE participates in pyroptosis and immune infiltration in GC. Therefore, it is a promising prognostic biomarker for pyroptosis in GC. 
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