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NCAPD2 serves as a potential prognostic biomarker for lung adenocarcinoma and promotes cell proliferation, migration, invasion and cell cycle in vitro
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Abstract: Objectives: The pro-oncogenic effects of NCAPD2 have been extensively studied across various tumor types; however, its precise role within the context of lung adenocarcinoma (LUAD) remains elusive. This study aims to elucidate the biological functions of NCAPD2 in LUAD and unravel the underlying mechanistic pathways. Methods: Utilizing bioinformatics methodologies, we explored the differential expression of NCAPD2 between normal and tumor samples, along with its correlations with clinical-pathological characteristics, survival prognosis, and immune infiltration. Results: In the TCGA-LUAD dataset, tumor samples demonstrated significantly elevated levels of NCAPD2 expression compared to normal samples (p < 0.001). Clinically, higher NCAPD2 expression was notably associated with advanced T, N, and M stages, pathologic stage, gender, smoking status, and diminished overall survival (OS). Moreover, differentially expressed genes (DEGs) associated with NCAPD2 were predominantly enriched in pathways related to cell division. Immune infiltration analysis revealed that NCAPD2 expression levels were linked to the infiltration of memory B cells, naïve CD4+ T cells, activated memory CD4+ T cells, and M1 macrophages. In vitro experiments demonstrated that silencing NCAPD2 suppressed LUAD cell proliferation, migration, invasion, epithelial-mesenchymal transition (EMT), and cell cycle progression. Conclusions: In summary, NCAPD2 may represent a promising prognostic biomarker and novel therapeutic target for LUAD.
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Introduction

Lung cancer is a highly prevalent malignancy and remains a primary contributor to cancer-related mortality, accounting for approximately 2.2 million cases annually and causing an estimated 1.79 million fatalities [1–3]. Histologically, lung cancer is typically categorized as non-small cell lung cancer (NSCLC) or small cell lung cancer (SCLC). LUAD is the most commonly encountered subtype of NSCLC [4–6]. In comparison to other histological types, LUAD exhibits a greater tumor mutation burden (TMB) [7]. While targeted therapy and immunotherapy have shown benefits for certain LUAD patients, the overall cure and survival rates remain unsatisfactory due to the late detection and development of drug resistance [5,8]. Hence, it is imperative to augment the early diagnostic efficacy and identify novel therapeutic targets of LUAD.

NCAPD2, a non-SMC subunit of condensin I, is located at the chromosome 12p13 locus [9]. Its primary function involves segregation and alignment of chromosomes [10–12]. Condensin I and condensin II are distinct forms of condensin protein complexes found in various eukaryotic cells [13], assembling and segregating chromosomes during both mitosis and meiosis [14]. Furthermore, they may assume specific functions in the context of innate immune responses [15–17]. The regulatory influence of condensin I on gene expression has been demonstrated, and evidence suggests a potential correlation between the dysregulation of condensin I and the development of cancer [17–19]. As a component of condensin I, NCAPD2 is implicated in a range of diseases, including Alzheimer’s disease, microcephaly, Parkinson’s disease, and various neurodevelopmental disorders [20–22]. Furthermore, multiple studies have substantiated the engagement of NCAPD2 in the processes of tumorigenesis and progression [23–26]. For example, NCAPD2 is overexpressed in breast cancer and promotes its development through transcriptional activation of CDK1. Additionally, NCAPD2 has been shown to hinder autophagy, thereby facilitating the progression of colorectal cancer [27,28].

By employing bioinformatics methodologies, this investigation explored the nexus between NCAPD2 expression and clinical outcomes in LUAD patients. Our findings indicate a robust correlation between elevated NCAPD2 expression and an unfavorable prognosis in LUAD patients as well as a connection between the expression of NCAPD2 and immune infiltration. Furthermore, NCAPD2 is implicated in cell proliferation, migration, and invasion. Knockdown of NCAPD2 results in cell cycle arrest and a reduction in both c-Myc mRNA and protein expression. Consequently, the results of the study propose that NCAPD2 holds promise as a regulatory target in LUAD.

