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Background

This study investigated the expression and role of Synaptosome associated protein 25 (SNAP25) in high-grade neuroendocrine carcinoma (HGNEC).





Methods

We used differentially expressed analysis and weighted gene co-expression network analysis (WGCNA) to identify key genes and modules in HGNEC. KEGG and GO analyses helped understand these genes’ roles, and ROC curves assessed their diagnostic value. We also studied SNAP25’s relation to immune infiltration and confirmed findings with in vitro and vivo experiments and datasets.





Results

WGCNA identified 595 key genes related to pathways like MAPK signaling, GABAergic synapse, and cancer-related transcriptional misregulation. Top genes included SNAP25, MYC, NRXN1, GAD2, and SYT1. SNAP25 was notably associated with M2 macrophage infiltration. Dataset GSE40275 confirmed SNAP25’s high expression and poor prognosis in HGNEC. qRT-PCR and WB analyses showed increased SNAP25 and c-MYC levels in HGNEC, promoting MEK/ERK pathway activity. Reducing SNAP25 decreased H1299 cell proliferation, migration, invasion, and levels of c-MYC, MEK, and ERK. Finally, in vivo experiments further confirmed that SNAP25 knockout can inhibit tumor growth.





Conclusion

SNAP25 regulates c-MYC activation by stimulating the MEK/ERK pathway, ultimately influencing the development of HGNEC.
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Introduction

Lung cancer stands as the foremost contributor to cancer-related fatalities on a global scale. Remarkably, approximately one-third of these tumors originate from neuroendocrine (NE) cells. Lung neuroendocrine tumors (NETs) are typically categorized using the World Health Organization’s three-grade(high, intermediate, low) classification system (1). Within this classification, high-grade neuroendocrine carcinoma (HGNEC) encompass small-cell lung carcinoma (SCLC) and large-cell neuroendocrine carcinoma (LCNEC), while intermediate- and low-grade lung NETs are further divided into atypical (AC) and typical (TC) carcinoids (2). Despite their histopathological distinctions, both types of HGNEC exhibit a grim clinical trajectory, marked by a 5-year survival rate ranging from 15 to 57% (3–5). Notably, HGNEC exhibit a more rapid growth rate than other forms of lung cancer, manifesting as particularly aggressive and carrying a comparatively poor prognosis. In the current study, the scarcity of investigations examining the prognosis of HGNEC underscores the critical need to delve deeper into the molecular mechanisms governing their development and progression. This pursuit can potentially lead to the discovery of novel treatment targets and strategies aimed at enhancing the overall prognosis of afflicted patients.

Synaptosome associated protein 25(SNAP25) is a soluble component of the N-ethylmaleimide-sensitive factor attachment protein receptor complex, playing an indispensable role in the regulation of various crucial cellular processes. These include neurotransmitter release, synaptic messaging, secretory vesicle extravasation, intercellular signaling, and ion channel opening (6–8). SNAP25 has also been implicated in facilitating normal vesicle fusion and orchestrating lysosomal trafficking (9, 10). In recent years, a growing body of research have underscored an association between SNAP25 levels and various types of tumors (11–15). Nevertheless, the precise functions and mechanisms underlying SNAP25’s involvement in the immunologic and pathogenetic progression of high-grade neuroendocrine lung cancer remain largely unexplored.

MYC, a pivotal regulatory gene in tumorigenesis, exhibits significantly elevated expression levels in various tumor types. Its gene product exerts control over the transcription of an array of protein-encoding genes and non-coding RNAs (16). Meanwhile, the ERK/MAPK represents a crucial signaling cascade with a pivotal role in governing numerous cellular processes, encompassing cell proliferation and apoptosis (17, 18). Prior investigations have highlighted that MYC’s capacity to activate the ERK/MAPK signaling pathway, thereby promoting the proliferation of NSCLC cells while inhibiting apoptosis. However, there is a noticeable absence of comprehensive studies delving into the distinct characteristics of HGNEC in this context (19).

In pursuit of this objective, we accessed gene expression data from the GEO database and conducted survival analyses to assess the prognostic significance of gene expression across diverse HGNEC cohorts. Notably, our findings highlighted the increasingly prominent role of SNAP25 protein became more pronounced as the prognosis of patients with HGNEC patients worsened, the SNAP25 as patient prognosis deteriorated, solidifying its status as a valuable prognostic biomarker. This designation prompted us to embark on a comprehensive analysis. Our approach encompassed integrative analysis and the utilization of various visualization techniques to delve into the mechanisms governed by SNAP25 in HGNEC. We found a close association between SNAP25 and its downstream protein, c-MYC. We meticulously examined the correlation between the expression levels of SNAP25 and c-MYC and established a correlation between SNAP25 expression and the immune microenvironment of patients. Furthermore, we harnessed gene ontology (GO) analysis, explored Kyoto Encyclopedia of Genes and Genomes (KEGG) and employed various methodologies to unravel the potential mechanisms underpinning SNAP25’s involvement in tumor development. Subsequently, we conducted in vitro and vivo experiments to validate and further illuminate the role of SNAP25-induced upregulation of c-MYC in the progression of HGNEC, offering novel insights into its pivotal significance within this context.





