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Objective: This study aims to explore the impact of APE1 gene knockout on the transcriptome of esophageal cancer cells and conduct a preliminary screening of APE1-regulated target genes to provide a basis for understanding APE1 target genes and finding new anti-esophageal cancer therapeutic targets.Methods: We collected 100 patients with esophageal squamous cell carcinoma (ESCC), analyzed the expression of APE1 in ESCC by immunohistochemical, and analyzed the overall survival. TE-1 cells with APE1 knockout were used for transcriptome sequencing (RNA sequencing, RNA-Seq) detection, and GO and KEGG enrichment analysis of differentially expressed genes was conducted. Protein-protein interaction (PPI) network analysis was performed on the genes in the intersection of differential genes between the two sequencing datasets. The qRT-PCR and Western blotting experiments were employed to confirm the effect of APE1 knockdown on the expression levels of FN1, TNF, and IL-6 in esophageal cancer cells.Results: APE1 highly expressed in ESCC tissue, and its high expression leads the worse OS. The stable transfected TE-1 cell line with knockdown of the APE1 gene was successfully constructed, with a knockdown efficiency of 100%. RNA-seq analysis revealed that 2,060 differential genes were detected between APE1-KO stably transfected cells and their corresponding APE1-YD cells, with 1,063 upregulated genes and 997 downregulated genes. RNA-seq analysis found that differentially expressed genes after APE1 knockout in TE-1 cells were primarily enriched in pathways related to metabolism, extracellular matrix, inflammatory response, and angiogenesis. PPI network analysis demonstrated that FN1, TNF, and IL-6 may be essential target genes of APE1. The three core genes of FN1, TNF, and IL-6 were confirmed using qRT-PCR and Western blotting, and the results were consistent with the transcriptome sequencing results.Conclusion: Knocking out APE1 can affect the function, related pathways, and downstream target gene expression of ESCC cells. APE1 can promote the transcriptional expressions of FN1 and IL6 genes while inhibiting the TNF gene. FN1, TNF, and IL-6 may be potential target genes regulated by APE1 in esophageal cancer.Keywords: RNA-seq, Ape1, esophageal cancer, molecular target, bioinformatics
1 INTRODUCTION
In 2020, esophageal cancer had the eighth-highest incidence rate of any malignant tumor and the sixth-highest mortality rate globally. Approximately 600,000 patients were newly diagnosed with esophageal cancer (Sung et al., 2021). Despite significant advances in medical technology and treatment strategies in recent years, the prognosis for patients with esophageal cancer remains unsatisfactory, with a low 5-year survival rate. Moreover, the pathogenesis and therapeutic targets of this disease remain unclear (Zhu et al., 2023). Consequently, an in-depth study of the molecular mechanisms of esophageal cancer is critical for improving its early diagnosis and treatment effects.
Apurinic/apyrimidinic (AP) endonuclease (apurinic/apyrimidinic endodeoxyribonuclease, APE) is an enzyme involved in the DNA base excision repair (BER) pathway. It repairs damaged or mismatched DNA and plays a major role in nucleotides (Malfatti et al., 2021). Humans have two AP endonucleases: apurinic/apyrimidinic endodeoxyribonuclease 1 (APE1) and apurinic/apyrimidinic endodeoxyribonuclease 2 (APE2). APE1 has AP endonuclease, 3′-5′ exonuclease (Bakman et al., 2022), 3-phosphodiesterase, 3′RNA phosphatase, and 3′-ribonuclease activities (Gros et al., 2004). APE1 provides most AP endonuclease activity in cells; accordingly, it is regarded as the primary AP endonuclease in human cells. Previous studies demonstrated that APE1 has two main functions: first, it can repair oxidative and alkylation damage in the BER pathway (Zhang and Wang, 2010); second, as a redox signaling protein, it regulates certain transcription factors (STAT3, HIF-1α, and NFκB) activity (Zhang and Wang, 2010; Logsdon et al., 2016; Ando et al., 2008; Caston et al., 2021). This is because it is the critical link between DNA repair and redox, which plays a vital role in tumor occurrence and development. APE1 plays a role in cancer development and chemotherapy resistance due to its abnormal expression and subcellular localization in various cancers. Hence, APE1 is an emerging therapeutic target for treating multiple cancers (Caston et al., 2021).
