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Introduction

Tumor-associated macrophages (TAMs) play a crucial role in the tumor microenvironment, regulating immune escape and promoting cancer progression. Understanding the role of phagocytosis regulators in female-specific cancers is essential for developing effective therapeutic strategies.





Methods

We performed comprehensive analyses of public databases to evaluate the expression, somatic mutations, and copy number variations of phagocytosis regulators. DNA methylation patterns, biological pathways, survival outcomes, and drug sensitivity were assessed. Additionally, immune modulators, immune cell infiltration, and single-cell sequencing were used to explore alterations in phagocytosis and their cellular origins. The functional role of HMGB2 in tumor cell behavior was validated through in vitro assays.





Results

Phagocytosis regulators exhibited differential expression across various female-specific cancers, with key genes such as CD47 and FOXO1 playing significant roles in modulating tumor progression. High-frequency mutations were found in PTEN, ARID1A, and UBR4. Genes like COX5B and MS4A1 emerged as potential predictors of clinical outcomes and therapeutic response. HMGB2 knockdown significantly inhibited cancer cell proliferation, migration, and invasion in female-specific cancers. HMGB2 knockdown in macrophages led to a significant impairment in phagocytosis of breast, cervical, ovarian, and endometrial cancer cells. Furthermore, when HMGB2 knockdown was combined with Palbociclib treatment, a significant decrease in tumor cell proliferation was observed across multiple cancer models.





Conclusion

This study highlights the pivotal role of phagocytosis regulators, particularly HMGB2, in the progression of female-specific cancers. Targeting HMGB2 offers promising therapeutic opportunities, potentially enhancing precision oncology and improving patient outcomes.
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1 Introduction

Female-specific cancers, particularly breast, cervical, ovarian, and endometrial cancers, collectively represent a critical health concern globally due to their high incidence and significant impact on mortality rates. Breast cancer remains the most frequently diagnosed malignancy in women worldwide, with an estimated 2.3 million new cases in 2020 alone, surpassing even lung cancer as the leading cause of cancer-related deaths among women (1). Cervical cancer, though largely preventable through HPV vaccination and screening, still contributes substantially to cancer mortality, especially in low-resource settings where access to preventative care is limited (2). Ovarian cancer, often diagnosed at an advanced stage due to its asymptomatic nature in early phases, carries a poor prognosis, with five-year survival rates under 50% in many regions, necessitating advances in early detection strategies (3). Endometrial cancer, while generally detected at earlier stages, has been rising in incidence, partly attributed to increasing obesity rates and hormonal changes, emphasizing the importance of preventative measures and awareness (4).

Collectively, these cancers account for a significant portion of the cancer burden among women, affecting not only survival but also overall quality of life and placing a considerable strain on healthcare systems globally (5). The exploration of molecular mechanisms underlying these malignancies is crucial, as understanding these pathways can guide the development of novel therapeutic strategies and improve patient outcomes.

The pan-cancer research approach, which examines patterns across multiple cancer types to identify common molecular mechanisms, has emerged as a powerful strategy to understand tumorigenesis on a broader scale (6, 7). By investigating molecular alterations shared among various cancers, pan-cancer studies enable the discovery of universal targets that can inform both diagnostics and therapeutics, potentially offering new insights into pathways that are consistently dysregulated in cancer (8–10). A critical area of interest in pan-cancer analysis is the immune response, particularly mechanisms that tumors exploit to evade immune surveillance, such as disruptions in phagocytosis pathways (11).

Phagocytosis, a key process within the innate immune response, is essential for the elimination of pathogens and abnormal cells, including cancer cells. However, tumors can develop strategies to evade this defense mechanism, thus avoiding immune destruction and promoting tumor growth and progression (12). Specific phagocytosis regulatory factors, such as the “don’t eat me” signals, including CD47, allow cancer cells to inhibit macrophage-mediated phagocytosis, facilitating immune escape and enhancing metastatic potential (13). Tumors often exploit mechanisms to evade phagocytosis, notably through the CD47-SIRPα axis (14). The interaction between CD47, overexpressed on many cancer cells, and SIRPα on phagocytes delivers a “don’t eat me” signal, inhibiting phagocytosis and facilitating immune evasion (15). Targeting this pathway has emerged as a promising therapeutic strategy, as disrupting the CD47-SIRPα interaction enhances phagocytic activity and activates both innate and adaptive immune responses against tumors (15). Additionally, tumor-associated macrophages (TAMs) can adopt immune-suppressive phenotypes, secreting cytokines that inhibit effector immune cells and promote tumor progression (16). Furthermore, TAMs can influence the tumor microenvironment by altering extracellular matrix composition, which may enhance tumor cell survival and invasion. Therefore, understanding and modulating phagocytic pathways, including the CD47-SIRPα axis and TAM behavior, holds significant potential for improving cancer immunotherapy outcomes (17). Targeting these mechanisms could lead to more effective treatments, particularly in cancers where immune evasion is a significant hurdle.

The primary objective of this study is to systematically analyze the expression patterns, genomic alterations, DNA methylation, and associated biological pathways of phagocytosis regulatory factors across female-specific cancers, including breast, cervical, ovarian, and endometrial cancers. Furthermore, this research aims to explore the relationship between these regulators and the tumor immune microenvironment, immune modulators, drug sensitivity, and key clinical characteristics. Experimental validation was conducted to assess the functional impact of selected key genes on tumor cell behaviors using in vitro models. Ultimately, the study emphasizes the translational potential of phagocytosis regulatory factors as biomarkers and therapeutic targets, offering insights into their clinical utility for improving precision medicine strategies in female-specific cancers.




2 Materials and methods



2.1 Analysis of phagocytosis regulator expression

Clinical information and genomic data for breast invasive carcinoma (BRCA), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), ovarian serous cystadenocarcinoma (OV), and uterine corpus endometrial carcinoma (UCEC) were obtained from The Cancer Genome Atlas (TCGA) via the UCSC Xena platform (https://xena.ucsc.edu/welcome-to-ucsc-xena/). For each cancer type, adjacent normal tissue samples served as paracancerous controls, while tumor samples represented the disease group. Differential expression analysis was conducted using the R package “limma,” with phagocytosis regulators considered differentially expressed if |log2FC| > 1 and FDR < 0.05 between tumor and paracancerous samples.




2.2 Analysis of somatic mutation and copy number variation data

A total of 89 phagocytosis regulators were selected based on previous studies13. The average expression of these regulators in each sample was calculated to generate a “phagocytic score,” providing an overall estimate of phagocytic regulator expression levels. Somatic mutation data and copy number variation (CNV) data for female-specific cancers were sourced from the TCGA database (http://gdac.broadinstitute.org/).




2.3 DNA methylation analysis

DNA methylation data for female-specific cancers were obtained from the TCGA database (http://gdac.broadinstitute.org/). To assess the impact of promoter DNA methylation on the expression of phagocytosis regulators, we focused on methylation sites within the transcription start site region, spanning −1,500 bp to +500 bp. Promoter DNA methylation disorder was defined as sites showing a Beta value change > 0.2 between normal and tumor samples, with an FDR < 0.05. Spearman correlation analysis was performed between these methylation sites and the expression of phagocytosis regulators, retaining only the site with the smallest Spearman correlation coefficient.




2.4 Biological pathway analysis

We identified 10 frequently altered signaling pathways from a previous study17, including the HIPPO, NOTCH, PI3K, RTK/RAS, TGF-Beta, TP53, WNT, Cell Cycle, NRF2, and MYC pathways. Pathway scores were calculated using single-sample gene set enrichment analysis (ssGSEA), followed by Spearman correlation analysis between phagocytosis regulators and pathway scores. Phagocytosis regulators were considered to be associated with these pathways if they had a corrected P value < 0.05 and an absolute correlation value > 0.3.




2.5 Survival analysis

Patients were stratified into high and low expression groups based on the median expression levels of phagocytosis regulators. The Kaplan–Meier (KM) overall survival curve was generated using the survival and Survminer R packages, and the log-rank test was applied to assess the statistical significance of survival differences between high and low expression groups. Univariate Cox regression analysis was used to evaluate the impact of each phagocytosis regulator on cancer prognosis.




2.6 Drug sensitivity analysis

Data from the Genomics of Drug Sensitivity in Cancer (GDSC) database (http://www.cancerrxgene.org/downloads) were downloaded for the GDSC2 cohort, which includes standardized gene expression profiles for 805 cancer cell lines along with IC50 values for 198 small-molecule drugs. Spearman correlation analysis was conducted between the expression of phagocytosis regulators and the IC50 values of these drugs. A significance threshold was set at an absolute correlation value ≥ 0.3 with P < 0.05.




2.7 Immunomodulators and immune cell infiltration analysis

Immunomodulators encompass a group of immune regulatory genes, including antigen-presenting molecules, ligands, and receptors, which are critical in cancer immunotherapy. We utilized a list of immune modulators provided by the TCGA immune response working group18. Immune cell infiltration scores in female cancers were calculated using ssGSEA, and Spearman correlation analysis was employed to assess associations between the phagocytic score, immune cell infiltration scores, and immune modulators. A corrected P value < 0.05 was set as the threshold for significance.




2.8 Cell source of phagocytosis alterations

Single-cell sequencing datasets for breast and ovarian cancer were obtained from a previous study19, and data were downloaded from https://lambrechtslab.sites.vib.be/en/pan-cancer-blueprint-tumour-microenvironment-0. Single-cell sequencing data for cervical cancer and endometrial cancer were acquired from the GEO database (https://www.ncbi.nlm.nih.gov/gds) under accession numbers GSE168652 and GSE173682, respectively20,21.