Materials and Methods

Data acquisition

The clinical data and gene expression profile within the TCGA-LUAD dataset were retrieved from the UCSC Xena database to investigate the expression pattern of NCAPD2 and its potential role in LUAD. The analysis included 513 tumor samples and 59 normal samples after excluding those with incomplete clinical information. Furthermore, the GSE30219 dataset from the GEO database was obtained to assess OS. All samples were divided into two groups based on the expression level of NCAPD2, either high or low.

Expression level of NCAPD2 in LUAD

The levels of NCAPD2 expression in various types of cancer were obtained from the TIMER database [29]. Comparative assessment of NCAPD2 expression within the TCGA-LUAD dataset followed, including the difference between normal and tumor specimens, and distinctions among various T, N, M, and pathologic stages. The plot R package was utilized to visualize these comparisons. Receiver operating characteristic (ROC) curves and area under the curve (AUC) were generated by the pROC R package to evaluate the diagnostic utility of NCAPD2. The ROC curve can assess the performance of classification models and the AUC was utilized as a metric to measure the overall performance of the model [30]. Typically, an AUC value exceeding 0.5 signifies a certain degree of classification ability in the model, with a higher value closer to 1 indicating superior performance.

Survival analysis

For evaluating the correlation between NCAPD2 expression and OS, Kaplan-Meier survival curves were constructed utilizing the survival R package. The chi-squared test was used analyze the disparity in clinical features between the NCAPD2-high and NCAPD2-low groups. Survival outcomes were explored using univariate Cox regression analysis as well as multivariate Cox regression analysis to assess the impact of NCAPD2 expression levels [31].

Identification of DEGs and functional enrichment analysis

The analysis of NCAPD2-related DEGs was conducted using the gene expression profile from the TCGA-LUAD dataset. This profile was derived from RNA-seq data obtained from frozen primary untreated tumors collected from patients with LUAD. The identification of DEGs associated with NCAPD2 was performed using the limma R package, with significance thresholds set at adjusted p < 0.05 and an absolute log fold change (logFC) ≥ 1. Volcano plots and heatmaps were generated to represent the DEGs. We subsequently applied the clusterProfiler R package to conduct Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses for NCAPD2-related DEGs. Terms with adjusted p values below 0.05 were considered statistically significant, and presented using the ggplot2 package [32]. To perform a more comprehensive investigation of the potential biological function of NCAPD2, we employe the clusterProfiler R package for gene set enrichment analysis (GSEA). This analysis utilized the c2.cp.reactome.v7.4.symbols.gmt dataset obtained from the Molecular Signatures Database [33].

Immune infiltration analysis

To investigate the impact of NCAPD2 expression on immune infiltration in LUAD, 22 distinct types of infiltrating immune cells were scored for each sample according to the CIBERSORT algorithm [34] and the infiltration levels of immune cells were compared between the NCAPD2-high and NCAPD2-low groups. Moreover, the Spearman correlation test was employed to assess the correlation between the expression of NCAPD2 and the level of immune cell infiltration. To further substantiate the link between NCAPD2 expression and immune infiltration in LUAD, the TIMER database was explored.

Cell culture

A549 and H1299 cell lines of LUAD were acquired from the American Type Culture Collection (ATCC) (Manassas, VA, USA) and cultured in RPMI 1640 medium (Life Technology, CA, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, Grand Island, USA) as per the provided guidelines [35].

Small interfering RNA (siRNA) transfection

To suppress NCAPD2 expression, siRNA transfection was performed. Following the manufacturer’s guidelines, we seeded 2 × 105 cells into separate wells of a 6-well plate. After 24 h, siRNA molecules specifically targeting NCAPD2 were introduced into the cells using Lipofectamine™2000 transfection reagent (Invitrogen, MA, USA). All siRNAs, including three distinct siRNAs (si-1, si-2, and si-3) targeting NCAPD2, and a siRNA negative control (NC) were procured from ObiO Technology (Shanghai, China). There are the siRNA sequences below:

NCAPD2 si-1 sense: 5′-GTAUGUUGUGCAAGAGGUACU-3′

NCAPD2 si-1 antisense: 5′-AGUACCUCUUGCACAACAUAC-3′

NCAPD2 si-2 sense: 5′-CAAAGAAGAUACUCUGCAAUU-3′

NCAPD2 si-2 antisense: 5′-AAUUGCAGAGUAUCUUCUUUG-3′

NCAPD2 si-3 sense: 5′-GGCAGACAAGUCAGUGCUAGU-3′

NCAPD2 si-3 antisense: 5′-ACUAGCACUGACUUGUCUGC-3′.