APE1 overexpression can be detected in various malignant tumors, such as non-small-cell lung cancer, prostate cancer, ovarian cancer, cervical cancer, malignant peripheral nerve sheath tumors, liver cancer, and colon cancer (Long et al., 2021; McIlwain et al., 2018; Wen et al., 2016; Li et al., 2021; Gampala et al., 2021; Lu et al., 2021; Hong et al., 2023). Prior research revealed that in esophageal cancer, elevated APE1 can lead to homologous recombination and cell cycle dysregulation, resulting in genome instability, tumorigenesis, and chemotherapy resistance (Lu et al., 2023). The study of Kumar et al. demonstrate that APE1 overexpression in esophageal adenocarcinoma models disrupts HR repair fidelity and cell cycle checkpoint regulatory networks, synergistically inducing chemoresistance and tumor clonal evolution (Kumar et al., 2023). Aberrant overexpression of APE1 protein promotes oncogenesis through a dual mechanistic framework: First, dysregulation of its endonuclease activity induces DNA repair pathway perturbation, particularly triggering error-prone homologous recombination (HR) repair programs under replication stress conditions. This fidelity-compromised HR repair mode significantly increases the burden of oncogenic mutations and the frequency of chromosomal rearrangements, thereby driving cascading amplification of genomic instability (Bhat et al., 2018). Second, the redox regulatory function of APE1 activates pro-survival transcription factor complexes such as NF-κB and HIF-1α through targeted modulation, constructing a pro-tumorigenic microenvironment (Sriramajayam et al., 2021).
However, research on the effects of APE1 knockdown on ESCC cell development and function is limited, and the key genes and biomarkers involved in its pathway and function are still unclear. In this study, we validated the expression of APE1 in ESCC tissues and its impact on overall survival. Then the APE1-KO and APE1-YD ESCC cell lines were constructed. RNA-seq technology was used to sequence the transcriptomes of the two cell groups to obtain comprehensive gene expression information. Genes that are significantly differentially expressed in the stably transfected cell lines with APE1 knockout were identified by comparing the gene expression profiles of the two groups of samples. Then, bioinformatics analysis was performed on the differentially expressed genes (DEGs), including gene function annotation, pathway enrichment analysis, and PPI network construction. These analyses will help us understand the potential functions and biological processes involved in APE1 in ESCC cells. Finally, we will verify the expression levels of DEGs through quantitative real-time polymerase chain reaction (qRT-PCR) and further confirm the results of RNA-seq analysis using Western blotting analysis to detect changes in protein levels.
This study aims to investigate the expression of differentially expressed genes in APE1-KO in ESCC cells and explore their potential functions, providing new insights and targets for the pathogenesis and treatment of esophageal cancer. Further research may help develop therapeutic strategies targeting APE1-KO and lay the necessary foundation for personalized cancer treatment.
2 MATERIALS AND METHODS
2.1 Patients
Collect ESCC patients hospitalized at the Second Affiliated Hospital of Zhengzhou University from January 2016 to December 2020, and screen patients based on inclusion and exclusion criteria. The cutoff time for our survival study was set to 31 December 2023. A total of 100 patients (all surgical patients) were screened. All samples were confirmed by pathological examination according to the American Joint Committee on Cancer (AJCC) Cancer Staging Manual (8th edition). The inclusion criteria are: 1. There is complete case data in our hospital, and the pathological diagnosis is ESCC; 2. Age range from 18 to 75 years old; 3. Expected survival >3 months. Exclusion criteria: 1. Patients who have previously undergone other anti-tumor treatments (including chemotherapy, targeted therapy, immunotherapy, or radiotherapy); 2. Patients with other malignant tumors or serious diseases that affect treatment effectiveness or survival; 3. According to the Eastern Cooperative Oncology Group (ECOG) scale, Patients with Performance Status (PS) score >2. All patients have informed consent.
This study was performed in line with the principles of the Declaration of Helsinki. Approval was granted by the Ethics Committee of The Second Affiliated Hospital of Zhengzhou University (number: 2022287).
2.2 Scoring criteria for APE1 expression in immunohistochemistry
Select five different areas of tissue slices using a high-power field of view (400×), with at least 100 cells in each field counted. Positive results are determined based on the appearance of brown yellow or brown APE1 in nuclear, cytoplasmic, or stromal cell staining. Tumor cell positivity score: 0 points for 0%–5%, 1 point for 6%–25%, 2 points for 26%–50%, 3 points for 51%–75%, and 4 points for 76%–100%. Positive cell staining intensity score: negative score is 0 points, weak positive score is 1 point, moderate positive score is 2 points, and strong positive score is 3 points. The final score is the tumor cell positivity rate multiplied by the strength of positive cell staining. A score of 0 is (−), 1–4 is (+), 5–8 is (++), and 9–12 is (+++). (−), (+), and (++) indicate low expression of APE1, while (+++) indicates high expression of APE1. Two pathologists simultaneously read and judge the slices.