Pre-processing of single-cell RNA sequencing (scRNA-seq) data was conducted using the Seurat package (version 4.0.0) in R. The “NormalizeData” function was applied to standardize the scRNA-seq data, and 2,000 highly variable genes were identified using the “FindVariableFeatures” function. To correct for batch effects across different sample sources, batch correction was performed using the Harmony package in R. Following batch correction, data scaling was performed, and dimensionality reduction was achieved through principal component analysis (PCA), selecting the top 20 principal components for downstream analysis. The t-SNE algorithm was employed for data visualization and analysis. Cell clusters were identified using the k-nearest neighbor algorithm with the “FindClusters” function at a resolution of 0.2. Finally, cell populations were annotated, and expression levels of phagocytosis regulators were compared across different cell populations.




2.9 Cell culture

The breast cancer cell lines (MDA-MB-231, T-47D), cervical cancer cell lines (HeLa, SiHa), ovarian cancer cell lines (SK-OV-3, OVCAR3) and endometrial cancer cell lines (RL95-2, Ishikawa) used in this study were purchased from Procell Life Science & Technology Co., Ltd. (Wuhan, China). All cell lines used in this study were cultured under standard conditions at 37°C in a humidified incubator with 5% CO2. The details of cell culture conditions for each cell line are as follows:

MDA-MB-231 cells were cultured in high-glucose DMEM medium (Procell, PM150210, China) supplemented with 10% FBS (Gibco, 164210-50, China) and 1% P/S (CELL RESEARCH, CSP006, China). T-47D cells were cultured in RPMI-1640 medium (Procell, PM150110, China) supplemented with 10% FBS (Gibco, 164210-50, China), 1% P/S (CELL RESEARCH, CSP006, China), and 10 μg/mL insulin (CELL RESEARCH, CSP001-10, China).

HeLa and SiHa cells were cultured in MEM medium containing NEAA (Procell, PM150410, China) supplemented with 10% fetal bovine serum (FBS; Gibco, 164210-50, China) and 1% penicillin-streptomycin solution (P/S; CELL RESEARCH, CSP006, China).

SK-OV-3 cells were cultured in McCoy’s 5A medium (Procell, PM150710, China) supplemented with 10% FBS (Gibco, 164210-50, China) and 1% P/S (CELL RESEARCH, CSP006, China). OVCAR3 cells were cultured in RPMI-1640 medium (Procell, PM150110, China) supplemented with 20% FBS (Gibco, 164210-50, China), 1% P/S (CELL RESEARCH, CSP006, China), and 10 μg/mL insulin (CELL RESEARCH, CSP001-10, China).

RL95–2 cells were cultured in DMEM/F12 medium (Procell, PM150312, China) supplemented with 10% FBS (Gibco, 164210-50, China), 1% P/S (CELL RESEARCH, CSP006, China), and 5 μg/mL insulin (CELL RESEARCH, CSP001-10, China). Ishikawa cells were cultured in high-glucose DMEM medium (Procell, PM150210, China) supplemented with 10% FBS (Gibco, 164210-50, China) and 1% P/S (CELL RESEARCH, CSP006, China).




2.10 Cell counting kit-8 assay

Cell proliferation was assessed using the CCK8 according to the manufacturer’s protocol. Briefly, cells were seeded into 96-well plates at a density of 2×103cells per well in 100 μL of complete medium and allowed to adhere overnight. At designated time points (24, 48, 72, and 96 hours), 10 μL of CCK-8 reagent was added to each well and incubated at 37°C for 2 hours. The absorbance was measured at 450 nm using a microplate reader. Each experiment was performed in triplicate, and results were expressed as the mean ± standard deviation (SD).




2.11 5-Ethynyl-2’-deoxyuridine assay

Cells were seeded in 96-well plates, treated, and then incubated with 10 µM EdU labeling medium for 2 hours. Following fixation with 4% paraformaldehyde and permeabilization with 0.5% Triton X-100, cells were treated with the EdU reaction cocktail according to the manufacturer’s instructions. Images were captured using a fluorescence microscope, and EdU-positive cells were quantified to determine proliferation rates.




2.12 Transwell assay for migration and invasion

To assess cell migration and invasion, Transwell chambers were used. For migration assays, cells were seeded into the upper chamber with serum-free medium, while the lower chamber contained medium with 10% FBS as a chemoattractant. For invasion assays, the upper chamber was pre-coated with Matrigel. After incubation for 24 hours at 37°C, non-migrated or non-invaded cells were removed, and cells on the lower membrane surface were fixed, stained, and counted under a microscope.




2.13 Fluorescence microscopy-based phagocytosis assay

To assess macrophage-mediated phagocytosis, we co-cultured RAW264.7 macrophages, with and without HMGB2 knockdown, with tumor cells (MDA-MB-231, HeLa, SKOV3, and Ishikawa) that were pre-labeled with PHRODO RED dye. The cells were incubated for 2 hours to allow phagocytosis. After washing away non-phagocytosed tumor cells, macrophages were fixed and stained for nuclear visualization. Fluorescent images were captured using microscope. The phagocytic index was calculated by counting the tumor cells engulfed by macrophages in randomly selected fields.




2.14 Statistical analysis

All statistical analyses were performed using R software version 4.2.0 (http://www.r-project.org). Correlation analyses were conducted using the Spearman correlation test. Survival risk and hazard ratios were calculated with the Cox proportional hazards model. The Kaplan–Meier (KM) survival curve was employed to assess the prognostic significance of each variable, and significance was tested using the log-rank test. For comparisons of various metrics (expression level, infiltration ratio, and other characteristic values), the Wilcoxon rank-sum test was applied for two-group comparisons, while the Kruskal–Wallis test was used for comparisons across multiple groups. A statistical significance threshold was set at P < 0.05.





3 Results



3.1 Expression of phagocytosis regulators in female cancers

The expression profiles of 89 phagocytosis regulators in female cancers were analyzed using the limma package, with differential expression defined as |log2FC| > 1 and FDR < 0.05. The results of this analysis are summarized in Table 1. Twelve phagocytosis regulators were identified as having significant expression changes in at least three cancer types, as illustrated in Figure 1A. Notably, CD47 demonstrated consistently high expression across all four cancer types, whereas forkhead box O1 (FOXO1) exhibited significantly reduced expression in these cancers (Figures 1B, C). Furthermore, the average expression levels of these differentially expressed regulators were evaluated in various normal tissues using data from the GTEx database. Among the identified genes, C1orf233 stood out for its relatively lower expression in normal tissues compared to other genes (Figure 1D).


Table 1 | Differential expression of phagocytosis regulators.






Figure 1 | Differential expression and distribution of phagocytosis regulators across multiple female cancers. (A) flow chart. (B) Phagocytosis regulator expression differed in at least three cancers. (C) A heatmap displaying the average expression levels of significantly dysregulated phagocytosis regulators across four cancer types. Genes such as NDUFB4, CD47, and FOXO1 show distinct expression patterns, highlighting their potential roles in tumor biology. Positive values (red) indicate higher expression, while negative values (blue) represent lower expression in tumor tissues compared to normal tissues. (D) Box plots illustrating the expression levels of CD47 in tumor and normal samples across BRCA, CESC, OV, and UCEC. CD47 expression is significantly higher in tumor tissues compared to normal tissues across all four cancer types. (E) Box plots showing the expression levels of FOXO1 in tumor and normal samples across BRCA, CESC, OV, and UCEC. FOXO1 expression is significantly lower in tumor tissues compared to normal tissues across all four cancers. ****p < 0.0001.






3.2 Genomic variation of phagocytosis regulators in female cancers

To investigate the genomic variations of phagocytosis regulators in female cancers, we analyzed the mutation frequencies of copy number variations (CNVs; including amplifications and deletions) and single-nucleotide variants (SNVs; non-silent mutations) in a pan-cancer cohort encompassing four types of cancer. Figure 2 highlights the top 10 genes with the highest mutation frequencies in each cancer type. Among these, phosphatase and tensin homolog (PTEN), AT-rich interaction domain 1A (ARID1A), and ubiquitin protein ligase E3 component n-recognin 4 (UBR4) exhibited the highest frequencies of SNV mutations across the cancers analyzed. Notably, PTEN and ARID1A mutations were significantly more frequent in endometrial cancer compared to the other three cancer types (Figure 2A). Analysis of CNVs among phagocytosis regulators further revealed distinct patterns across cancers. For example, genes such as programmed cell death 10 (PDCD10) and NADH: ubiquinone oxidoreductase subunit B9 (NDUFB9) displayed increased copy numbers in ovarian cancer, while NDUFS7 and zinc finger and BTB domain-containing 7A (ZBTB7A) exhibited prominent copy number losses in ovarian cancer (Figures 2B, C).




Figure 2 | Genomic alterations and epigenetic regulation of phagocytosis regulators in female cancers. (A) Mutation frequencies of phagocytosis regulators across four cancer types: breast cancer (BRCA), cervical squamous cell carcinoma (CESC), ovarian cancer (OV), and uterine corpus endometrial carcinoma (UCEC). (B) Frequency of copy number deletions for phagocytosis regulators across the four cancer types. (C) Frequency of copy number amplifications for phagocytosis regulators across the four cancer types. (D) Bar plot and bubble plot illustrating the number of cancers showing significant DNA methylation changes for phagocytosis regulators. Red bars represent hypermethylation, and blue bars represent hypomethylation. Bubble size indicates the statistical significance (-log10 p-value), and color indicates changes in methylation level (Δbeta). (E) Heatmap showing the Spearman correlation between DNA methylation and gene expression of phagocytosis regulators in BRCA, UCEC, CESC, and OV. Correlations range from strong negative to strong positive, with statistical significance indicated. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.