Quantitative real-time polymerase chain reaction (RT-qPCR)

Total RNA was extracted from both untransfected and transfected cells using EZ-press RNA Purification Kit (EZBioscience, Roseville, USA). Then, HiScript III RT SuperMix for qPCR (Vazyme, Nanjing, China) was used to convert the RNA into cDNA. After that, we measured NCAPD2 expression levels using qRT-PCR, with β-actin serving as the internal reference. The formula RQ = 2−ΔΔCt was used to analyze data from three independent experiments. The primer sequences are provided below:

NCAPD2-forward: 5′-TGGAGGGGTGAATCAGTATGT -3′;

NCAPD2-reverse: 5′-GCGGGATACCACTTTTATCAGG-3′

β-actin-forward: 5′-CGGGAAATCGTGCGTGAC-3′

β-actin- reverse: 5′-CAGGAAGGAAGGCTGGAAG-3′

Western blot

Total protein was extracted from the cells using RIPA lysis buffer (Beyotime, Shanghai, China). After the protein concentrations were quantified with the Enhanced BCA Protein Assay Kit (Beyotime, Shanghai, China), equal quantities of protein were subsequently separated via SDS-PAGE, transferred to a nitrocellulose (NC) membrane and blocked at room temperature with 5% BSA. The membranes were then incubated with primary antibodies overnight at 4°C. Antibodies against NCAPD2 and β-actin were sourced from Abcam (Cambridge, UK); antibodies for vimentin, E-cadherin, CDK2, CDK4, CDK6, CyclinD1 and CyclinA2 were obtained from Cell Signaling Technology (Beverly, MA, USA) and c-Myc antibody was procured from ABclonal (Wuhan, China). Following the washing of the membrane with TBST, the application of suitable secondary antibodies for a 1-h incubation period was carried out, followed by another round of TBST washing prior to detection. All the experiments were independently conducted three times.

CCK8 assay

Untransfected A549 and H1299 cells, as well as transfected cells, were seeded in a 96-well plate at a density of 3000 cells per well. A 10 µl volume of CCK8 reagent (Beyotime, Shanghai, China) was introduced to each well after 0, 24, 48, and 72 h, after which the cells were incubated for 2.5 h at 37°C in the absence of light. Cell viability was evaluated by measuring the optical density (OD) at a wavelength of 450 nm.

Colony formation assay

Cells from the siNCAPD2 group and the NC group were evenly distributed into a 6-well plate respectively with a seeding density of 1000 cells per well. Subsequently, the cells were placed in a CO2 incubator at 37°C for 10 days, after which the medium was changed as required. Following the incubation period, the supernatant was aspirated, and the cells were fixed with a 4% paraformaldehyde solution (Beyotime, Shanghai, China) for 30 min. Afterwards, the cells were dyed with a 0.1% crystal violet solution (Beyotime, Shanghai, China), and cell quantification was conducted using ImageJ software (NIH, USA).

Cell migration and invasion assay

For the cell migration assay, the upper compartment of the transwell chambers was initially filled with 200 μL of serum-free medium containing 2 × 104 cells. The cells included untransfected A549 and H1299 cells, as well as transfected cells. The lower compartment was supplemented with 600 μl of medium containing 10% FBS. After a 48-h incubation period, the lower surface of the upper chamber was fixed with a 4% paraformaldehyde solution for 30 min, and then stained with a 0.1% crystal violet solution. Eventually, any cells that had not migrated from the upper compartment were scratched thoroughly. The results were counted by microscope. For the invasion assay, first, a diluted Matrigel solution (1:19) (BD Biosciences, NJ, USA) was introduced into the upper chamber, and the chambers were preincubated at 37°C for 4 h. The same protocol used for the migration assay was then followed.