2.3 Construction of APE1 knockout cell lines
TE-1 cells line was obtained from Procell (Wuhan, Hubei, China). The cell line has been identified by Short Tandem Repeat (STR). The construction of APE1 knockout cell lines were completed by Sangon Biotech (Shanghai, China). Electroporation was used to knock out the target gene of the target cell using the principle of CRISPR/Cas9 gene editing technology, after which the individual cells are isolated and cultured for monoclonalization. Following amplification and culture, PCR and sequencing are used to confirm the target gene knockout, yielding a positive result for the monoclonal target gene knockout. Using APEX1-210 as the transcript, a target was created for exons 3 and 5 (the guide RNA with less off-target as the target was selected). The gRNA sequence is as follows:
gRNA-A1: GTT​GGG​TCT​ATA​GTT​AAC​GC CGG
gRNA-A2: GTT​GAG​GGG​GCT​TAT​TTC​CC AGG
The clone sample genome was extracted for PCR detection to identify the gRNA targeting site and knockout band. The successful knockout of the monoclonal cell line was preliminarily determined and sequenced. The sequencing results were compared using SnapGene software to determine the successful knockout of the monoclonal cell line.
2.4 RNA-seq library preparation and sequencing
The APE1-KO (APE1 knockout) and APE1-YD (negative control) cell lines were generated through CRISPR/Cas9 gene editing, and the knockout efficiency was validated by comparing RT qPCR and Snapgene software. Each group processed three biological replicates (a total of six samples) for RNA extraction. Using TRIzol® Total RNA was isolated using a reagent (Invitrogen, 15596-026) and then subjected to DNase I (RNase free, Thermo Fisher, EN0521) treatment to eliminate genomic DNA contamination. RNA integrity (RIN ≥ 8.0) and quantity (≥1 μg) were evaluated using Fragment Analyzer.
The transcriptome library preparation used the DNBSEQ-T7 platform (MGI Tech). First, RNA is extracted using MGI’s MGIEasy RNA Extraction Kit and processed on automated systems like the MGISP-100/960 workstation, followed by rRNA depletion (MGIEasy rRNA Removal Kit) or mRNA enrichment. Next, directional cDNA libraries are constructed via the MGIEasy RNA Directional Library Prep Kit, which includes fragmentation, reverse transcription, end repair, A-tailing, adapter ligation, and PCR amplification. For DNB (DNA Nanoball) generation, linear DNA is circularized using the MGI DNB Preparation Kit on the MGIDL-T7 instrument, followed by rolling circle amplification to produce high-fidelity DNA nanoballs. Finally, DNBs are loaded onto patterned flow cells and sequenced on the DNBSEQ-T7 platform using the DNBSEQ-T7 High-Throughput Sequencing Reagent Kit V3.0, enabling paired-end reads (PE100/150) with Q30 ≥85% and throughput up to 1.5 Tb per run.
2.5 Bioinformatics and data analyses
2.5.1 Quantification of gene expression
Gene expression quantification was performed using StringTie v2.1.7 to assemble transcripts from aligned reads, with the human reference genome (GRCh38) and GENCODE v41 annotations. RSEM v1.3.3 was then used to estimate gene and transcript abundances, with Bowtie2 v2.3.5 alignments and default parameters. FPKM values were calculated to normalize for gene length and sequencing depth. Principal component analysis (PCA) was conducted using the prcomp function in R on log2(FPKM + 1)-transformed data to assess sample clustering and batch effects.
2.5.2 PCA analysis of genes
Principal component analysis (PCA) attempts to recombine many original indicators with certain correlations into a new set of independent comprehensive indicators to replace the original ones. PCA uses linear algebra calculation methods to perform dimensionality reduction and principal component extraction on tens of thousands of genetic variables to evaluate differences between groups and sample duplication within groups. PCA analysis was conducted on all samples’ gene expression values (expressed as FPKM) to determine the main components and then draw a PCA plot.