3.3 Epigenetic changes of phagocytosis regulators in female cancers

DNA methylation serves as a critical regulator of gene expression in cancer. To explore the epigenetic landscape of phagocytosis regulators in female cancers, we analyzed the promoter DNA methylation patterns of these genes across multiple cancer types (Supplementary Table 1). A total of 29 phagocytosis regulators were identified with altered methylation levels in at least two cancer types. Importantly, these regulators demonstrated consistent methylation trends across different cancers. For example, high mobility group box 1 (HMGB1), HMGB2, and MS4A1 exhibited hypomethylation, whereas LIM domain binding 1 (LDB1), NDUFS2, and POU class 2 homeobox 2 (POU2F2) displayed hypermethylation (Figure 2D). Moreover, a negative correlation was observed between promoter DNA methylation levels and the expression of phagocytosis regulators in female cancers (Figure 2E). These results suggest that promoter DNA methylation may play a pivotal role in regulating the expression of phagocytosis regulators, contributing to their functional modulation in these cancers.




3.4 Effects of phagocytosis regulators on biological pathways

To elucidate the molecular mechanisms through which phagocytosis regulators contribute to tumorigenesis, we analyzed their involvement in 10 key signaling pathways using the ssGSEA algorithm. Spearman correlation analysis was performed to assess the relationship between individual phagocytosis regulators and pathway activity scores. The top 20 regulators with the highest number of pathway correlations are presented in Figure 3 and Supplementary Table 2. The results revealed that phagocytosis regulators are significantly associated with either the activation or inhibition of various oncogenic pathways. For instance, ADAM metallopeptidase domain 10 (ADAM10) and ARID1A showed positive correlations with the activation of pathways such as HIPPO, PI3K, RTK/RAS, and TGF-Beta, whereas COX5B and NDUFA1 were associated with the inhibition of pathways including HIPPO, NOTCH, and PI3K (Figure 3A). These findings suggest that phagocytosis regulators play a critical role in modulating key carcinogenic pathways in female cancers. Among the four cancer types analyzed, endometrial cancer exhibited the strongest correlations between phagocytosis regulators and signaling pathways, warranting further investigation (Figure 3B). To better understand the cooperative functions of these genes, we conducted a co-mutation analysis focusing on phagocytosis regulators with single-nucleotide variant (SNV) mutation frequencies exceeding 3% in endometrial cancer (Figure 3C). The analysis uncovered distinct patterns of co-mutation among phagocytosis regulators, suggesting their collective role in activating oncogenic pathways that drive tumor progression. Additionally, correlation analysis revealed an overall positive association among phagocytosis regulators in endometrial cancer (Figure 3D). Furthermore, the protein-protein interaction network analysis identified key hub genes, including COX5B, NDUFS8, NDUFB9, and ACTB, which exhibited high degrees of interaction. These hub genes likely play pivotal roles in the phagocytosis regulator network, underscoring their potential significance in tumor progression (Figure 3E).




Figure 3 | Functional pathway analysis and co-regulation networks of phagocytosis regulators in female cancers. (A) Pie chart summary illustrating the impact of phagocytosis regulators on key signaling pathways across female cancers. (B) Network representation of the correlation between phagocytosis regulators and signaling pathways. Red edges indicate positive correlations, and blue edges represent negative correlations. (C) Co-occurrence and mutual exclusivity analysis of phagocytosis regulators. A heatmap displays co-occurrence relationships (green) and statistical significance (p-values < 0.05 or < 0.01). (D) Correlation matrix of phagocytosis regulator expression across samples. The heatmap indicates positive (red) or negative (blue) correlations between genes, with high correlation clusters suggesting coordinated regulatory mechanisms. (E) Protein-protein interaction network of phagocytosis regulators.






3.5 Prognostic value of phagocytosis regulators in female cancer patients

Given the critical role of phagocytosis regulators in cancer, we evaluated their prognostic significance in female cancer patients. Single-factor Cox regression analysis was conducted for 89 phagocytosis regulators across various tumor types, focusing on those associated with overall survival in at least two cancer types (Figure 4, Supplementary Table 3). The analysis identified 21 phagocytosis regulators significantly linked to overall survival across multiple female cancers (Figure 4A). Most of these regulators demonstrated protective roles, with their higher expression associated with improved survival. However, exceptions were observed: mitochondrial tRNA translation optimization 1 (MTO1) was identified as a risk factor in breast cancer, while COX5B was associated with increased risk in endometrial cancer. Additionally, COX5B and MS4A1 were notable for their prognostic relevance across three cancer types. The forest plot presents the results of the single-factor Cox regression analysis for COX5B and MS4A1, highlighting their hazard ratios and confidence intervals (Figure 4B). Furthermore, Kaplan–Meier (KM) survival curves illustrate the prognostic impact of these genes in different cancer types, underscoring their role as key biomarkers for overall survival (Figures 4C, D).




Figure 4 | Prognostic value of phagocytosis regulators in female cancers. (A) Heatmap showing the prognostic roles of phagocytosis regulators across breast cancer (BRCA), cervical squamous cell carcinoma (CESC), ovarian cancer (OV), and uterine corpus endometrial carcinoma (UCEC). Genes are classified as either risky (red) or protective (blue) factors based on their hazard ratios (HRs). White indicates non-significant (p > 0.05) prognostic results. (B) Forest plot summarizing the HRs and 95% confidence intervals (CIs) of key prognostic phagocytosis regulators. The bubble size represents the -log10(p-value), with risky factors shown in red and protective factors in blue. (C) Kaplan-Meier survival curves illustrating the overall survival (OS) stratified by the expression levels of COX5B in BRCA, CESC, OV, and UCEC. High expression of COX5B is associated with improved OS in BRCA (p = 0.015) and OV (p = 0.041) but not in CESC or UCEC. (D) Kaplan-Meier survival curves for MS4A1 in the same cancers. High expression of MS4A1 is linked to better OS in BRCA (p = 0.006) and OV (p = 0.014), while no significant associations are observed in CESC or UCEC.






3.6 Therapeutic potential of phagocytosis regulators

To investigate the therapeutic potential of phagocytosis regulators in modulating drug responses, we performed a Spearman correlation analysis between the expression of phagocytosis regulators and the sensitivity to small-molecule drugs (Supplementary Table 4). This analysis revealed 859 significant correlation pairs between drug sensitivity and phagocytosis regulator expression, with 86 drugs showing associations with at least five phagocytosis regulators (Figure 5A). For drugs with well-characterized target genes, we further explored the relationships between these target genes and phagocytosis regulators. For instance, the target gene WEE1 of Palbociclib exhibited positive correlations with multiple phagocytosis regulators, including SMARCC1 (R = 0.30), HMGB2 (R = 0.46), and HMGB1 (R = 0.33). Figure 5B illustrates the hierarchical network connecting drug pathways, target genes, and phagocytosis regulators involved in critical metabolic pathways. Given the role of many clinically actionable genes as targets for anti-cancer therapies, these findings suggest that phagocytosis regulators may hold significant therapeutic potential in female-specific cancers, particularly through their impact on drug response and sensitivity.




Figure 5 | Therapeutic relevance of phagocytosis regulators in female cancers. (A) Bubble plot summarizing the correlation between phagocytosis regulators and the sensitivity to small-molecule drugs targeting various pathways. The size of the bubbles represents the false discovery rate (FDR), while the color indicates the correlation coefficient (purple for negative correlation, green for positive correlation). Drugs are categorized based on their associated pathways. Key phagocytosis regulators exhibit significant correlations with drug sensitivity. (B) Network diagram linking phagocytosis regulators, drug-targeted genes, and drugs, grouped by pathway.






3.7 Effects of phagocytosis regulators on the tumor microenvironment

Immune cell infiltration is a crucial component of the tumor microenvironment (TME) and plays an essential role in enhancing the efficacy of immunotherapy. To assess the relationship between the phagocytosis score and immune cell infiltration, we quantified immune cell infiltration scores in the TME using the ssGSEA method and calculated the Spearman correlation between the phagocytosis score and immune cell infiltration levels (Supplementary Table 5). The results demonstrated a significant positive correlation between the phagocytosis score and the infiltration levels of most immune cells in female cancers (Figure 6A). To further investigate the molecular relationship between the phagocytosis score and tumor immunity, we analyzed the Spearman correlation between the phagocytosis score and key immunomodulators involved in immunotherapy. Consistent with our pathway analysis, the phagocytosis score exhibited a positive correlation with various immunomodulators across multiple cancers, suggesting its potential role in regulating tumor immunity (Figure 6B).




Figure 6 | Immune cell infiltration and immunomodulator expression associated with phagocytosis regulators in female cancers. (A) Heatmap showing the correlation between the phagocytosis score and the infiltration of various immune cell types across breast cancer (BRCA), ovarian cancer (OV), uterine corpus endometrial carcinoma (UCEC), and cervical squamous cell carcinoma (CESC). The color gradient indicates the Spearman correlation coefficient, with red representing positive correlations and blue representing negative correlations. (B) Heatmap illustrating the correlation between the phagocytosis score and key immunomodulators across the four cancer types. Immunomodulators are grouped by their functions. Red indicates positive correlations, and blue indicates negative correlations. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.