Materials and methods




Data source and differentially expressed genes identification

This dataset was generated by profiling the transcriptomes of high-grade neuroendocrine carcinoma (HGNEC) from a cohort of 29 patients who underwent pneumoresection. Within this patient group, 20 individuals were diagnosed with small cell lung carcinoma (SCLC) while the remaining 9 had large cell neuroendocrine carcinoma (LCNEC). A classification process, guided by transcription profiles and statistical analysis, segregated the samples into two distinct groups, denoted as group 1 and group 2. Notably, the analysis revealed that group 2 exhibited a notably higher survival rate compared to group 1. The expression data is available for download via the Gene Expression Omnibus (GEO) database at the following link: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE9074.

To initiate our analysis, we utilized R software, specifically version 3.6.1, to import and preprocess the dataset GSE9074. This preprocessing involved essential steps such as batch correction and normalization. Subsequently, we conducted DEG analysis screening, employing the “limma” package for this purpose. DEGs that met the criteria of |log2FC|>2 and an adjusted p-value<0.01 were carefully selected for further investigation. Following the significance analysis of expression levels, we harnessed the “pheatmap” and “ggplot2” R packages (20) to create visually informative volcano plots and DEG expression heat maps.





Candidate hub genes screen and functional enrichment analysis

WGCNA, as a systematic approach in the field of biology, is frequently employed to elucidate patterns of genetic association among diverse samples (21). It serves as a valuable tool for identifying highly co-regulated genomes. By analyzing the interconnections between genomes and their relationships with phenotypic traits, this approach enhances the identification of candidate markers. In our study, we leveraged the “WGCNA” R package to construct a gene co-expression network specifically tailored to HGNEC. Subsequently, we evaluated the correlation of different modules within this network with the pathogenic mechanism associated with HGNEC. We identified the most relevant module, which yielded the central gene derived from our WGCNA analysis.

To identify key genes relevant to the pathogenesis of HGNEC, we selected the genes that intersected between WGCNA’s most relevant module genes, and the genes identified as differentially expressed (DEGs). These intersecting genes were then designated as candidate hub genes pertinent to HGNEC pathogenesis. Subsequently, we performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis, employing the “clusterProfiler” R package. This analysis aimed to provide insights into the potential mechanisms governing the progression and pathogenesis of HGNEC. Additionally, we utilized the KEGG database to elucidate the biological functions associated with the significant hub genes.





Protein-protein interaction network hub genes and receiver operator characteristic curve

After disregarding the disconnected nodes and screening for relevant DEGs using an interaction score >0.4, hub genes were screened using STRING (https://string-db.org/) and Cytoscape software platform (https://cytoscape.org/) to show the protein-protein interaction (PPI) networks. The Degree algorithm of Cytoscape software was used to rank the important genes in PPI networks using the cytoHubba plugin. After that, we used “ROC” package construct the receiver operator characteristic (ROC) curve to validate the diagnostic effectiveness of the candidate biomarkers. We employed the area under the ROC curve (AUC) to indicate the accuracy. A criterion (0.9≤AUC<1) was used to identify excellent accuracy.





Analysis of immune cell infiltration and its relationship with hub genes

To explore the role of immune cells in HGNEC, we conducted an analysis to assess the extent of immune cell infiltration among 22 distinct types of immunocytes in the two groups using CIBERSORT. Additionally, we examined the correlation between these hub genes and immune infiltrates, encompassing neutrophils, CD8+ T cells, CD4+ T cells, dendritic cells, B cells, and macrophages in HGNEC.





Validation analysis using GSE40275 dataset

To validate our findings, we performed an additional analysis using an independent dataset, GSE40275. This dataset includes RNA samples extracted from lung tissues, comprising 15 cases of small cell lung cancer (SCLC) and 43 samples from individuals with healthy, normal lung tissue. The GSE40275 dataset was downloaded from the Gene Expression Omnibus (GEO) database. We conducted differential expression analysis to identify genes with significant expression changes between SCLC and normal lung tissues. To further explore the clinical significance of SNAP25, we performed a survival analysis focusing on its expression levels in high-grade neuroendocrine carcinoma (HGNEC) of the lung. Kaplan-Meier survival curves were generated, and the log-rank test was used to assess the statistical significance of survival differences between groups.