2.5.3 Differential expression analysis
To screen DEGs, the expected count in the gene quantification results was used as input data for differential expression analysis. The analysis software was the R language package DESeq2. The screening threshold was FDR <0.05, log FC (fold change (condition 2/condition 1) for a gene) >1, or log FC < −1. After the DEGs were detected, we visualized DEGs using volcano plots (ggplot2,v3.4.3) and cluster plots (pheatmap, v1.0.12).
The used gene ontology (GO) enrichment analysis method was hypergeometric distribution, and GO terms with FDR≤0.05 were employed as significantly enriched GO terms. The top 20 most significantly enriched pathways were selected, and a GO enrichment scatter plot of DEGs was drawn. The Kyoto encyclopedia of genes and genomes (KEGG) is the primary public database for pathways (Kanehisa, 2008). Pathway significant enrichment analysis uses the KEGG pathway as the unit and the hypergeometric test to identify pathways significantly enriched in DEGs compared to the entire genome. Pathways with FDR≤0.05 are defined as pathways that are significantly enriched in DEGs. R software was used in conjunction with self-written scripts, and FDR was calculated using the Benjamini–Hochberg method (referred to as the BH method) for pathway enrichment analysis. The top 20 most significantly enriched pathways were selected, and a KEGG enrichment scatter plot of DEGs was drawn. The GO enrichment and KEGG enrichment degrees were measured using the Rich factor, Q value, and the number of genes enriched in this pathway, respectively. The Rich factor refers to the ratio of the number of differential genes enriched in the pathway to the number of annotated genes—the more significant the Rich factor, the greater the degree of enrichment. The Q value is the P value after multiple hypothesis testing corrections. The value range of the Q value is [0,1]; the closer it is to zero, the more significant the enrichment is. Afterwards, pathview (v1.38.0) was used to integrate expression profile data and visualize KEGG pathways.
2.5.4 Protein interaction analysis
The STRING protein interaction database (http://string-db.org/) records protein cooperation relationships of many species. Using this database, PPI networks can be constructed. Diamond software was used to align the sequences in the differential gene set to the protein sequences of the reference species in the STRING database, and the aligned protein interaction relationships of the reference species were used to construct an interaction network.
The resulting file provides a differential gene-protein interaction network data file, which can be directly imported into Cytoscape software for visual editing. The download path of Cytoscape software is https://cytoscape.org/download.html. CytoHubba was applied in the software to predict essential disease genes, and MCC, MNC, and Degree scores were chosen as prediction methods.
2.6 qRT-PCR
The cells were washed twice with prechilled phosphate-buffered saline (PBS) (Invitrogen). Then, 1 mL of Trizol cell lysis solution (Invitrogen) was added to each well, total RNA was extracted from the cells according to the instructions, and the purity and concentration of the RNA were detected. According to the instructions, RNA was transcribed into cDNA, and qRT-PCR was performed. Moreover, 2 μL of reverse-transcribed cDNA served as the reaction template, and a mixed reaction system was prepared with 10 μL of 2 × SYBR Green 480 reaction solution (Vazyme, Nanjing), 1 μL of upstream and downstream primers, and 6 μL of ddH2O. A real-time fluorescence quantitative PCR instrument (Bio-Rad, CFX Connect) was used for the following cycle: predenaturation at 95°C for 10 min; denaturation at 95°C for 30 s; annealing at 60°C for 20 s; extension at 72°C. Forty cycles were the reaction conditions. The relative expression of genes was calculated using the 2−ΔΔCT method with GAPDH as the internal reference. The quantitative primers involved are listed in Table 1.
TABLE 1 | Primer information list.
[image: Table 1]2.7 Western blotting
To detect the expression level of total protein, 200 μL of cell protein lysis buffer (RIPA: PMSF = 100:1) was added to each well of a six-well cell culture plate. Total protein was extracted from cells according to the instructions, and the concentration of each group of proteins was detected. Equal and appropriate amounts of protein samples were collected, and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (MeilunBio, Dalian)was performed. After the electrophoresis, the proteins were transferred from the gel to a PVDF membrane, and then the membrane was placed on a 5% skim milk powder medium, blocked at room temperature for 2 h. After blocking, antibody hybridization tape was used to incubate APE1 and β-tubulin antibodies (diluted with TBST at a ratio of 1:1,000) and incubated overnight at 4°C. The next day, the membrane was washed three times with TBST buffer, 10 min each time; then, hybridization was used for incubation with the secondary antibody of the corresponding species (diluted with TBST at a ratio of 1:1,000), followed by incubation at room temperature for 2 h. Afterward, the membrane was washed three times with TBST, 10 min each time. Finally, the chemiluminescence chromogenic solution was added dropwise and put into the chemiluminescence instrument; the relevant parameters were set according to the instrument’s operating procedures, and pictures were taken and saved to analyze the data.