3.8 Cell origins of imbalanced phagocytosis regulators

To explore the cellular origins of dysregulated phagocytosis regulators, we analyzed single-cell RNA sequencing (scRNA-seq) data from breast, cervical, ovarian, and endometrial cancers. Rigorous pre-processing steps were applied, and batch effects were mitigated using the Harmony algorithm. Following normalization and dimensionality reduction via principal component analysis (PCA), we employed the t-distributed Stochastic Neighbor Embedding(t-SNE) method to visualize the data. Using marker genes, we visualized the expression patterns of key genes within each cluster through the “DotPlot” function, enabling the assignment of clusters to specific cell lineages. Furthermore, violin plots were used to illustrate the expression levels of phagocytosis regulators across different cell types, highlighting their distribution within various cell populations.

Single-cell RNA sequencing analysis revealed the cellular heterogeneity and distribution characteristics of key genes across different cell types in breast cancer, cervical cancer, ovarian cancer, and endometrial cancer. In breast cancer, t-SNE plots showed significant overlap in the distribution of cells across samples from different patients, suggesting shared cellular characteristics between samples. Clustering analysis divided the cells into 14 clusters, which were annotated as cancer cell, fibroblasts, cycling cell, and other cell types. Key gene expression analysis revealed that C17orf89 was primarily expressed in cancer cell and B cell, FDX1 showed the highest expression in fibroblasts and myeloid cell, and HMGB2 was highly expressed in cancer cell and cycling cell, suggesting its role in the tumor microenvironment and cell proliferation (Figures 7A–E). Analysis of cervical cancer indicated a high degree of overlap in cell distribution between samples, with cells divided into six clusters annotated as cancer cell, lymphocytes, and macrophages, where cancer cell was predominant. APMAP was mainly expressed in lymphocytes and cancer cell, SPI1 was highly expressed in macrophages, and ADAM10 showed high expression in cancer cell and lymphocytes, indicating their potential roles in tumor immunity and microenvironment regulation (Figures 7F–J). In ovarian cancer, cells from different samples showed highly similar characteristics and were clustered into 12 groups annotated as cancer cells, fibroblasts, endothelial cell, and myeloid cell, among others. ARID1A was highly expressed in cancer cell and fibroblasts, POU2F2 was significantly expressed in cancer cell, and SPI1 was highly specific to myeloid cell, suggesting its involvement in immune regulation (Figures 8A–E). In endometrial cancer, consistent cell distribution was observed across samples, with cells grouped into 13 clusters and annotated as B cell, lymphocytes, macrophages, ciliated epithelial cell, and smooth muscle cells, among others. Gene expression analysis showed that AIFM1 was highly expressed in endothelial cells and macrophages, SPI1 was significantly expressed in macrophages and mast cell, and ADAM10 was most highly expressed in lymphocytes (Figures 8F–I). These results comprehensively revealed the cellular heterogeneity and functional characteristics of key genes in the tumor microenvironment of different cancer types, providing important insights for further research into related mechanisms and therapeutic target exploration.




Figure 7 | Single-cell sequencing analysis of breast cancer and cervical cancer. (A) t-SNE plot showing the distribution of cells across different BRCA samples, with each color representing a unique sample. (B) t-SNE plot illustrating clustering of cells into 14 distinct clusters (0–13). (C) t-SNE plot with annotated cell types, including cancer cells, fibroblasts, T cells, B cells, myeloid cells, endothelial cells, cycling cells, and mast cells. (D) Annotation of 13 clusters into eight different cell types in breast cancer; (E) Violin plots displaying the expression levels of key genes (C17orf89, FDX1, and HMGB2) across various cell types in breast cancer. C17orf89 is predominantly expressed in cancer cells and B cells, FDX1 shows the highest expression in Fibroblast cells, and HMGB2 is highly expressed in cancer cells and cycling cells. (F) t-SNE plot showing the distribution of cells from different CESC samples, with each color representing a distinct sample. (G) t-SNE plot illustrating clustering of cells into six distinct groups (0–5). (H) t-SNE plot with annotated cell types, including cancer cells, lymphocytes, and macrophages. (I) Annotation of six clusters into three different cell types in cervical cancer. (J) Violin plots displaying the expression levels of key genes (APMAP, SPI1, and ADAM10) across the identified cell types. APMAP is predominantly expressed in Lymphocytes, SPI1 is highly expressed in Macrophages, and ADAM10 is primarily expressed in cancer cells.






Figure 8 | Single-cell sequencing analysis of ovarian cancer and endometrial cancer. (A) t-SNE plot showing cell distribution based on sample origin, with each color representing a distinct sample. (B) t-SNE plot depicting clustering results, with clusters labeled numerically (0–11). (C) Dot plot illustrating the expression levels of marker genes across various cell types. Dot size indicates the percentage of cells expressing the gene, and color intensity represents the average expression level. (D) Annotation of 12 clusters into eight different cell types in ovarian cancer. (E) The violin plot shows the expression of ARID1A across various cell types, with the highest levels observed in cancer cells, fibroblasts, and epithelial cells. Similarly, the violin plot highlights the expression of POU2F2, which is predominantly found in cancer cells and myeloid cells. The violin plot demonstrates that SPI1 is highly enriched in myeloid cells. (F) t-SNE plot showing the distribution of cells from five UCEC samples, with each color representing a distinct sample. (G) t-SNE plot illustrating clustering of cells into 13 distinct groups (0–12). (H) Annotation of 13 clusters into eight different cell types in endometrial cancer. (I) Violin plots displaying the expression levels of key genes (AIFM1, SPI1, and ADAM10) across the identified cell types. AIFM1 is predominantly expressed in macrophage; SPI1 is highly expressed in macrophages; and ADAM10 shows the highest expression in lymphocytes.






3.9 The effect of HMGB2 knockdown on cell proliferation

To investigate the impact of HMGB2 knockdown on cancer cell proliferation, CCK-8 and EdU fluorescence staining assays were performed in eight cancer cell lines representing breast, cervical, ovarian, and endometrial cancers. The results demonstrated that HMGB2 knockdown significantly suppressed proliferation across all tested cell lines.

In breast cancer cells, HMGB2 knockdown markedly reduced proliferation in both MDA-MB-231 and T47D cell lines. The CCK-8 assay revealed significant decreases in OD450 values over time (MDA-MB-231: 24h, t = 8.090, P < 0.001; 48h, t = 10.94, P < 0.001; 72h, t = 4.468, P = 0.002; 96h, t = 3.840, P = 0.002; T47D: 24h, t = 21.43, P < 0.001; 48h, t = 20.61, P < 0.001; 72h, t = 9.565, P < 0.001; 96h, t = 19.66, P < 0.001) (Figures 9A, B). Similarly, the EdU fluorescence staining assay showed that HMGB2 knockdown significantly decreased the percentage of EdU-positive cells in both MDA-MB-231 (SiNC = 20.088% ± 1.432%, SiHMGB2 = 15.859% ± 0.637%, t = 11.13, P < 0.001) and T47D (SiNC = 10.385% ± 1.829%, SiHMGB2 = 7.188% ± 0.794%, t = 7.349, P < 0.001) cells (Figures 9A, B).




Figure 9 | HMGB2 knockdown inhibits the proliferation of breast, cervical, ovarian, and endometrial cancer cell lines. (A, B) HMGB2 knockdown significantly reduced proliferation as indicated by decreased OD450 values in CCK-8 assays over time (MDA-MB-231: 24h, t = 8.090, P < 0.001; 48h, t = 10.94, P < 0.001; 72h, t = 4.468, P = 0.002; 96h, t = 3.840, P = 0.002; T47D: 24h, t = 21.43, P < 0.001; 48h, t = 20.61, P < 0.001; 72h, t = 9.565, P < 0.001; 96h, t = 19.66, P < 0.001). Similarly, EdU staining showed significant reductions in the percentage of EdU-positive cells (MDA-MB-231: SiNC = 20.088% ± 1.432%, SiHMGB2 = 15.859% ± 0.637%, t = 11.13, P < 0.001; T47D: SiNC = 10.385% ± 1.829%, SiHMGB2 = 7.188% ± 0.794%, t = 7.349, P < 0.001). (C, D) Cervical cancer cell lines (SiHa and HeLa): HMGB2 knockdown led to significant reductions in proliferation, as shown by decreases in OD450 values (SiHa: 24h, t = 2.232, P = 0.04; 48h, t = 16.78, P < 0.001; 72h, t = 2.974, P = 0.01; 96h, t = 13.08, P < 0.001; HeLa: 24h, t = 8.242, P < 0.001; 48h, t = 40.16, P < 0.001; 72h, t = 12.90, P < 0.001; 96h, t = 10.33, P < 0.001). Consistently, EdU fluorescence staining revealed reduced percentages of EdU-positive cells (SiHa: SiNC = 20.844% ± 0.894%, SiHMGB2 = 18.396% ± 0.985%, t = 7.578, P < 0.001; HeLa: SiNC = 11.580% ± 1.701%, SiHMGB2 = 9.119% ± 1.094%, t = 5.304, P < 0.001). (E, F) Ovarian cancer cell lines (SKOV3 and OVCAR3): HMGB2 knockdown significantly inhibited proliferation, with reduced OD450 values across all time points (SKOV3: 24h, t = 3.426, P = 0.004; 48h, t = 30.06, P < 0.001; 72h, t = 66.66, P < 0.001; 96h, t = 15.89, P < 0.001; OVCAR3: 24h, t = 5.510, P < 0.001; 48h, t = 11.56, P < 0.001; 72h, t = 17.56, P < 0.001; 96h, t = 14.44, P < 0.001). EdU staining revealed similar reductions in EdU-positive cells (SKOV3: SiNC = 29.455% ± 2.816%, SiHMGB2 = 22.072% ± 3.303%, t = 7.217, P < 0.001; OVCAR3: SiNC = 13.989% ± 2.144%, SiHMGB2 = 10.312% ± 1.142%, t = 6.599, P < 0.001). (G, H) Endometrial cancer cell lines (Ishikawa and RL95-2): HMGB2 knockdown consistently impaired proliferation. OD450 values in CCK-8 assays were significantly reduced at all time points (Ishikawa: 24h, t = 4.435, P < 0.001; 48h, t = 7.248, P < 0.001; 72h, t = 6.172, P < 0.001; 96h, t = 11.21, P < 0.001; RL95-2: 24h, t = 2.292, P = 0.04; 48h, t = 3.674, P = 0.003; 72h, t = 5.039, P < 0.001). EdU staining further confirmed significant reductions in EdU-positive cells (Ishikawa: SiNC = 12.025% ± 1.104%, SiHMGB2 = 8.604% ± 0.557%, t = 11.41, P < 0.001; RL95-2: SiNC = 11.860% ± 1.734%, SiHMGB2 = 9.685% ± 1.055%, t = 4.287, P < 0.001). *P < 0.05, **P < 0.01, ***P < 0.001.