Cell line culture and establishment of stable cell lines

H1299 (LCNEC), A549 (Lung adenocarcinoma cell), H520(Lung squamous cell) and BEAS-2B (Human normal lung epithelial cell line) cells were purchased from American Type Culture Collection (ATCC, USA). Cell lines have recently been identified using the STR method. The H1299 and A549 cells were cultured in RPMI-1640 medium (Sigma, Saint Louis, MO, USA) with 10% fetal bovine serum (FBS; Gibco, Rockville, MD, USA), 100 U/mL penicillin and 100 μg/mL streptomycin (Gibco, Rockville, MD, USA) at 37°C in an environment with 5% CO2. H520 and BEAS-2B cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Rockville, MD, USA) containing 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin at 37°C in an environment with 5% CO2.

Lentiviral constructs of SNAP25-related knockdown plasmids and their corresponding empty vectors were purchased from Shanghai GeneChem Co.,Ltd. All the plasmids were amplified and extracted using HGNEC cell lines seeded in 6-well plates at a concentration of 2×106 cells per well before lentivirus infection. When the confluence reached approximately 50%, the H1299 cell lines were infected with the lentiviruses. After 48 hour of infection, the cells were selected with puromycin (Beyotime Biotechnology, Shanghai, China).





Cell counting kit-8 assay

A total of 5×103 H1299 cells infected with the lentiviruses were first seeded into each well of a 96-well plate and subjected to the specified experimental treatment. The next day, the cell medium was changed, and the cells were further cultured for 24, 48, and 72 hours respectively. After this period, the original medium was removed. Subsequently, 100 μL of fresh medium and 10 μL of CCK-8 reagent (Dojindo Molecular Technologies, Kumamoto, Japan) were added to each cell-containing well, followed by incubation at 37°C for an additional 2 hours. Post-incubation, the optical density of each sample in the 96-well plate was measured using a multifunctional microplate reader (Bio-Rad, Hercules, CA, USA) at a wavelength of 450 nm.





Migration and invasion assay

Initially, H1299 cells infected with the lentiviruses underwent trypsinization and were suspended in a serum-free medium. Subsequently, a 100 μL sample of this cell suspension (containing 1 × 105 cells) was placed into the Transwell’s upper compartment (Corning Costar, MA, USA), which features an 8 μm pore-sized porous polycarbonate membrane. The lower compartment was filled with 600 μL of a medium enriched with 10% FBS. Following a 24-hour incubation, cells remaining on the membrane filter’s top surface were carefully removed using cotton swabs. Cells that had migrated to the underside of the filter were treated with 4% methanol, then stained with a 0.5% crystal violet solution for two hours, rinsed in PBS, quantified, and examined under a microscope. In the invasion assay, the Transwell’s upper section was lined with 60 µL of Matrigel (1:20 dilution, Corning Costar, MA, USA). Cells that penetrated to the filter’s lower surface were processed and analyzed as previously mentioned.





Nude mouse tumor xenograft model

Animal experiments were approved by Guangzhou University of Chinese medicine animal center. The BALB/C nude mice (6-week-old) were obtained from Guangdong Yaokang Biotechnology Co., LTD. and were randomly divided into two groups (n = 6 per group) and stably transduced H1299 cells (1 ×107) were subcutaneously injected into the unilateral hind limbs of the nude mice. Tumor size was measured for 21 days after inoculation to calculating tumor volume using the equation (length × width2/2). Animals were killed 21 days after inoculation, and the tumors were then excised and weighted.





qRT-PCR assay

Total RNA was extracted from the tissue and cells using the Trizol Reagent (Thermo Fisher Scientific, Waltham, MA, USA) in accordance with the manufacturer’s protocol. Subsequently, the reverse transcription was carried out utilizing Maxima Reverse Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA). Quantitative PCR was executed using SYBR premix Ex Taq (TaKaRa Biotechnology Co., Ltd., Dalian, China) and performed on QuantStudio™ 5 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). Relative expression levels were normalized to GADPH and calculated using the 2-ΔΔCt method. Each experiment was conducted independently with a minimum of three replicates. The primers are as follows: GAPDH-F, TGTCAAGCTCATTTCCTGGTATG, R TCTCTCTTCCTCTTGTGCTCTTG. SNAP25-F GGTAACAAATGATGCCCGAGAAA, R ACTTAACCACTTCCCAGCATCTT. MYC-F CAAGAGGCGAACACACAACG, R GTCGTTTCCGCAACAAGTCC. ERK1/2-F GTGTTGCAGATCCAGACCATGAT, R TGCAGCCTACAGACCAAATATCA. MEK-F CCCTCCAACATCCTAGTCAACTC, R ATCTGGAGGAGGGATGGGATAC.