2.8 Statistical analysis
Nominal variables were analyzed using the Chi-square. The OS was calculated from the time of diagnosis of esophageal cancer until death from any cause or final follow-up. Median OS with 95% confidenceintervals (CI), were calculated via the Kaplan-Meier method andcompared with the log-rank test. The statistical analysis involved in this study was conducted using GraphPad Prism version 9 software. All validation experiments were performed independently at least three times. Differences between the two groups were analyzed using an independent samples t-test. Quantitative data were expressed using the mean ± standard deviation method. P < 0.05 was considered to be statistically different.
3 RESULTS
3.1 Expression of APE1 in ESCC tissue
We collected 100 ESCC patients treated in the Second Affiliated Hospital of Zhengzhou University. The baseline characteristics of patients shown in Table 2. The analysis results showed that the expression level of APE1 in ESCC tissue was correlated with TNM staging, lymph node metastasis, and depth of invasion, but not significantly correlated with gender, age, and tumor differentiation. Immunohistochemical detection of APE1 expression in ESCC tissue and adjacent normal tissues. The percentage of APE1 positive cells in ESCC tumor tissues was significantly higher than that in adjacent tissues (P < 0.05) (Figures 1A, B).
TABLE 2 | Baseline characteristics of patients.
[image: Table 2][image: Figure 1]FIGURE 1 | The expression of APE1 in ESCC tissue and its impact on overall survival. (A) Immunohistochemical staining determination of APE1 levels in normal tissue and ESCC tissue (40×); (B) The percentage of APE1 positve cells in normal tissue and ESCC tissue; (C) Relationship between APE1 expression and overall survival of patients.
We collected overall survival data from 100 patients from 2016 to 2023. The Kaplan Meier survival curve was used to analyze the relationship between the expression of APE1 and the overall survival period of the patients. According to the scoring criteria for APE1 expression, patients were divided into APE1 high expression and APE1 low expression groups. The median OS in the high expression group was 21.93 ± 1.86 months (IC 95% 18.28–25.58), while the median OS in the low expression group was 27.50 ± 2.34 months (IC 95% 22.90–32.09), P < 0.05 (Figure 1C).
3.2 Construction of stably transfected cell lines with APE1 gene knockout
Sample 1 was a homozygous clone identified by PCR, and Sample 2 was a negative single clone identified by PCR. Figure 2A demonstrates no PCR amplification of the APE1 gene in Well 1 of the strip. Sample 1 was a successfully constructed stably transfected cell line with the knockout of the APE1 gene; there was PCR amplification of the APE1 gene in Well 2 of the strip. PCR amplification Sample 2 was the stably transfected cell line of the constructed negative control. From the sequencing results in Figure 2B, it is observed that Sample 1 was homozygous, and the knockout efficiency was 100%. The Western blotting diagram of APE1 protein in the APE1-KO and APE1-YD cell lines revealed the expression of APE1 protein in the APE1-YD cell line, and the total expression of the APE1-KO cell line exhibited no expression of APE1 protein (Figure 2C). The above three identification methods all indicate that a stably transfected cell line with APE1 gene knockout was successfully constructed.
[image: Figure 2]FIGURE 2 | Construction of stably transfected cell lines with APE1 gene knockout. (A) PCR identification results: 1 represents sample 1, 2 represents sample 2, M was the Marker, WT was the negative control group, and H2O represented the blank control group; (B) Sequencing results of Sample 1. The arrow points to the homozygous mutation site; (C) Western blotting detection results of APE1 in two types of cells.
3.3 Differential gene screening and clustering heatmap
In the early stage of this study, CRISPR/Cas9 gene editing technology was used to construct a TE-1 cell line with stable knockout of the APE1 gene, named B1/B2/B3 cell line, while its control cell line was A1/A2/A3 cell line. RNA-seq detection was performed on A1/A2/A3 and B1/B2/B3 cells, respectively, to explore the impact of knocking out APE1 on the transcriptome of ESCC cells. The FPKM box plot (Figure 3A) revealed that the log10 (FPKM) of 50% of the genes in the two groups is concentrated between greater than −1 and 1, indicating that the standardized FPKM values between the six samples in the two groups are relatively balanced, meaning that the distribution of RNA expression is reasonable, uniform, and stable, and difference analysis can be performed. The PCA diagram (Figure 3B) illustrates that the consistency within the two groups of samples is good, and the differences between the groups are obvious. A total of 2,060 DEGs were screened out based on the sequencing results, including 1,063 DEGs with upregulated expression and 997 DEGs with downregulated expression. A volcano plot for each group of sample comparisons (Figure 3C) and a cluster analysis heatmap of the top 50 most significant DEGs (Figure 3D) were drawn to display the DEGs visually.