In cervical cancer cells, similar results were observed in SiHa and HeLa cell lines. The CCK-8 assay demonstrated significant reductions in OD450 values at all time points (SiHa: 24h, t = 2.232, P = 0.04; 48h, t = 16.78, P < 0.001; 72h, t = 2.974, P = 0.01; 96h, t = 13.08, P < 0.001; HeLa: 24h, t = 8.242, P < 0.001; 48h, t = 40.16, P < 0.001; 72h, t = 12.90, P < 0.001; 96h, t = 10.33, P < 0.001) (Figures 9C, D). Consistently, EdU fluorescence staining showed a significant decrease in EdU-positive cells in SiHa (SiNC = 20.844% ± 0.894%, SiHMGB2 = 18.396% ± 0.985%, t = 7.578, P < 0.001) and HeLa (SiNC = 11.580% ± 1.701%, SiHMGB2 = 9.119% ± 1.094%, t = 5.304, P < 0.001) cells (Figures 9C, D).

In ovarian cancer cell lines SKOV3 and OVCAR3, HMGB2 knockdown also led to a marked reduction in proliferation. The CCK-8 assay indicated significant declines in OD450 values at all time points (SKOV3: 24h, t = 3.426, P = 0.004; 48h, t = 30.06, P < 0.001; 72h, t = 66.66, P < 0.001; 96h, t = 15.89, P < 0.001; OVCAR3: 24h, t = 5.510, P < 0.001; 48h, t = 11.56, P < 0.001; 72h, t = 17.56, P < 0.001; 96h, t = 14.44, P < 0.001) (Figures 9E, F). The percentage of EdU-positive cells also decreased significantly in SKOV3 (SiNC = 29.455% ± 2.816%, SiHMGB2 = 22.072% ± 3.303%, t = 7.217, P < 0.001) and OVCAR3 (SiNC = 13.989% ± 2.144%, SiHMGB2 = 10.312% ± 1.142%, t = 6.599, P < 0.001) cells (Figures 9E, F).

In endometrial cancer cells, Ishikawa and RL95-2, HMGB2 knockdown caused a consistent decrease in proliferation. CCK-8 assays showed significant reductions in OD450 values across all time points (Ishikawa: 24h, t = 4.435, P < 0.001; 48h, t = 7.248, P < 0.001; 72h, t = 6.172, P < 0.001; 96h, t = 11.21, P < 0.001; RL95-2: 24h, t = 2.292, P = 0.04; 48h, t = 3.674, P = 0.003; 72h, t = 5.039, P < 0.001) (Figures 9G, H). EdU staining confirmed these results, with significant reductions in EdU-positive cells in Ishikawa (SiNC = 12.025% ± 1.104%, SiHMGB2 = 8.604% ± 0.557%, t = 11.41, P < 0.001) and RL95-2 (SiNC = 11.860% ± 1.734%, SiHMGB2 = 9.685% ± 1.055%, t = 4.287, P < 0.001) cells (Figures 9G, H).

Together, these findings demonstrate that HMGB2 knockdown significantly inhibits cancer cell proliferation across a range of female-specific cancers, highlighting its critical role in tumor growth and suggesting its potential as a therapeutic target.




3.10 The effect of HMGB2 knockdown on cell invasion

The impact of HMGB2 knockdown on the invasive abilities of eight cancer cell lines representing breast cancer, cervical cancer, ovarian cancer, and endometrial cancer was analyzed using the Transwell invasion assay.

In breast cancer cell lines (MDA-MB-231 and T47D), HMGB2 knockdown significantly inhibited cell invasion. For MDA-MB-231 cells, the number of invasive cells was significantly reduced after 48 hours (t = 4.632, P = 0.010) (Figure 10A). Similarly, in T47D cells, HMGB2 knockdown resulted in a significant reduction in invasive ability at 48 hours (t = 3.993, P = 0.020) (Figure 10A).




Figure 10 | The impact of HMGB2 knockdown on the invasive and migratory abilities of breast, cervical, ovarian, and endometrial cancer cell lines. (A, B). Invasion assay: Transwell assays were used to evaluate the invasive capacities of eight cancer cell lines after HMGB2 knockdown. Significant inhibition of invasion was observed across all cancer types. In breast cancer, invasive cell numbers decreased after 48 hours for MDA-MB-231 (t = 4.632, P = 0.010) and T47D (t = 3.993, P = 0.020). In cervical cancer, reductions were observed after 56 hours for SiHa (t = 5.132, P = 0.007) and 48 hours for HeLa (t = 3.972, P = 0.020). For ovarian cancer, SKOV3 showed reduced invasion after 56 hours (t = 7.093, P = 0.002), and OVCAR3 after 42 hours (t = 12.77, P < 0.001). In endometrial cancer, invasion was suppressed after 48 hours in Ishikawa (t = 6.668, P = 0.003) and after 56 hours in RL95-2 (t = 3.713, P = 0.020). (C, D). Migration assay: Transwell assays demonstrated that HMGB2 knockdown significantly impaired migration across all cancer cell lines. In breast cancer, migration decreased after 24 hours for MDA-MB-231 (t = 4.052, P = 0.020) and 24 hours for T47D (t = 6.831, P = 0.002). In cervical cancer, migration was inhibited after 24 hours for both SiHa (t = 18.60, P < 0.001) and HeLa (t = 6.078, P < 0.001). For ovarian cancer, migration decreased after 24 hours in SKOV3 (t = 6.725, P = 0.003) and OVCAR3 (t = 5.213, P = 0.006). In endometrial cancer, Ishikawa and RL95–2 showed reduced migration after 24 hours (t = 4.339, P = 0.010 and t = 9.426, P < 0.001, respectively). *P < 0.05, **P < 0.01, and ***P < 0.001.



In cervical cancer cell lines (SiHa and HeLa), HMGB2 knockdown significantly impaired cell invasion. For SiHa cells, the number of invasive cells was significantly reduced after 56 hours (t = 5.132, P = 0.007) (Figure 10A). In HeLa cells, a significant decrease in invasion was observed at 48 hours (t = 3.972, P = 0.020) (Figure 10A).

In ovarian cancer cell lines (SKOV3 and OVCAR3), HMGB2 knockdown markedly reduced cell invasion. In SKOV3 cells, the number of invasive cells decreased significantly after 56 hours (t = 7.093, P = 0.002) (Figure 10B). For OVCAR3 cells, the invasion ability was significantly inhibited after 48 hours (t = 12.77, P < 0.001) (Figure 10B).

In endometrial cancer cell lines (Ishikawa and RL95-2), HMGB2 knockdown significantly reduced cell invasion. For Ishikawa cells, the invasive ability was significantly impaired after 48 hours (t = 6.668, P = 0.003) (Figure 10B). Similarly, in RL95–2 cells, a reduction in invasive capacity was observed after 56 hours (t = 3.713, P = 0.020) (Figure 10B).

These findings demonstrate that HMGB2 knockdown significantly suppresses the invasive potential of cancer cells across multiple female cancer types.




3.11 The effect of HMGB2 knockdown on cell migration

The impact of HMGB2 knockdown on the migration abilities of eight cancer cell lines representing breast cancer, cervical cancer, ovarian cancer, and endometrial cancer was analyzed using the Transwell migration assay.

In breast cancer cell lines (MDA-MB-231 and T47D), HMGB2 knockdown significantly inhibited cell migration. For MDA-MB-231 cells, the migratory ability was significantly reduced after 24 hours (t = 4.052, P = 0.02) (Figure 10C). Similarly, in T47D cells, a significant decrease in migration was observed after 24 hours (t = 6.831, P = 0.002) (Figure 10C).

In cervical cancer cell lines (SiHa and HeLa), HMGB2 knockdown markedly impaired migration ability. In SiHa cells, the number of migrating cells was significantly reduced after 24 hours (t = 18.60, P < 0.001) (Figure 10C). Similarly, in HeLa cells, HMGB2 knockdown resulted in a significant reduction in migration at 24 hours (t = 6.078, P < 0.001) (Figure 10C).