Western blot analysis

Total protein was extracted from the tissue and cells using RIPA lysis buffer (Beyotime, Shanghai, China) according to the manufacturer’ s guidelines. Then, protein concentration was measured by the bicinchoninic acid (BCA) protein assay kit (Beyotime Biotechnology, Shanghai, China) according to the instructions of the kit. Subsequently, the proteins were separated using 10% sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis (PAGE) and then transferred to polyvinylidene fluoride membrane (PVDF; Roche, Basel, Switzerland). After blocking with QuickBlock Blocking Buffer (Beyotime, Shanghai, China) at room temperature for 15min, the membranes were incubated with the relevant antibodies overnight at 4°C. After a thorough wash with 1 × PBS, the membranes were probed with HRP-conjugated secondary antibodies for 1 hour at room temperature, Primary antibodies for SNAP25 (1:3000), p-MEK (1:3000), MEK (1:3000), p-ERK (1:3000) and ERK (1:3000) were purchased from Affinity. Primary antibodies for c-MYC (1:5000) and GAPDH (1:3000) were obtained from proteintech. Specific protein bands were detected utilizing an ECL western blotting substrate (Bio-Rad, Hercules, CA, USA) and the Fluorescence/Chemiluminescence Imaging System (CLINX Science instruments, Shanghai, China), with subsequent analysis using Image J software. Each experiment was repeated at least three times.





Immunofluorescence

Immunofluorescence staining was performed to assess the expression of SNAP25 in H1299, A549, H520 and BEAS-2B cells. In brief, cells were fixed using 4% paraformaldehyde for 15 min, permeabilized with 0.5% Triton X-100 for 15 min, and subsequently blocked with goat serum. Following this, cells were subjected to overnight incubation at 4°C with an anti-SNAP25 (1:300, Cell Signaling Technology) antibody, followed by incubation with an FITC-conjugated secondary antibody (ZSGB-BIO) in the dark for 1 hour. Cell imaging was performed utilizing an immunofluorescence inverted microscope (Leica Dmi8, Wetzlar, Germany). The expression of SNAP25 was quantified using the average fluorescence intensity values determined by the Image J software.





Statistical analysis

Data were analyzed with the Statistical Package for the Social Sciences (SPSS 26.0) and were performed primarily using Image J software. Statistical significance was determined with a threshold of P-value<0.05. Visualization of results was achieved using GraphPad Prism 9.2.0 (La Jolla, CA, USA). To ensure the robustness of our findings, all experiments were independently repeated three times for validation.






Results




DEGs screening

Our initial step involved acquiring the HGNEC dataset (GSE9074) from GEO database. Within this dataset, patients were categorized into two distinct groups based on their transcriptomic profiles. Group 1 consisted of patients with a lower survival rate, while Group 2 included those with a significantly higher survival rate. We proceeded to identify DEGs between these two groups. Our analysis revealed a total of 941 DEGs, with 426 genes being upregulated and 515 downregulated in Group 2 compared to Group 1 (Figures 1A, B; Supplementary Table S1).




Figure 1 | Genes differentially expressed between the Group 1 and Group 2. (A) Volcanic map for differential expression analysis of GSE9074. (B) Heat map for differential expression analysis of GSE9074. Blue represents down-regulated genes and red represents up-regulated genes.







WGCNA network construction and identification of modules related to HGNEC

To assess the potential associations of gene modules with HGNEC, we conducted WGCNA analysis utilizing all candidate genes from HGNEC -related datasets, specifically GSE9074 (Figure 2A). In the course of this analysis, we identified a total of eighteen distinct modules (Figure 2B). Following a thorough examination of the positive correlation coefficients, we ultimately singled out module red as the most pertinent module within the GSE9074 dataset. (Figure 2C, Supplementary Table S2).




Figure 2 | Identification of HGNEC -associated gene modules in the GEO dataset using WGCNA. (A) Dendrogram of all genes in the GSE9074 dataset was clustered on the basis of a topological overlap matrix. Each branch in the clustering tree represents a gene, while co-expression modules were constructed in different colors. (B) Module-trait heatmap of the correlation between the clustering gene module and neuropathic pain in the GSE9074 dataset. Each module contains the corresponding correlation coefficient and p value. (C) Scatter plot of module cyan has the strongest positive correlation with HGNEC in the GSE9074 dataset.