[image: Figure 3]FIGURE 3 | Quality control of APE1 knockout cells and clustering analysis of differentially expressed genes. (A) The abscissa of the FPKM box plot is divided into the negative control group (A1/A2/A3) and the knockout group (B1/B2/B3). The ordinate is the log10 value of FPKM; (B) The first principal component of the PCA diagram (PC1) is used as the X-axis, and the second principal component (PC2) as the Y-axis. The PC1 value is 64.57%, meaning that the difference in the X-axis can explain 64.57% of the comprehensive analysis results; the PC2 value is 10.63%, meaning that the difference in the Y-axis can explain 64.57% of the comprehensive analysis results; (C) The volcano plot of DEGs demonstrates genes with non-significant differences in gray and genes with significant differences in red (upregulated) and blue (downregulated); the X-axis is the display of log2 fold change, and the Y-axis direction is −log10 P display of value; (D) Cluster analysis of differential genes. The abscissa of the heatmap is the sample name, and the ordinate is the FPKM normalized value of the differential genes. The redder the color, the higher the expression level; the bluer, the lower the expression level.
3.4 Differential gene analysis
Subsequently, GO and KEGG analyses were conducted on the above 2,060 DEGs. The findings revealed that DEGs were mainly enriched in functions such as metabolism, extracellular matrix, inflammatory response, and angiogenesis (Figure 4). Figure 4A displays that the GO analysis of all differential genes was mainly enriched in a multicellular organic process, system development, regulation of the multicellular organismal process, and cell periphery. DEGs are primarily enriched in KEGG pathways such as extracellular matrix, tumorigenesis, viral infection, and PI3K-Akt (Figure 4B). Pathview, KEGG visual online analysis software, was utilized to draw a visual mapping pathway diagram of the main signaling pathways. All differential genes were primarily enriched in pathways in cancer (Figure 4C), calcium signaling pathway (Figure 4D), PI3K-Akt signaling pathway (Figure 4E), and complement and coagulation cascades (Figure 4F).
[image: Figure 4]FIGURE 4 | GO analysis and KEGG analysis scatter plot of differential genes. (A) GO analysis scatter plot of differential genes between two groups of samples; (B) KEGG analysis scatter plot of differential genes between two groups of samples; (C) Pathways in cancer. (D) Calcium signaling pathway; (E) PI3K−Akt signaling pathway; (F) Complement and coagulation cascades.
3.5 Construction of PPI and screening of core genes
The PPI of 2,060 DEGs was constructed from the STRING online database (Figure 5A) and analyzed using Cytoscape software to obtain the core gene cluster (Figure 5B). It was built through the PPI network, ranked according to Hubba nodes, and the top 10 genes were selected using three different algorithms (MCC, MNC, and Degree) to identify core genes (Figures 5C–E). The core genes obtained by the MCC algorithm are as follows: IL-6, ITGB8, CXCL8, ITGA4, FN1, ITGB7, TNF, IL1B, JUN, and ITGA1; those derived by the MNC algorithm: IL-6, SPP1, CXCL8, ITGA4, ICAM1, FN1, TNF, CD44, IL1B, and CD8A; those derived from the Degree algorithm: FCD44, CD8A, EGF, ENPP1, FN1, ICAM1, IL-6, JUN, TNF, and VTN. The darker the color, the higher the score of different algorithms. Subsequently, in the APE1 knockout cell line, the core genes with the strongest protein interaction relationship were obtained through the Venn diagram intersection (Figure 5F). FN1, TNF, and IL-6 are three core genes, among which TNF is an upregulated gene, and FN1 and IL-6 are downregulated genes.