Flow cytometry

To conduct the cell cycle analysis, the cells were initially subjected to trypsin treatment, washed with phosphate-buffered saline (PBS), and subsequently fixed with 70% ethanol at a temperature of 4°C for 12 h. The staining procedure adhered to the protocol outlined in the cell cycle and apoptosis detection kit (Beyotime, Shanghai, China). Detection and analysis were carried out using the flow cytometer (BD Bioscience, San Jose, CA).

Statistical analysis

SPSS 22.0 (IBM, USA) and GraphPad Prism 9.0 (La Jolla, CA, USA) were used for statistical analysis. t-test or Wilcoxon test was applied for group comparisons, and the Log-rank test assessed OS differences. Spearman correlation analysis investigated gene relationships, and a p value below 0.05 indicated statistical significance.

Result

NCAPD2 is highly expressed in LUAD

Initially, TIMER 2.0 was used to assess the expression of NCAPD2 in diverse malignant tumors. In comparison to that in corresponding normal tissues, NCAPD2 demonstrated significantly elevated expression in a range of tumors, encompassing cervical squamous cell carcinoma, breast cancer, bladder cancer, bile duct cancer, head and neck squamous cell carcinoma, esophageal cancer, colon cancer, glioblastoma, lung squamous cell carcinoma, hepatocellular carcinoma, renal papillary cell carcinoma, lung adenocarcinoma, rectal adenocarcinoma, gastric cancer, thyroid cancer, and endometrial cancer (Fig. 1A). In contrast to that in normal tissues, the TCGA-LUAD dataset revealed a notable increase in NCAPD2 expression in tumor tissues (p < 0.001) (Fig. 1B). Moreover, to evaluate the diagnostic utility of NCAPD2 for discriminating between LUAD tissues and normal lung tissue, a ROC curve was generated, yielding an AUC of 0.85 (Fig. 1C). Additionally, compared to those in adjacent normal tissues in paired samples from TCGA-LUAD dataset, the expression levels of NCAPD2 in LUAD tissues were elevated (p < 0.01) (Fig. 1D). Furthermore, a significant increase in NCAPD2 expression was observed in the T2&T3&T4 stage group compared with T1 stage group. (p < 0.001), and both the stage II group and the stage III & stage IV group exhibited higher levels of NCAPD2 expression than did the stage I group (p < 0.05) (Figs. 1E–1H). These findings provide evidence of an association between elevated NCAPD2 expression and advanced T stage as well as pathologic stage in LUAD patients.
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Figure 1: NCAPD2 expression in LUAD. (A) Pan-cancer analysis of NCAPD2 expression. (B) Comparison of NCAPD2 expression levels between normal and tumor tissues. (C) ROC curve of NCAPD2 in LUAD. (D) NCAPD2 expression levels in LUAD tissues and paired normal tissues. (E–H) NCAPD2 expression levels in different T, N and M stages and pathologic stage (*p < 0.05, **p < 0.01, ***p < 0.001; ****p < 0.0001).

Elevated NCAPD2 expression predicts an adverse prognosis in LUAD

We gathered the expression profiles and clinical data of 513 cases in the TCGA-LUAD dataset and 83 cases in the GSE30219 dataset to determine whether NCAPD2 expression is associated with prognosis in LUAD. Analysis via the Kaplan-Meier method showed that increased NCAPD2 expression was linked to worse OS in both the TCGA-LUAD dataset (median OS: NCAPD2-high vs. NCAPD2-low = 1280 days vs. 1600 days, HR = 1.37, 95% CI 1.02–1.85, p < 0.05) and the GSE30219 dataset (median OS: NCAPD2-high vs. NCAPD2-low = 49 months vs. 137 months, HR = 1.99, 95% CI 1.07–3.73, p < 0.05) (Figs. 2A and 2B). Furthermore, strong associations were observed between high NCAPD2 expression and gender (p < 0.01), pathologic stage (p < 0.01), and smoking years (p < 0.01) (Table 1). The findings of the univariate Cox regression analysis demonstrated significant associations between advanced M stage (p = 0.005, HR = 2.15), N stage (p < 0.001, HR = 2.58), T stage (p = 0.003, HR = 1.69), pathologic stage (p < 0.001, HR = 2.94), and high NCAPD2 expression level (p = 0.035, HR = 1.37) and poorer prognosis. However, only N stage (p = 0.041, HR = 1.85) and T stage (p = 0.013, HR = 1.77) remained independent prognostic factors for LUAD according to multivariate Cox regression analysis (Table 2).
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Figure 2: Correlation between the expression level of NCAPD2 and prognosis. (A) Kaplan–Meier survival curves: analysis of OS (days) between the NCAPD2-high group (red line) and the NCAPD2-low group (blue line) based on the TCGA-LUAD dataset. (B) Kaplan–Meier survival curves: OS (months) in 83 specimens grouped according to the median NCAPD2 expression in the GSE30219 dataset.
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Functional enrichment analysis of NCAPD2-related DEGs