Go/KEGG analyses

To search for co-expressed genes between WGCNA-derived hub genes and DEGs. We eventually screened 595 overlapping genes as candidate hub genes that may play an important role in the development and progression of HGNEC (Figure 3A). GO and KEGG analyses were conducted to further explore the underlying roles of these 595 overlapping genes (Figures 3B, C). GO enrichment analysis showed that the overlapping genes mainly affect the biological functions of axon development, axonogenesis, neuronal cell body and monoatomic ion channel activity. KEGG enrichment analysis showed that the overlapping genes mainly affect MAPK signaling pathway, GABAergic synapse, cell adhesion molecules and transcriptional misregulation in cancer.




Figure 3 | Candidate hub genes were screened and validated. (A) Venn diagram revealed 595 overlapping candidate hub genes. (B) GO enrichment analysis of candidate hub genes. (C) KEGG pathway analysis of candidate hub genes.







PPI network analysis and ROC curves for hub genes

We used the STRING online tool to construct a PPI network of overlapping hub genes. Subsequently, the top ten highly ranked up-regulated genes were then visualized by using Cytoscape software (Figure 4A). Briefly, SNAP25, MYC, NRXN1, GAD2, SYT1, GAD1, SYT4, NEUROD1, CCND1, and STXBP1 were sorted out. The deeper the color, the higher the score. Subsequently, we calculated ROC curves for the top five hub genes (SNAP25, MYC, NRXN1, GAD2 and SYT1) to assess the diagnostic effect. The AUC of our ROC curves could differentiate between group 1 and group 2 (Figure 4B). The AUC values of SNAP25, MYC, NRXN1, GAD2 and SYT1 are, respectively, 0.948, 0.919, 0.995, 0.952 and 0.857.




Figure 4 | The construction of PPI network and ROC curves. (A) The core genes of the interaction network were obtained by degree algorithm.  (B) ROC curves to assess the diagnostic efficacy of each hub gene.







Correlation between SNAP25 and immune cells and data set validation

Among the 22 immune cells types we analyzed, a substantial correlation emerged between the infiltration levels of M2 macrophages and SNAP25 expression. This correlation displayed a consistent upward trend with increasing SNAP25 expression levels. Notably, it’s worth highlighting that no significant correlations were detected between SNAP25 and other immune cell types. (Figures 5A–C).




Figure 5 | Immuno-correlation of SNAP25 in HGNEC. (A) Relative distribution of 22 kinds of immune cells in HGNEC samples. (B) The correlation between SNAP25 expression and M2 macrophages. (C) The correlation between SNAP25 expression and various immune cells. (D) DEGs in small cell lung cancer and normal lung RNA samples were analyzed based on data set GSE40275. (E) Prognostic analysis of SNAP25 in HGNEC.



Simultaneously, we utilized an additional dataset (GSE40275) to perform further validation analysis. This dataset consisted of RNA samples extracted from lung tissues, comprising 15 cases of small cell lung cancer and 43 individuals with healthy, normal lung tissue. In this analysis, we observed a significant upregulation of SNAP25 in small cell lung cancer compared to normal lung tissue (Figure 5D). Furthermore, we conducted a survival prognosis analysis specifically focusing on SNAP25 in HGNEC. The results indicated that individuals with elevated expression levels of SNAP25 experienced shorter survival periods (Figure 5E).





Significant upregulation of SNAP25 gene expression at the cellular level in H1299 cells

To further investigate the role of SNAP25 in HGNECs, we selected various lung cancer cell lines for evaluation. These included the large cell lung cancer cell line H1299, the lung adenocarcinoma cell line A549, the lung squamous cell carcinoma cell line H520, and the normal lung epithelial cell line BEAS-2B. The qRT-PCR findings revealed that SNAP25 mRNA expression in H1299 cells was higher compared to BEAS-2B and H520 cells, but lower than that in A549 cells, and these differences were statistically significant (Figure 6C). These results were consistent with the observations from the GEO database, demonstrating that SNAP25 expression at the protein level was significantly elevated in neuroendocrine cancer cells with a high malignancy profile compared to lung cancer cells with relatively lower malignancy (Figure 6A) (1.529 ± 0.041 vs 0.643 ± 0.044 vs 0.234 ± 0.091 vs 0.518 ± 0.074, H1299 vs A549 vs H520 vs BEAS-2B).




Figure 6 | The expression of SNAP25 protein and mRNA among various cells. (A)SNAP25 protein expression among different cells. (B) Immunofluorescence analysis of SNAP25 expression among different cells. (C)SNAP25 mRNA expression among different cells.