[image: Figure 5]FIGURE 5 | Construction and analysis of protein-protein interaction (PPI) network (A) PPI interaction network diagram of differential genes. The circles represent each protein, and the lines represent the interaction between the two proteins; (B) The darker the color of the core gene cluster, the higher the score; the larger the shape and the more interaction lines, the higher the score, that is, the closer the interaction between proteins; (C) MCC is used to identify the central gene; (D) MNC is used to determine the central gene; (E) Degree is used to identify the central gene; (F) Venn diagram intersection was used to obtain the core genes of TE-1 knockout cell line. The core genes had the strongest correlation between protein interactions after reducing APE1.
3.6 qRT-PCR and western blotting verification of core genes
Compared with the sh⁃NC cell line, the mRNA expression levels of TNF in the APE1 knockout group were significantly increased, whereas the mRNA expression levels of FN1 and IL-6 were significantly decreased (Figure 6A), and the differences were statistically significant (P < 0.05). Figure 6B illustrates the Western blotting verification results of the three core genes. Compared with the sh⁃NC cell line, the protein expression levels of TNF in the APE1 knockout group were significantly increased, whereas the protein expression levels of FN1 and IL-6 were significantly decreased (Figure 6B), and the differences were statistically significant (P < 0.05). Experimental results indicate that APE1 knockout will affect the expression of related core genes.
[image: Figure 6]FIGURE 6 | qRT-PCR and Western blot verification of core genes (A) Relative expression level of core gene mRNA; (B) Relative expression level of core gene protein.
4 DISCUSSION
APE1 is a vital DNA repair enzyme that plays a crucial role in maintaining genome integrity and stability (Liu et al., 2021a). Previous studies demonstrated that APE1 also plays an essential role in biological processes, such as cell proliferation, apoptosis, oxidative stress, and inflammation (Liu et al., 2021b). In this research, among the 100 cases of ESCC, we found that APE1 highly expressed in ESCC tissue, and its high expression leads the worse OS. Consequently, we suggest that APE1 is a important factor influencing the prognosis of ESCC. This study applied RNA-seq technology to analyze the esophageal cancer TE-1 cell line with APE1 knockout and explored the differential genes and their functions related to APE1 knockout to gain a deeper understanding of the function and regulatory mechanism of APE1.
Through RNA-seq analysis, differential genes whose expression levels were significantly changed after knocking out the APE1 gene were identified. A total of 2,060 differential genes were screened out, including 1,063 upregulated genes and 997 downregulated genes. Moreover, GO analysis revealed that DEGs were primarily enriched in functions such as metabolism, the extracellular matrix, the inflammatory response, and angiogenesis. Through KEGG analysis, we found that differential genes were mainly enriched in cancer pathways, calcium signaling pathways, PI3K-Akt signaling pathways, and complement and coagulation cascade reaction pathways through KEGG analysis. The above studies conclude that APE1 may primarily affect cell proliferation, survival, metastasis, immune regulation, and tumor immune microenvironment through the above pathways in ESCC cells. A PPI network was constructed to further understand the interactions and regulatory networks between target genes. Through PPI network analysis, we observed multiple interactions between target genes. Finally, among these differential genes, we selected FN1, TNF, and IL-6 as target genes. Among them, TNF is an upregulated gene, and FN1 and IL-6 are downregulated genes.
FN1, an extracellular matrix (ECM) protein linked to cancer metastasis, is upregulated by APE1 to enhance ESCC invasion. Derived from tumor-associated fibroblasts (CAFs), FN1 promotes tumor angiogenesis and ECM stability (To and Midwood, 2011; Amilca-Seba et al., 2021; Biffi and Tuveson, 2021; Kumra et al., 2018; Neve et al., 2014). APE1 knockdown alters actin dynamics through TGF-β1 regulation, enhancing cancer cell motility (Sakai et al., 2015; Tell et al., 2009; Bhakat et al., 2009). FN1 plays a crucial role in the assembly and stability of tumor extracellular matrix, and overexpression of FN1 can promote tumor extracellular matrix formation, thereby enhancing tumor cells' invasion and metastasis ability (Siqueira et al., 2024). On the contrary, FN1 can also regulate the expression and function of APE1. In addition, other studies have reported that FN1 can regulate the expression and activation of APE1 in cervical cancer cells through signaling pathways such as the pyrophosphate tyrosine kinase (FAK) signaling pathway (Zhou et al., 2019).