In ovarian cancer cell lines (SKOV3 and OVCAR3), HMGB2 knockdown significantly suppressed migration. In SKOV3 cells, migratory ability was reduced after 24 hours (t = 6.725, P = 0.003) (Figure 10D). In OVCAR3 cells, a similar significant reduction in migration was observed at 24 hours (t = 5.213, P = 0.006) (Figure 10D).

In endometrial cancer cell lines (Ishikawa and RL95-2), HMGB2 knockdown significantly impaired migration. For Ishikawa cells, the migratory ability was reduced after 24 hours (t = 4.339, P = 0.01) (Figure 10D). In RL95–2 cells, the number of migrating cells was significantly reduced after 24 hours (t = 9.426, P < 0.001) (Figure 10D).

These findings indicate that HMGB2 knockdown significantly suppresses the migratory potential of cancer cells across multiple female cancer types.




3.12 Effect of HMGB2 knockdown in macrophages on tumor cell phagocytosis

To investigate the role of HMGB2 in macrophages on tumor cell phagocytosis, we performed co-culture assays using the murine macrophage cell line RAW264.7 and four human female-specific tumor cell lines: MDA-MB-231 (breast cancer), HeLa (cervical cancer), SKOV3 (ovarian cancer), and Ishikawa (endometrial cancer). HMGB2 expression was knocked down in RAW264.7 cells, and the phagocytic activity toward each tumor cell type was assessed using a fluorescence microscopy-based phagocytosis assay. In all models tested, HMGB2 knockdown in macrophages led to a significant reduction in phagocytic activity. Specifically, RAW264.7 cells with HMGB2 knockdown showed a marked decrease in their ability to phagocytose MDA-MB-231 cells (t = 12.89, P < 0.001), HeLa cells (t = 7.433, P < 0.001), SKOV3 cells (t = 16.20, P < 0.001), and Ishikawa cells (P < 0.001) (Supplementary Figure 1). These results indicate that HMGB2 plays a critical role in maintaining macrophage-mediated phagocytic function across various female-specific cancer types.




3.13 Effect of HMGB2 knockdown combined with palbociclib on tumor cell proliferation

To investigate the effect of HMGB2 knockdown on tumor cell proliferation in the presence of Palbociclib, we conducted CCK8 assays on multiple cancer cell lines (Supplementary Figure 2).

For MDA-MB-231 and T47D cells, HMGB2 was knocked down, and the cells were treated with Palbociclib. The results showed a significant reduction in cell proliferation at all time points (MDA-MB-231, 24h, t = 22.30, P < 0.001; 48h, t = 23.72, P < 0.001; 72h, t = 51.45, P < 0.001; 96h, t = 135.3, P < 0.001; T47D, 24h, t = 7.096, P < 0.001; 48h, t = 12.67, P < 0.001; 72h, t = 16.90, P < 0.001; 96h, t = 18.43, P < 0.001) (Supplementary Figures 2A, B).

For HeLa and SiHa cells, following HMGB2 knockdown and Palbociclib treatment, significant inhibition of cell proliferation was observed (HeLa, 24h, t = 2.287, P = 0.05; 48h, t = 16.57, P < 0.001; 72h, P < 0.001; 96h, t = 18.46, P < 0.001;SiHa, 24h, t = 3.741, P = 0.002; 48h, t = 0.5503, P = 0.59; 72h, t = 8.826, P < 0.001; 96h, t = 23.26, P < 0.001) (Supplementary Figures 2C, D).

For SKOV3 and OVCAR3 cells, HMGB2 knockdown followed by Palbociclib treatment resulted in a marked decrease in cell proliferation (SKOV3, 24h, t = 8.311, P < 0.001; 48h, t = 30.15, P < 0.001; 72h, P < 0.001; 96h, t = 32.26, P < 0.001; OVCAR3, 24h, t = 14.89, P < 0.001; 48h, t = 5.809, P < 0.001; 72h, t = 42.66, P < 0.001; 96h, t = 55.20, P < 0.001) (Supplementary Figures 2E, R).

For Ishikawa and RL95–2 cells, HMGB2 knockdown followed by Palbociclib treatment also significantly reduced cell proliferation (Ishikawa: 24h, t = 24.14, P < 0.001; 48h, t = 61.09, P < 0.001; 72h, t = 106.8, P < 0.001; 96h, t = 106.1, P < 0.001; RL95-2: 24h, t = 10.67, P < 0.001; 48h, t = 10.64, P < 0.001; 72h, t = 24.28, P < 0.001) (Supplementary Figures 2G, H).

These results suggest that HMGB2 knockdown, when combined with Palbociclib, significantly inhibits the proliferation of a variety of cancer cell lines, demonstrating the potential therapeutic benefit of targeting HMGB2 in combination with cell cycle inhibitors.

To explore the impact of HMGB2 knockdown combined with Palbociclib treatment on tumor cell proliferation, we conducted EdU fluorescence staining assays on multiple cancer cell lines. Following HMGB2 knockdown, cells were treated with Palbociclib, and proliferation was measured by the percentage of EdU-positive cells (Supplementary Figure 2).

In breast cancer cell lines, MDA-MB-231 and T47D, HMGB2 knockdown significantly decreased the proportion of EdU-positive cells after Palbociclib treatment. Specifically, the percentage of EdU-positive cells in the MDA-MB-231 cell line decreased from 12.54% ± 0.32% (SiHMGB2) to 8.45% ± 0.10% (SiHMGB2 + Palbociclib) (t = 12.12, P < 0.001). Similarly, for T47D cells, the percentage decreased from 11.96% ± 0.21% (SiHMGB2) to 7.70% ± 0.16% (SiHMGB2 + Palbociclib) (t = 16.25, P < 0.001) (Supplementary Figures 2A, B).

In cervical cancer cells, SiHa and HeLa, HMGB2 knockdown followed by Palbociclib treatment also led to a significant reduction in the percentage of EdU-positive cells. For SiHa cells, the percentage decreased from 16.27% ± 0.31% (SiHMGB2) to 11.28% ± 0.31% (SiHMGB2 + Palbociclib) (t = 11.34, P < 0.001), while in HeLa cells, it decreased from 14.11% ± 0.31% (SiHMGB2) to 5.07% ± 0.18% (SiHMGB2 + Palbociclib) (t = 25.44, P < 0.001) (Supplementary Figures 2C, D).

In ovarian cancer models, SKOV3 and OVCAR3 cells, HMGB2 knockdown followed by Palbociclib treatment resulted in significant inhibition of cell proliferation. In SKOV3 cells, the percentage of EdU-positive cells dropped from 10.57% ± 0.23% (SiHMGB2) to 7.22% ± 0.13% (SiHMGB2 + Palbociclib) (t = 12.85, P < 0.001), while in OVCAR3 cells, it decreased from 11.99% ± 0.27% (SiHMGB2) to 7.93% ± 0.09% (SiHMGB2 + Palbociclib) (t = 14.24, P < 0.001) (Supplementary Figures 2E, F).

Endometrial cancer cells (Ishikawa and RL95-2) also showed a significant reduction in proliferation after HMGB2 knockdown and Palbociclib treatment. In Ishikawa cells, the percentage of EdU-positive cells decreased from 10.55% ± 0.16% (SiHMGB2) to 6.80% ± 0.15% (SiHMGB2 + Palbociclib) (t = 17.15, P < 0.001), and in RL95–2 cells, it decreased from 14.38% ± 0.63% (SiHMGB2) to 9.75% ± 0.30% (SiHMGB2 + Palbociclib) (t = 6.61, P < 0.001) (Supplementary Figures 2G, H).





4 Discussion

Female cancers, including breast cancer, cervical cancer, ovarian cancer, and endometrial cancer, are among the most common malignancies affecting women worldwide, posing a serious threat to women’s health and lives. In recent years, increasing evidence has demonstrated that phagocytosis plays a critical role within the tumor immune microenvironment, influencing tumor initiation and progression (18).

The present study aimed to explore the association between phagocytosis regulators and the clinical features of female-specific cancers, including breast, cervical, ovarian, and endometrial cancers. Through a systematic analysis of multiple datasets, including TCGA and GEO, this study examined the expression patterns, genomic variations, and epigenetic modifications of phagocytosis regulators, alongside functional validations to elucidate their role in tumor progression.

Our analysis revealed significant differential expression of phagocytosis regulators across the four cancer types. Notably, CD47 exhibited high expression in all cancers, consistent with its role in immune evasion by inhibiting macrophage-mediated phagocytosis. In contrast, FOXO1 was consistently downregulated, highlighting its potential as a tumor suppressor. Further investigation of genomic variations demonstrated high-frequency SNVs and CNVs in key regulators such as PTEN, ARID1A, and UBR4, particularly in endometrial cancer, where PTEN and ARID1A mutations were significantly enriched. Copy number alterations in genes such as PDCD10 and NDUFB9 (amplifications) and NDUFS7 and ZBTB7A (deletions) were also identified, particularly in ovarian cancer, suggesting their contributions to genomic instability. Epigenetic regulation of phagocytosis regulators was another crucial finding, with DNA methylation significantly influencing gene expression. For instance, HMGB1, HMGB2, and MS4A1 were hypomethylated and highly expressed, whereas hypermethylation of genes such as LDB1, NDUFS2, and POU2F2 led to their reduced expression, reinforcing the impact of DNA methylation on gene dysregulation in cancer.

The functional role of HMGB2, a critical phagocytosis regulator, was validated through in vitro experiments. HMGB2 knockdown significantly suppressed cancer cell proliferation, migration, and invasion across breast, cervical, ovarian, and endometrial cancer cell lines. CCK-8 and EdU assays revealed that HMGB2 inhibition reduced cell proliferation, while Transwell assays demonstrated impaired migratory and invasive capacities. These results underscore HMGB2’s essential role in promoting cancer progression, potentially by regulating cell cycle progression, metabolic reprogramming, and immune evasion mechanisms.