To complement our findings, we conducted immunofluorescence experiments, which further substantiated a significant increase in SNAP25 expression levels specifically in H1299 cells (Figure 6B). Taken together, these results strongly indicate that elevated SNAP25 expression is indicative of a poor prognosis for HGNECs.





Prominent activation of MEK/ERK/c-MYC pathway in H1299 cells at cellular level

The KEGG pathway analysis underscored the predominant association of these hub genes with the MAPK pathways. A closer look at the qRT-PCR data revealed that c-MYC mRNA levels in H1299 cells were higher than in BEAS-2B cells, but slightly lower compared to H520 and A549 cells. At the protein level, the expression of c-MYC in H1299 cells was significantly higher than that in other cell lines (4.068 ± 0.061 vs 0.171 ± 0.002 vs 0.660 ± 0.015 vs 0.191 ± 0.004, H1299 vs A549 vs H520 vs BEAS-2B). MEK mRNA expression in H1299 cells exceeded that in BEAS-2B and H520 cells and was marginally less than in A549 cells. Notably, the expression of p-MEK/MEK proteins in H1299 cells surpassed that in all other examined groups (1.683 ± 0.039 vs 1.237 ± 0.009 vs 1.138 ± 0.010 vs 0.572 ± 0.018, H1299 vs A549 vs H520 vs BEAS-2B). When it comes to ERK expression, H1299 cells exhibited higher levels than the other groups, both at the mRNA and protein levels (2.886 ± 0.045 vs 1.187 ± 0.019 vs 1.226 ± 0.029 vs 0.625 ± 0.010, H1299 vs A549 vs H520 vs BEAS-2B). To summarize, the MEK/ERK pathway activation appeared significantly more elevated in lung cancer cells with higher malignancy (Figures 7A, B).




Figure 7 | The expression of MEK/ERK pathway protein and mRNA among various cells. (A) MEK/ERK pathway mRNA expression among different cells. (B) MEK/ERK pathway protein expression among different cells.







SNAP25 knockdown inhibits cell proliferation, migration, and invasion while modulating the MEK/ERK signaling pathway

To further substantiate the correlation between SNAP25 and the MAPK signaling pathway, we initiated experiments by suppressing SNAP25 expression in H1299 cells using lentivirus-mediated transfection. PCR analysis further indicated that, in the SNAP25 knockdown group, key pathway components including c-MYC, MEK and ERK underwent notable modulation (Figure 8B). These alterations were corroborated at the protein level as well (Figure 8A) (SNAP25: 1.076 ± 0.019 vs 0.209 ± 0.047, shctrl vs shSNAP25) (c-MYC: 0.763 ± 0.014 vs 0.269 ± 0.011, shctrl vs shSNAP25) (p-MEK/MEK: 0.920 ± 0.018 vs 0.298 ± 0.005, shctrl vs shSNAP25) (p-ERK/ERK: 1.522 ± 0.019 vs 0.746 ± 0.015, shctrl vs shSNAP25). The CCK8 assay revealed that SNAP25 knockdown markedly reduced cell proliferation compared to the control group with empty vector transfection (Figure 8C). Additionally, Transwell assays demonstrated that cells with SNAP25 knockdown exhibited significant reductions in migration and invasion (Figure 8D).




Figure 8 | Comprehensive Analysis of SNAP25 knockout cells: impact on proliferation, mRNA expression, migration, invasion, and MEK/ERK pathway activation. (A) MEK/ERK pathway protein expression among control and SNAP25 knockout cells. (B) Changes in mRNA levels of SNAP25 knockout cells. (C) CCK8 results showed the proliferation of SNAP25 knockout cells. (B) Changes in mRNA levels of SNAP25 knockout cells. (D) Cell migration and invasion of SNAP25 knockout cells.







SNAP25 downregulation suppresses in vivo HGNEC xenograft growth

We further evaluated the impact of SNAP25 on the growth of HGNEC xenografts in vivo. For this purpose, stably transduced H1299 cells (1×107 cells per condition) were subcutaneously injected into the flanks of nude mice to establish the xenograft models. Tumor growth was meticulously monitored every three days using calipers to measure the dimensions of the tumors. After three weeks, the mice were sacrificed, and the tumors were dissected and weighed.

As depicted in Figure 9A, the downregulation of SNAP25 significantly inhibited tumor growth compared to the negative control group. The tumors in the SNAP25 downregulated group were visibly smaller and fewer in number. Tumor volume measurements, shown in Figures 9B, C, confirmed that SNAP25 downregulation effectively suppressed tumor growth post-xenografting, with a marked reduction in tumor volume and weight. Immunohistochemistry also further confirmed the expression of SNAP25 among the groups (Figure 9D) (SNAP25: 9.200 ± 0.173 vs 6.267 ± 0.260, shctrl vs shSNAP25). This data strongly suggests that SNAP25 plays a critical role in promoting the growth of HGNEC tumors in vivo.