The analysis of DEGs identified 247 NCAPD2-related DEGs, consisting of 156 upregulated genes and 91 downregulated genes (Figs. 3A and 3B). To elucidate the biological function of the NCAPD2-related DEGs, we conducted GO function and KEGG pathway enrichment analyses, and the outcomes of the GO function enrichment analysis can be divided into three groups: biological processes (BP), cellular components (CC), and molecular functions (MF). Within the BP category, the NCAPD2-relted DEGs were significantly enriched in nuclear division and organelle fission. In CC, these genes were primarily associated with microtubule binding and tubulin binding. For MF, the enriched terms were predominantly linked to spindle and chromosomal regions (Fig. 3C). The KEGG pathway enrichment analysis primarily showed enrichment in pathways such as cell cycle (Fig. 3D). Furthermore, GSEA was employed to further explore the signaling pathways related to NCAPD2, revealing enrichment of pathways such as cell cycle, cell cycle mitotic, cell cycle checkpoints, and mitotic prometaphase (Fig. 3E).
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Figure 3: Analysis of the NCAPD2-related DEGs and their functional enrichment. (A, B) Volcano plots and heatmap of DEGs. (C, D) GO and KEGG analyses of DEGs. (E) GSEA pathway enrichment of DEGs in the Reactome database.

NCAPD2 expression is correlated with immune infiltration

To investigate the role of NCAPD2 in tumor immunity, the CIBERSORT algorithm was utilized to analyze the relationship between NCAPD2 expression and immune cell infiltration. The findings revealed significant differences in the infiltration levels of M1 macrophages, activated memory CD4+ T cells, naïve CD4+ T cells and memory B cells between the NCAPD2-high and NCAPD2-low groups. Furthermore, the infiltration levels of M1 macrophages, naïve CD4+ T cells and activated memory CD4+ T cells exhibited positive correlation with the NCAPD2 expression, while the infiltration level of memory B cells showed a negative correlation with NCAPD2 expression (Figs. 4A and 4B). Moreover, according to the TIMER database, the infiltration levels of CD8+ T cells (r = 0.185, p < 0.001), neutrophils (r = 0.268, p < 0.001), and macrophages (r = 0.216, p < 0.001) were positively correlated with NCAPD2 expression, whereas the infiltration level of B cells (r = −0.185, p < 0.001) was negative correlated with NCAPD2 expression (Figs. 4C–4F).
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Figure 4: Relationship between NCAPD2 expression and immune cell infiltration. (A) Differences in immune cell abundance between the NCAPD2-high and NCAPD2-low groups. (B) Correlations between NCAPD2 expression levels and the relative abundances of 22 immune cell types. (C–F) Correlations between NCAPD2 expression and the infiltration levels of CD8+ T cells, B cells, neutrophils and macrophages in LUAD based on TIMER database. *p < 0.05.