In this study, we further investigated the potential therapeutic implications of HMGB2 inhibition in combination with Palbociclib, a small-molecule drug that targets the cell cycle. Our results demonstrated that the combination of HMGB2 knockdown and Palbociclib treatment significantly inhibited cell proliferation, as evidenced by the CCK8 and EdU assays. Compared to the control group, where only HMGB2 was knocked down, the experimental group, which received Palbociclib treatment, exhibited a marked reduction in cell proliferation. This suggests that targeting HMGB2, in combination with cell cycle inhibitors such as Palbociclib, can effectively suppress tumor cell growth.



4.1 Expression of phagocytosis regulators and female tumorigenesis and development

CD47, a transmembrane protein, transmits a “don’t eat me” signal by binding to the macrophage surface receptor SIRPα, thereby inhibiting macrophage phagocytosis and facilitating tumor cell immune evasion (19).

In breast cancer, CD47 expression is upregulated by hypoxia-inducible factor 1 (HIF-1), particularly under hypoxic conditions. CD47 not only promotes immune evasion but also sustains the survival of cancer stem cells (20). Moreover, the co-expression of CD47 with CD68, a macrophage marker, is significantly associated with the high invasiveness and poor prognosis of hormone receptor-negative breast cancer (21). In ovarian cancer, high CD47 expression is similarly correlated with poor clinical outcomes, primarily by suppressing macrophage phagocytic activity and promoting tumor immune evasion (22). Notably, therapeutic blockade of CD47 has shown promising potential in enhancing macrophage-mediated phagocytosis of tumor cells, thereby inhibiting ovarian cancer progression (23). In endometrial cancer, CD47 overexpression further promotes immune evasion in tumor cells. Anti-CD47 therapies have been demonstrated to significantly enhance macrophage phagocytosis and suppress tumor growth, highlighting its potential as a promising therapeutic target (24).




4.2 The impact of genomic variations (SNVs and CNVs) on the expression of phagocytosis regulators

This study revealed that single-nucleotide variants (SNVs) and copy number variations (CNVs) significantly influence the expression of phagocytosis regulators, further impacting the progression and prognosis of female-specific cancers. For instance, copy number variations affect the expression of key protein kinase genes, such as MERTK and MET, which have been shown to correlate with survival outcomes in endometrial cancer and renal cancer (25). CNVs may also alter the expression of RNA methylation regulators, subsequently influencing the levels of immune cell infiltration and driving tumor progression (26). Furthermore, in this study, SNVs in phagocytosis regulators such as PTEN and ARID1A exhibited a significantly higher mutation frequency in endometrial cancer compared to other cancer types. This finding suggests that these genes may play essential tumor suppressive roles in female-specific cancers.




4.3 The impact of DNA methylation on the expression of phagocytosis regulators

DNA methylation, as a critical component of epigenetic modifications, plays a key regulatory role in the expression of phagocytosis regulators. DNA methylation inhibitors (DNMTis) have been shown to activate endogenous retroviral (ERV) elements, thereby enhancing interferon signaling pathways, promoting tumor cell apoptosis, and activating immune pathways (27). In addition, the expression of CD47 is regulated by specific microRNAs, such as miR-133a, which can suppress CD47 expression and enhance macrophage-mediated phagocytosis (28). FOXO1, as a critical tumor suppressor, antagonizes the function of the epigenetic repressor EZH2. EZH2 silences tumor suppressor genes, such as CDKN2A, through methylation. Downregulation of FOXO1 may promote methylation-mediated gene silencing, thereby accelerating tumor progression (29). Pan-cancer studies have demonstrated that DNA methylation frequently suppresses tumor suppressor gene expression. For example, upregulation of DNA methyltransferase DNMT1 can induce hypermethylation of key tumor suppressor genes, such as p16^INK4a, thereby promoting tumor progression (30, 31). Additionally, DNA methylation can regulate the expression of specific elements, such as ERVs, which may play crucial roles in both immune evasion and tumor immune activation (27).




4.4 The association between phagocytosis regulators and key biological pathways

In this study, key pathways such as the PI3K/AKT and HIPPO pathways were found to be closely associated with phagocytosis regulators. These pathways collectively participate in tumor proliferation, metastasis, and immune evasion mechanisms:

Members of the FOXO transcription factor family, including FOXO1, are inactivated through phosphorylation upon activation of the PI3K/AKT pathway. This inactivation limits FOXO1’s regulation of tumor suppressor genes, thereby promoting tumor progression (32). HMGB1 promotes the activation of the PI3K/AKT signaling pathway, leading to the upregulation of HIF-1α, which in turn enhances VEGF expression, inducing tumor angiogenesis and cell migration. This effect is particularly significant in breast cancer (33). CD47 mediates immune evasion by inhibiting macrophage phagocytosis. Notably, PI3K/AKT inhibitors can alleviate CD47-mediated immune escape, thereby enhancing macrophage phagocytic activity against tumor cells (24–36).




4.5 Clinical functional validation and mechanistic exploration of HMGB2

Our study provides compelling evidence that HMGB2 plays a critical role in regulating the proliferative, migratory, and invasive capacities of cancer cells in female-specific cancers, including breast, cervical, ovarian, and endometrial cancers. HMGB2 knockdown significantly inhibited these malignant phenotypes, suggesting its potential as a therapeutic target and a key driver of tumor progression.

HMGB2 knockdown reduced cell proliferation in all tested cancer types, as demonstrated by CCK-8 and EdU assays. Notable reductions in proliferation were observed in breast (MDA-MB-231, T47D), cervical (SiHa, HeLa), ovarian (SKOV3, OVCAR3), and endometrial (Ishikawa, RL95-2) cancer cells, indicating disrupted DNA synthesis and cell cycle progression.

These findings indicate that HMGB2 promotes cancer cell proliferation likely by modulating cell cycle progression and DNA replication. Given its role in regulating chromatin dynamics and transcriptional activity, HMGB2 may influence the expression of genes critical for cell cycle progression, such as cyclins and CDKs.

HMGB2 knockdown significantly inhibited the migration and invasion of cancer cells, as shown by Transwell assays across multiple female-specific cancer types. In breast (MDA-MB-231, T47D), cervical (SiHa, HeLa), ovarian (SKOV3, OVCAR3), and endometrial (Ishikawa, RL95-2) cancers, HMGB2 knockdown consistently reduced migratory and invasive capacities. The effects were particularly pronounced in highly metastatic cell lines like MDA-MB-231 and SKOV3, underscoring HMGB2’s role in promoting tumor aggressiveness.

These findings suggest that HMGB2 plays a critical role in promoting migration and invasion, underscoring its potential as a promising therapeutic target for inhibiting metastasis.




4.6 HMGB2 clinical functional validation and mechanistic exploration

HMGB2, a member of the high-mobility group box (HMG-box) family, has emerged as a critical regulator of tumor progression through its involvement in cell cycle regulation, metabolic reprogramming, and immune evasion mechanisms. Our results demonstrated that HMGB2 knockdown significantly inhibits cancer cell proliferation, migration, and invasion across multiple female-specific cancers. These findings align with previous studies and provide further evidence that HMGB2 exerts its oncogenic roles by modulating various signaling pathways.

HMGB2 plays a crucial role in regulating cell cycle progression, particularly at the G1/S and G2/M transitions, which are essential checkpoints in cancer proliferation. High HMGB2 expression promotes G2/M progression by impairing DNA damage repair and bypassing checkpoints through p53 suppression and reduced p21 activation (37, 38). It regulates cyclin A2 and cyclin B expression, key drivers of G2/M transition, and its knockdown disrupts cyclin-CDK activity, inhibiting tumor cell proliferation (39). HMGB2 also interacts with the WEE1/CDK1 pathway, enhancing sensitivity to WEE1 inhibition and inducing mitotic catastrophe (40). Additionally, HMGB2 supports the RB/E2F pathway to sustain G1/S progression by driving transcription of E2F-dependent genes (41). Collectively, HMGB2 facilitates uncontrolled tumor growth by maintaining cyclin-CDK activity and evading checkpoint mechanisms.

HMGB2 plays a key role in tumor metabolic reprogramming by promoting aerobic glycolysis (Warburg effect) over oxidative phosphorylation. It enhances the expression of LDHB (lactate dehydrogenase B) while suppressing FBP1(fructose-1,6-bisphosphatase), driving glycolysis to support energy production and biosynthetic needs for rapid proliferation. HMGB2 knockdown disrupts this metabolic shift, reducing lactate production and tumor growth (42). Additionally, HMGB2 modulates AMPK signaling to maintain energy balance under metabolic stress and is linked to mitochondrial function, enabling tumor adaptation to hypoxia (43). Though evidence on HMGB2’s specific role in PI3K/AKT/mTOR signaling is limited, similar effects to HMGB1 are likely, enhancing glycolysis via mTOR activation (44). Targeting HMGB2, combined with glycolysis inhibitors like 2-DG(2-deoxyglucose), has shown promise in reducing tumor progression and inducing energy stress in cancer cells (45).