Figure 9 | In vivo experiments further verified the differences of SNAP25. (A) Tumor growth of mice with subcutaneous tumor transplantation in vivo; (B) Tumor body differences between the two groups of mice; (C) The difference in tumor weight between the two groups. (D) Immunohistochemical analysis of SNAP25 expression in vivo models.








Discussion

HGNEC of the lung, such as SCLC and LCNEC, are rare, highly aggressive lung cancers originating from neuroendocrine cells (22). These cancers exhibit distinct biological and molecular characteristics due to their neuroendocrine origin, including marked invasiveness. HGNECs are identified by specific neuroendocrine markers like chromogranin A(CgA), neuron-specific enolase (NSE), synaptophysin, and CD56 (23, 24). They also show unique genetic mutations; SCLC frequently has TP53 and RB1 mutations, while LCNEC may have mutations in TP53, RB1, KRAS, STK11, and other genes. These genetic aspects are essential for understanding their development and creating targeted treatments (25).

HGNEC grow rapidly, are highly invasive, and usually have a poor prognosis. Research into prognostic factors is crucial. A study by Masahiro Morise et al. (26) involving 75 HGNEC patients who had surgery, identified INSM1 as a key prognostic biomarker (27). Another study by the same team linked ALDH1 expression with a poorer prognosis in HGNEC patients. Further research by Sun et al. (28) highlighted significant mutations in genes like TP53, APC, RB1, and CDKN2A in HGNECs. Current research on HGNEC prognosis is limited, emphasizing the need for deeper exploration of the key genetic targets and mechanisms impacting patient outcomes, which is vital for understanding the disease and improving treatments.

In this study, we analyzed gene expression data from HGNEC patients in the GEO database. Our goal was to identify genetic differences between HGNEC tissues with good and poor prognoses. We discovered that SNAP25 is significant in predicting HGNEC outcomes. GO analysis revealed that core genes linked to HGNEC prognosis primarily influence biological functions related to axon development, axonogenesis, neuronal cell bodies, and monoatomic ion channel activity. This suggests their crucial role in nervous system development and their impact on the pathophysiological characteristics and prognosis of HGNEC. Further analysis highlighted that SNAP25 is highly expressed in patients with a poorer prognosis, underscoring its potential importance in understanding and treating HGNEC.

In addition to our primary analysis, we validated our findings using a dataset that included both healthy lung tissues and SCLC samples. This validation revealed that SNAP25 expression is significantly higher in HGNEC patients compared to normal lung tissues. Through ROC curve analysis, we determined that SNAP25 has high diagnostic accuracy. Moreover, our survival prognosis analysis indicates a strong association between increased SNAP25 expression and shorter survival times in HGNEC patients. These consistent findings underscore SNAP25’s vital role as a prognostic biomarker with substantial clinical relevance and potential for application in HGNEC patient care.

SNAP25, a crucial protein in the nervous system, plays a vital role in normal neuronal cell function and synaptic activity. It is key in synaptic vesicle fusion, neurotransmitter release, and modulating synaptic plasticity (29, 30). Abnormal SNAP25 expression or function is linked to neurological disorders (like Alzheimer’s and ADHD) and the development and progression of various neuroendocrine tumors (31, 32). Given its significant expression in neuroendocrine tumors, SNAP25 has been the focus of extensive research. Chen et al. (33) demonstrated SNAP25’s impact on GNEC cell proliferation and chemotherapy resistance, suggesting its potential as a therapeutic target. Di et al. found that reduced SNAP25 (34) expression in prostate cancer correlates with disease progression and immune cell infiltration, emphasizing its value as a prognostic biomarker. Cao et al. ‘s research (11) on lung cancer identified SNAP25-AS1, a related lncRNA, as key in lung cancer metastasis. In hepatocellular carcinoma, Li et al. (12) found an inverse correlation between SNAP25 and the DNA methylation-based stem cell index, indicating its prognostic significance. Hanne-Line Rabben et al.’s study (13) in gastric cancer revealed SNAP25 as a central regulator in tumor metabolism, with its inhibition leading to improved survival in a gastric cancer mouse model. These studies collectively highlight the abnormal expression of SNAP25 across various tumor types, underlining its potential as a prognostic biomarker for multiple cancers.