NCAPD2 participates in cell proliferation, migration, invasion and epithelial-mesenchymal transition (EMT) in lung adenocarcinoma cells

Our previous research illustrated a correlation between elevated NCAPD2 expression and an unfavorable prognosis, thus, the function of NCAPD2 was tested in LUAD cells in vitro. To assess the efficiency of NCAPD2 knockdown, the mRNA and protein expression levels of NCAPD2 in cells were measured after siRNA transfection. The results indicated that si-3 had the highest knockdown efficiency (Figs. 5A–5F), consequently, si-3 was selected for subsequent experiments. Assays for CCK8 and colony formation were performed to evaluate cell proliferation capacity. Overall, the proliferation of A549 and H1299 cells was strongly inhibited by the knockdown of NCAPD2, in contrast to that in the NC group (Figs. 5G–5J). The migration assay primarily evaluates the locomotive ability of cells within a two-dimensional plane, while the invasion assay specifically explores the invasive potential of cells by assessing their capacity to penetrate a supportive matrix that mimics the intricate extracellular environment encountered in vivo. The migratory and invasive capabilities of A549 and H1299 cells were significantly suppressed following the knockdown of NCAPD2 (Figs. 6A–6D). The effect of NCAPD2 on EMT was further evaluated in the context of tumor metastasis. Compared with the NC group, the siNCAPD2 group exhibited higher levels of the E-cadherin protein and lower levels of the vimentin protein both in A549 cells (Figs. 6E, 6F) and H1299 cells (Figs. 6G, 6H), indicating a shift toward an EMT-inhibiting phenotype.
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Figure 5: Knockdown of NCAPD2 regulates the proliferation of LUAD cells. (A, B) The mRNA expression level of NCAPD2 in A549 and HA1299 cells transfected with three different siRNAs. (C–F) The protein level of NCAPD2 in A549 and HA1299 cells transfected with three different siRNAs. (G, H) CCK8 assay for cell proliferation. (I, J) Colony formation assay for cell proliferation (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Figure 6: Knockdown of NCAPD2 influences LUAD cell migration, invasion and epithelial-mesenchymal transformation. (A, C) Migration assay (scale bar 200 μm). (B, D) Invasion assay (scale bar 200 μm). (E–H) The levels of EMT-related proteins were measured via western blotting (*p < 0.05, **p < 0.01, ***p < 0.001,****p < 0.0001).

Knockdown of NCAPD2 inhibits the cell cycle and decreases the c-Myc expression level in LUAD cells

The influence of NCAPD2 on the cell cycle progression of LUAD cells was investigated using flow cytometry. Compared to that in the NC group, knocking down NCAPD2 increased the proportion of A549 and H1299 cells in the G0/G1 phase and reduced the proportion of cells in the S phase. The percentage of A549 cells in the G2/M phase decreased slightly, while the percentage of H1299 cells in the G2/M phase did not significantly differ (Figs. 7A and 7B). The Western blot results indicated that NCAPD2 knockdown led to decreased protein levels of CyclinA2, CDK2 and CDK6 in both cell types, but there was no significant difference in CyclinD1 or CDK4 levels. Previous research has indicated that NCAPD2 co-expressed genes are enriched in the MYC target pathway in various tumors [23]. Additionally, c-Myc and its induced genes play crucial roles in cell cycle control and cell growth [36]. Thus, we analyzed the correlation between NCAPD2 expression and c-Myc expression in TCGA-LUAD cohort. Our analysis revealed a positive correlation between the expression levels of NCAPD2 and c-Myc (R = 0.47, p < 0.001) (Fig. 7C). Moreover, following NCAPD2 knockdown, both the mRNA and protein levels of c-Myc exhibited the most significant decreases (Figs. 7D–7I). Based on these results, knockdown of NCAPD2 induces cell cycle arrest in the G0/G1 and S phases and may do so by regulating c-Myc expression levels.
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Figure 7: Knockdown of NCAPD2 regulates the cell cycle. (A, B) The cell cycle distribution was examined by flow cytometry. (C) Correlation between the expression level of NCAPD2 and the expression level of c-Myc. (D, E) The expression levels of c-Myc were measured via RT-qPCR. (F–I) The levels of cell cycle-related proteins were measured via western blotting (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Discussion

Condensin, a multisubunit protein complex within the structural maintenance of chromosomes (SMC) complex family, plays a pivotal role in orchestrating chromosome structure regulation. It involves diverse processes, including DNA repair and recombination, gene regulation, and chromosome segregation [14]. NCAPD2 assumes the role of a non-SMC subunit in condensin I, influencing the function of another non-SMC subunit of condensin I, sister chromatid separation, and chromosome alignment during metaphase [12]. Although previous studies have hinted at a potential connection between NCAPD2 and the prognosis of LUAD, its precise function and underlying molecular mechanisms remain elusive [23]. The objective of this research was to clarify the involvement of NCAPD2 in the progression of LUAD, with the intention of identifying a new potential prognostic biomarker and treatment targe.