HMGB2 plays a critical role in immune escape by modulating the tumor immune microenvironment (TME) and enhancing immune checkpoint pathways. It promotes PD-L1 expression, likely via NF-κB signaling, similar to HMGB1, facilitating T cell exhaustion. Combining HMGB2 inhibition with anti-PD-L1 therapies has been shown to restore T cell function and enhance anti-tumor immunity (46, 47). HMGB2 may also regulate CD47, suppressing macrophage phagocytosis, and dual targeting of CD47 and PD-L1 improves both phagocytosis and T cell-mediated clearance (47). Furthermore, HMGB2 drives the recruitment of tumor-associated macrophages (TAMs), MDSCs, and Tregs, promoting an immunosuppressive TME via RAGE and TLR4 signaling (48, 49). It also suppresses dendritic cell (DC) function, impairing T cell priming and creating a tolerogenic environment. These findings highlight HMGB2 as a promising immunotherapeutic target.

HMGB2, a key regulator of cell cycle progression, metabolic reprogramming, and immune evasion, represents a promising therapeutic target. Its knockdown enhances sensitivity to cell cycle inhibitors like Palbociclib (50), while combining HMGB2 inhibition with glycolysis inhibitors reduces tumor viability (45). Additionally, HMGB2 inhibition may improve immune checkpoint therapies by restoring T cell function and reducing immunosuppressive cells in the TME (51). Its association with poor prognosis and chemoresistance further underscores its potential as a biomarker and therapeutic target (52, 53).

HMGB2 drives tumor progression by regulating cell cycle checkpoints, metabolic pathways, and immune evasion mechanisms. Its knockdown inhibits cancer cell proliferation, disrupts glycolytic reprogramming, and restores anti-tumor immunity. Targeting HMGB2, either alone or in combination with cell cycle inhibitors, metabolic inhibitors, or immunotherapy, represents a promising strategy for improving outcomes in female-specific cancers.




4.7 Immune microenvironment and drug sensitivity

The immune microenvironment plays a pivotal role in tumor progression and therapeutic response, with phagocytosis regulators emerging as key modulators. Our analysis revealed a positive correlation between phagocytosis scores and immune cell infiltration in female-specific cancers, suggesting their predictive value for immunotherapy efficacy. Phagocytosis regulators, such as CD47 and HMGB1, significantly influence immune evasion, immune cell activity, and drug sensitivity.

CD47, a “don’t eat me” signal, inhibits macrophage-mediated phagocytosis by binding SIRPα, contributing to immune escape and poor prognosis (54). CD47 blockade enhances macrophage activity, dendritic cell cross-priming, and T cell activation, boosting antitumor immunity (55). Similarly, HMGB1, a damage-associated molecular pattern (DAMP) molecule, recruits macrophages and dendritic cells to the tumor microenvironment, linking innate and adaptive immunity (56). Furthermore, phagocytosis regulators modulate immune checkpoints like PD-L1 and synergize with inhibitors such as anti-PD-1/PD-L1 to amplify T cell responses and tumor clearance (57, 58).

Phagocytosis regulators also impact drug sensitivity. CD47 overexpression promotes chemoresistance by suppressing phagocytosis and apoptosis, while targeting CD47 with miR-155 restores sensitivity to agents like bortezomib (59). HMGB1 interacts with DNA damage repair and cell cycle regulators, suggesting potential crosstalk with pathways targeted by drugs like Palbociclib (60, 61). Targeting phagocytosis regulators in combination with glycolysis inhibitors or immune checkpoint therapies offers significant therapeutic potential.

Emerging clinical trials targeting the CD47-SIRPα axis have shown enhanced macrophage-mediated phagocytosis and tumor clearance, particularly when combined with checkpoint inhibitors or chemotherapy (62, 63).

We cultured HMGB2 knockdown cells with Palbociclib and observed a significant reduction in cell proliferation. These findings provide further evidence of the critical role HMGB2 plays in regulating cell cycle progression and highlight its potential as a therapeutic target. The observed synergistic effect of Palbociclib with HMGB2 inhibition suggests that combining HMGB2 modulation with cell cycle inhibitors could provide a promising strategy to enhance the efficacy of current cancer therapies, particularly in female-specific cancers where HMGB2 is implicated in tumor progression. These results warrant further exploration of combination therapies targeting both cell cycle regulation and immune evasion pathways for improved clinical outcomes.

In this study, we investigated the role of HMGB2 in macrophage-mediated phagocytosis across several cancer types. Our results provide compelling evidence that HMGB2 plays a crucial role in maintaining macrophage phagocytic activity, particularly in the context of female-specific cancers.

Firstly, using fluorescence microscopy-based phagocytosis assays, we demonstrated that HMGB2 knockdown in macrophages (RAW264.7 cells) led to a significant reduction in the phagocytic ability of these macrophages toward tumor cells from various cancer types, including breast cancer (MDA-MB-231), cervical cancer (HeLa), ovarian cancer (SKOV3), and endometrial cancer (Ishikawa). These findings indicate that HMGB2 is essential for macrophages to effectively phagocytose tumor cells, and its absence impairs this critical immune function. The observed reduction in phagocytosis highlights HMGB2’s potential as a modulator of macrophage-mediated immune responses in cancer.

Additionally, we explored the therapeutic potential of targeting HMGB2 by combining HMGB2 knockdown with the cell cycle inhibitor Palbociclib. In vitro assays revealed a significant decrease in tumor cell proliferation across multiple cancer cell lines, including MDA-MB-231 (breast cancer), HeLa (cervical cancer), SKOV3 (ovarian cancer), and Ishikawa (endometrial cancer), following HMGB2 knockdown and Palbociclib treatment. These results suggest that HMGB2 knockdown, in combination with Palbociclib, effectively reduces cell proliferation in a variety of cancer models, underscoring the therapeutic potential of targeting HMGB2 in conjunction with cell cycle inhibitors.

The significant reduction in both phagocytic activity and cell proliferation upon HMGB2 knockdown suggests that HMGB2 could serve as a promising therapeutic target, not only for modulating immune responses but also for enhancing the efficacy of cancer treatments. The combined approach of targeting HMGB2 and cell cycle regulators like Palbociclib may offer a new avenue for treating cancers, particularly those where HMGB2 is implicated in tumor progression and immune evasion.

This study has limitations, including reliance on publicly available datasets and the lack of in vivo validation. Future research should address these by using animal models to explore the role of HMGB2 in tumor progression and metastasis. In vivo studies will provide insights into how HMGB2 influences tumor growth and spread. Additionally, clinical investigations are necessary to assess HMGB2 and other phagocytosis regulators as biomarkers for prognosis and therapeutic targeting. Future studies should focus on collecting clinical samples to evaluate their expression and link to patient outcomes. Investigating their role in enhancing immunotherapy efficacy is also important. Longitudinal studies and clinical trials could help validate these biomarkers for early detection and therapeutic targeting, while testing combination therapies could offer new strategies to improve patient outcomes.





5 Conclusion

This study offers important insights into the molecular mechanisms driving female-specific cancers by elucidating the pivotal role of phagocytosis regulators, particularly HMGB2, in tumor progression. These findings provide valuable evidence for advancing our understanding of the tumor microenvironment and highlight potential biomarkers and therapeutic strategies to enhance clinical outcomes in female-specific cancers.
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Supplementary Figure 1 | Phagocytic activity of RAW264.7 macrophages towards different tumor cell types following HMGB2 knockdown. A. RAW264.7 cells with HMGB2 knockdown (siHMGB2) exhibited reduced phagocytic activity compared to the control (siNC) in the HeLa cell. B. RAW264.7 cells with HMGB2 knockdown (siHMGB2) exhibited reduced phagocytic activity compared to the control (siNC) in the MDA-MB-231 cell. C. RAW264.7 cells with HMGB2 knockdown (siHMGB2) exhibited reduced phagocytic activity compared to the control (siNC) in the Ishikawa cell. D. RAW264.7 cells with HMGB2 knockdown (siHMGB2) exhibited reduced phagocytic activity compared to the control (siNC) in the SKOV3 cell. ***P < 0.001.

Supplementary Figure 2 | Effect of HMGB2 knockdown and Palbociclib treatment on tumor cell proliferation, as assessed by EdU fluorescence staining. (A) Knockdown of HMGB2 in MDA-MB-231 cells followed by Palbociclib treatment significantly suppressed cell proliferation, as evidenced by CCK8 and EdU assays. (B) Knockdown of HMGB2 in T-47D cells followed by Palbociclib treatment significantly suppressed cell proliferation, as evidenced by CCK8 and EdU assays. (C) Knockdown of HMGB2 in HeLa cells followed by Palbociclib treatment significantly suppressed cell proliferation, as evidenced by CCK8 and EdU assays. (D) Knockdown of HMGB2 in SiHa cells followed by Palbociclib treatment significantly suppressed cell proliferation, as evidenced by CCK8 and EdU assays. (E) Knockdown of HMGB2 in SK-OV-3 cells followed by Palbociclib treatment significantly suppressed cell proliferation, as evidenced by CCK8 and EdU assays. (F) Knockdown of HMGB2 in OVCAR3 cells followed by Palbociclib treatment significantly suppressed cell proliferation, as evidenced by CCK8 and EdU assays. (G) Knockdown of HMGB2 in Ishikawa cells followed by Palbociclib treatment significantly suppressed cell proliferation, as evidenced by CCK8 and EdU assays. (H) Knockdown of HMGB2 in RL95–2 cells followed by Palbociclib treatment significantly suppressed cell proliferation, as evidenced by CCK8 and EdU assays. NS>0.05,*P < 0.001, **P < 0.001, ***P < 0.001.

Supplementary Table 1 | phagocytosis regulators and their promoter DNA methylation patterns.

Supplementary Table 3 | The relationship between phagocytosis regulators and overall survival.
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