Our study also explored immune cell infiltration in HGNEC, discovering that SNAP25’s differential expression may affect the prognosis and development of HGNECs. This is achieved by influencing the infiltration of various immune cells, especially M2 macrophages, into the tumor tissue and impacting the tumor microenvironment (TME). We found that SNAP25 may be particularly relevant in SCLC and LCNEC, with its higher expression linked to poorer patient outcomes. However, further research and validation are needed to confirm these findings and to delve deeper into the underlying mechanisms. To validate these observations, we conducted in vitro experiments, using techniques like qRT-PCR, Western Blotting, and immunofluorescence. Our results showed a significantly higher expression of SNAP25 in HGNEC cells compared to normal lung epithelial cells and less malignant lung cancer cells. These findings reinforce the link between increased SNAP25 expression and poorer prognosis in HGNEC.

Our study also found that SNAP25 stimulates c-MYC expression through the MEK/ERK signaling pathway. c-MYC, a crucial transcription factor, is involved in numerous biological processes via the MAPK pathway (35, 36). Its persistent activation is linked to cellular reprogramming, increased proliferation, and chemotherapy resistance in various cancers (37). For example, Gao et al.’s research (38) indicated that c-MYC’s high expression promotes breast cancer development by affecting the tumor microenvironment (TME). BRD4 activates c-MYC through transcriptional and epigenetic regulatory mechanisms, thereby increasing the proliferation of gastric cancer cells and inhibiting apoptosis (39). In gastric cancer, BRD4 triggers c-MYC activation, leading to enhanced cell proliferation and reduced apoptosis. c-MYC also regulates key transcription factors like SOX2, POU3F2, and OLIG2, driving the reprogramming of cancer stem cells (CSCs) and fueling cancer progression (40). A recent study by Yuki Oshima et al. (41), examined the prognostic impact of c-MYC expression in HGNECs. Analyzing data from 83 patients, it was found that 33.7% showed positive expression of MYC family proteins (c-MYC, n-MYC, l-MYC), and this was significantly associated with shorter overall survival (OS) and recurrence-free survival (RFS), underscoring the importance of c-MYC in HGNEC prognosis.

Our bioinformatics analysis pinpointed SNAP25 and c-MYC as hub genes linked to prognostic differences in HGNEC, particularly affecting the MAPK signaling pathway. Additionally, in our study, SNAP25 and c-MYC showed notable diagnostic accuracy in ROC analysis for survival prognosis. Based on these results, we hypothesized that SNAP25 might drive HGNEC malignancy by influencing c-MYC through the MAPK pathway. To validate this hypothesis, we conducted a range of in vitro experiments. The results from qRT-PCR and Western Blotting showed that, like SNAP25, the expression levels of c-MYC, MEK, and ERK were significantly elevated in HGNEC cells compared to normal lung cells and less malignant lung cancer cells. This evidence supports the idea that SNAP25 could be instrumental in the progression of HGNEC by modulating the c-MYC pathway, thereby playing a crucial role in the disease’s pathogenesis. Furthermore, we constructed a SNAP25 gene knockdown H1299 cell line and verified through CCK8 assay and Transwell experiment that knocking out the SNAP25 gene significantly inhibited the proliferation, migration, and invasion capabilities of HGNEC cells. We also confirmed the RNA and protein expression levels in SNAP25 gene knockdown HGNEC cells through qRT-PCR and Western Blotting experiments. The results showed that in HGNEC cells with SNAP25 gene knockout, the expression of MEK, ERK, and c-MYC was reduced at both RNA and protein levels. This confirms our finding that SNAP25 stimulates c-MYC through the MEK/ERK signaling pathway.

Based on the results, the downregulation of SNAP25 has a pronounced inhibitory effect on the growth of HGNEC xenografts in vivo. The substantial reduction in tumor volume observed in the experimental group compared to the control group indicates that SNAP25 plays a critical role in tumor proliferation and survival. These findings suggest that targeting SNAP25 could be a promising therapeutic strategy for HGNEC. The consistent tumor volume measurements further validate the effectiveness of SNAP25 suppression, highlighting its potential as a target for future cancer treatments. Further investigations are warranted to elucidate the underlying mechanisms by which SNAP25 influences tumor growth and to explore the therapeutic applications of SNAP25 inhibitors in clinical settings.





Conclusion

This study identifies SNAP25 as a key indicator of poor prognosis in HGNEC. SNAP25 influences tumor progression by activating c-MYC through the MEK/ERK pathway. Understanding this SNAP25/MEK/ERK/c-MYC axis broadens our knowledge of HGNEC pathogenesis and opens avenues for targeted therapeutic approaches.
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