Initially, we compared the differential expression of NCAPD2 between normal and LUAD tissues, confirming the upregulated expression of NCAPD2 in LUAD, and its increased expression related to advanced T, N and M stages and pathologic stage. Kaplan–Meier and univariate Cox regression analyses consistently indicated that elevated NCAPD2 expression serves as a predictive factor for worse overall survival (OS). The results of enrichment analyses in GO and KEGG indicated that NCAPD2 was associated with cell cycle processes and the GSEA results reinforced the findings. Subsequent in vitro experiments provided further validation by demonstrating that NCAPD2 knockdown induced cell cycle arrest in the G1/G0 and S phases, corroborating the outcomes of the G0 and KEGG analyses. Western blot results indicated a decrease in cyclin A, CDK2, and CDK6 protein levels upon NCAPD2 knockdown. Previous research has suggested that dysregulation of the transition from the G1 phase of cell cycle to S phase promotes oncogenesis [37]. CyclinA is associated with CDK2 and impacts the S phase of the cell cycle and overexpression of cyclin A expedites the transition of G1 cells into the S phase in mammalian cells [38,39]. These findings imply that the involvement of NCAPD2 in regulating the cell cycle may contribute to the development of LUAD. Furthermore, our investigation revealed a decrease in c-Myc mRNA and protein levels following NCAPD2 knockdown in vitro. Some studies have suggested that aberrant overexpression of MYC is common in NSCLC [40]. The c-Myc oncogene family, encoding nuclear phosphoproteins, has vital functions in cell proliferation, loss of differentiation, apoptosis, tumorigenesis, cancer cell reprogramming and chemoresistance [41–43]. Moreover, c-Myc is believed to exert dual effects by both stimulating and inhibiting specific components of the cell cycle machinery and is correlated with two distinct genetic pathways that control cell progression through the G1 phase [42]. These findings indicate that NCAPD2 may regulate the cell cycle through c-Myc. However, the specific underlying mechanisms need to be further researched.

Currently, there is a growing acknowledgment of the pivotal role played by the immune system in the progression of tumors [44]. Multiple studies have shown that NCAPD2 impacts immune cell infiltration in various tumors, nevertheless, its precise role in LUAD remains uncertain [23]. Therefore, our study delves into the intricate relationship between NCAPD2 and immune cell infiltration, utilizing the CIBERSORT algorithm and validating our findings through the TIMER database. The results obtained from the CIBERSORT algorithm were consistently aligned with those from the TIMER database. Specifically, B cell infiltration in LUAD was negatively correlated with NCAPD2 expression, while macrophage infiltration was positively correlated with NCAPD2 expression. Several studies emphasized the pivotal role of tumor-associated macrophages (TAMs) as key components in the tumor microenvironment of NSCLC. TAMs not only exert immunosuppressive effects that promote immune escape but also facilitate tumor cell proliferation, invasion, and migration [45]. However, tumor-associated B cells possess the capacity to differentiate into plasma cells within lung and generate antibodies specifically target the tumor, thereby identifying and combating tumor-related antigens. Moreover, the presence of follicular B cells and plasma cells has been associated with improved long-term survival outcomes in lung cancer, suggesting the protective function of antibodies and plasma cells in antitumor immunity [46]. Overall, in LUAD, high expression of NCAPD2 appears to play an immunosuppressive role.