TNF exhibits antitumor effects through apoptosis induction, but APE1 overexpression counteracts this via NF-κB pathway activation. APE1 inhibitor E3330 reduces TNF-induced IL-6/IL-8 expression, affecting chemotherapy resistance (Park et al., 2016). Prior studies showed that in liver cancer cells, the APE1 inhibitor E3330 prevented the functional activation of the NF-κB pathway by altering APE1 subcellular trafficking and reducing TNF and fatty acid accumulation-induced IL by blocking redox-mediated NF-κB activation (Cesaratto et al., 2013). In endothelial cells, APE1 suppresses TNF-mediated VCAM-1 expression through p38 MAPK inhibition (Kim et al., 2006).
There is a bidirectional interaction between APE1 and IL-6,prior study demostrated that APX3330 inhibits IL-6 production by blocking NF-κB/AP-1 (Oliveira et al., 2022; Mijit et al., 2021), while APE1 overexpression amplifies IL-6 autocrine signaling. IL-6 upregulates APE1 via JAK/STAT3 and enhances its DNA repair capacity through oxidative stress (Johnson et al., 2018; Tang et al., 2022; Nath et al., 2017). Their synergy promotes tumor proliferation, immune evasion, and therapy resistance (Oliveira et al., 2022).
Based on the results of this study and relevant published research, we speculate that APE1 regulates the occurrence and development of esophageal cancer through FN1, TNF, and IL-6, including the following potential mechanisms:1. Direct Transcriptional Regulation Mechanism,APE1 may directly promote the transcription of FN1 and IL-6 by binding to transcription factors such as NF-κB and AP-1. Knockdown of APE1 disrupts this interaction, leading to reduced transcriptional activity and downregulation of FN1 and IL-6. Conversely, the TNF promoter region may contain APE1-dependent inhibitory regulatory elements, and knockout of APE1 relieves this inhibition, upregulating its expression (Sakai et al., 2015; Zhang et al., 2024). 2. Oxidative Stress and NF-κB Pathway. APE1 deficiency impairs DNA damage repair, triggering oxidative stress and activating the NF-κB pathway. Oxidative stress promotes TNF expression by activating NF-κB, while excessive NF-κB activation may indirectly inhibit the transcription of FN1 and IL-6 through competitive binding of transcriptional resources (Oliveira et al., 2022). 3. Extracellular Matrix Remodeling and Tumor Microenvironment. As a core component of the extracellular matrix (ECM), downregulation of FN1 may disrupt tumor cell adhesion to the stroma, inhibiting invasion and metastasis. Meanwhile, upregulation of TNF may recruit immune cells to enhance anti-tumor immunity, while downregulation of IL-6 weakens STAT3-mediated survival signals in tumor cells (Siqueira et al., 2024).
Our research still has some limitations. Further functional studies are warranted to experimentally verify the role of these core genes and deeply explore their regulatory mechanisms by downregulating APE1. For example, gene knockout or overexpression methods can be used to study these core gene methods to explore their impact on the biological behaviors of ESCC cells, such as proliferation, adhesion, migration, and apoptosis, as well as on esophageal cancer genomics and metabolomics implications. Additionally, the interaction between APE1-KO and these genes can be further investigated to find potential regulatory mechanisms. And we will add animal experiments in the future, by constructing a nude mouse model of APE1-KO, and using RT-qPCR, Western blot, immunohistochemistry and other technologies to detect the expression levels of downstream key genes in the two groups of nude mouse tissues. Although this study discovered through KEGG analysis that the differential genes were primarily enriched in pathways such as pathways in cancer, calcium signaling pathway, PI3K-Akt signaling pathway, and complement and coagulation cascades, the discussion section did not analyze these pathways. However, the specific regulatory mechanisms were discussed. Further research can experimentally verify the functions of these pathways in ESCC through in vitro or in vivo experiments and explore the regulatory mechanism of APE1-KO on these pathways.
In summary, through RNA-seq analysis and functional studies, this study revealed that the knockout of the APE1 gene triggered the differential expression of multiple genes in ESCC cells and discussed the potential functions of these genes in such cells. These findings provide important clues for further studying the mechanism of APE1-KO in developing esophageal cancer and treatment strategies. Future studies can further verify the functions of these DEGs and examine the regulatory network of APE1 and its interactions with other pathways.
5 CONCLUSION
APE1 knockout gene in ESCC cells primarily influences vital pathways associated with metabolism, the extracellular matrix, the inflammatory response, and angiogenesis. APE1 can enhance the transcriptional expressions of FN1 and IL-6 genes while inhibiting the TNF gene. Hence, it is plausible to consider FN1, TNF, and IL-6 as the potential target genes regulated by APE1 in the context of esophageal cancer.
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