In vitro, knocking down NCAPD2 can inhibit the proliferation, migration, invasion, and EMT of LUAD cells. The EMT serves as the foundation for the metastasis of epithelial malignancies. By augmenting cellular vitality and invasiveness, EMT enhances the migratory potential of tumor cells. Furthermore, EMT contributes to immunosuppression in LUAD, through a reduction in T-cell infiltration and promotion of T-cell exhaustion. This establishes EMT as a pivotal mechanism for immune resistance in cancers [47–49].

Conclusions

In conclusion, this study illustrated the role of NCAPD2 in LUAD prognosis and provided experimental evidence that NCAPD2 promotes tumor development. Prior studies have indicated the overexpression of NCAPD2 in a range of tumors beyond just LUAD. In-depth investigations into the mechanisms of NCAPD2 promoting cancer have been conducted in breast cancer and colorectal cancer [27,28]. The findings from these studies underscore a potential general pro-oncogenic effect of NCAPD2, transcending the confines of specific cancer types. Given the widespread implication of NCAPD2 in various cancers, it emerges as a promising therapeutic target in the realm of cancer treatment. Future endeavors could involve the investigation of small molecule inhibitors designed to selectively target NCAPD2. Furthermore, exploring the potential synergistic effects of combining NCAPD2 targeting with immunotherapy holds considerable promise for advancing cancer therapy.
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TABLE 1

Differences in clinical features between the NCAPD2-high and
NCAPD2-high groups in the TCGA-LUAD cohort

Characteristics High expression Low expression p value

of NCAPD2 of NCAPD2

(N = 281) (N = 232)
Age 0.59
<=65 139 (27.63%) 108 (21.47%)
>65 137 (27.24%) 119 (23.66%)
Gender 1.70E-03
Female 133 (25.93%) 143 (27.88%)
Male 148 (28.85%) 89 (17.35%)
M stage 0.18
MO 187 (51.09%) 155 (42.35%)
M1 17 (4.64%) 7 (1.91%)
N stage 0.4
NO 177 (35.40%) 158 (31.60%)
N1 59 (11.80%) 35 (7.00%)
N2 38 (7.60%) 31 (6.20%)
N3 1 (0.20%) 1 (0.20%)
T stage 0.1
T1 80 (15.69%) 91 (17.84%)
T2 162 (31.76%) 113 (22.16%)
T3 26 (5.10%) 20 (3.92%)
T4 10 (1.96%) 8 (1.57%)
Pathologic 9.30E-03
stage
Stage I 138 (27.33%) 142 (28.12%)
Stage 11 78 (15.45%) 42 (8.32%)
Stage III 43 (8.51%) 37 (7.33%)
Stage IV 18 (3.56%) 7 (1.39%)
Number_pack_years_smoked 7.30E-03
<40 89 (25.28%) 86 (24.43%)
>=40 116 (32.95%) 61 (17.33%)
Tobacco_smoking_history 0.25

No
Yes

35 (7.01%)
242 (48.50%)

37 (7.41%)
185 (37.07%)
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TABLE 2

Univariate and multivariate Cox regression analyses of clinical characteristics associated with overall survival (OS) in LUAD

Univariate analysis

Multivariate analysis

Characteristics N p value HR (95% CI) Characteristics p value HR (95% CI)
Age

Age 513 0.352 1.01 (0.99-1.02)

Gender

Female 276

Male 237 0.769 1.04 (0.78-1.39)

M stage M stage

MO 342 MO

M1 24 0.005 2.15 (1.26-3.68) M1 0.172 1.55 (0.83-2.92)
N stage N stage

NO 336 NO

N1&N2&N3 166 <0.001 2.58 (1.93-3.47) N1&N2&N3 0.041 1.85 (1.02-3.33)
T stage T stage

T1 171 T1

T2&T3&T4 339 0.003 1.69 (1.20-2.38) T2&T3&T4 0.013 1.77 (1.13-2.80)
Pathologic stage Pathologic stage

Stage 1 280 Stage I

Stage [1&Stage I11&Stage IV 225 <0.001 2.94 (2.17-3.98) Stage [1&Stage I11&Stage IV 0.397 1.32 (0.70-2.49)
NCAPD2 NCAPD2

Low 232 Low

High 281 0.035 1.37 (1.02-1.85) High 0.606 1.10 (0.77-1.57)
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