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Background

Aberrant function or overactivation of exonuclease 1 (EXO1) may be associated with cancer tumor development, drug resistance, and response to immunotherapy in female-related cancers.





Methods

By analyzing RNA-sequencing data from The Cancer Genome Atlas database, combined with validation through quantitative polymerase chain reaction experiments, we explored the expression levels of EXO1 in breast cancer (BRCA) cell lines and assessed its multidimensional roles in various female-related cancers.





Results

Our experiments revealed elevated expression of EXO1 in BRCA cell lines, consistent with the RNA-sequencing data. The high expression of EXO1 is associated with poor prognosis in various female-related cancers, especially in BRCA and UCEC. It significantly correlates with clinical and pathological characteristics. In specific cancer subtypes like the basal-like subtype of BRCA, high EXO1 expression is associated with a better prognosis. Genetic mutation analysis indicates a higher frequency of EXO1 gene mutations in uterine sarcoma and BRCA. DNA methylation levels may play a role in the regulation of EXO1 gene expression in some cancers. EXO1 expression is correlated with various factors within the tumor immune microenvironment and may be associated with the sensitivity to anticancer drugs.





Conclusion

EXO1 exhibits multidimensional roles in female-related cancers as a prognostic biomarker and potentially influences tumor immune therapy responses and drug sensitivities. Further studies are needed to fully understand the complex mechanisms underlying these associations and to explore potential therapeutic strategies targeting EXO1.
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1 Introduction

In recent years, there has been a continuous increase in the number of patients with cancer globally. By 2020, the number of patients with cancer worldwide had reached 19.3 million, with 9.228 million being women, representing 47.8% of the total patient population (1). The most prevalent types of cancer in women are breast cancer (BRCA), cervical cancer (CESC), uterine corpus endometrial cancer (UCEC), ovarian cancer (OV), thyroid cancer (THCA), uterine sarcoma (UCS), etc. These cancers account for 44.5% of all female-related cancer cases and have a mortality rate of 31.3% (1). BRCA ranks among the most prevalent malignancies in women. In 2024, it was projected that there would be 310,720 new cases of female BRCA, surpassing lung cancer 118,270) and becoming the leading type of cancer in the United States, representing approximately 32% of all new cancer cases (2). In China, there are 269,000 new cases of BRCA and 70,000 deaths annually, placing it at the top with regard to incidence and fourth in terms of mortality among female-related malignancies (3). CESC (including squamous cell carcinoma and adenocarcinoma), UCEC, and OV are prevalent gynecologic malignancies. The incidence of these cancers has been on the rise over time, with a gradual decrease in the average age at which they occur (4–6). The incidence of THCA in females has risen rapidly since 2000, and with an incidence 3-4 times higher in females compared to males (7–9). Therefore, similar to breast cancer, THCA is regarded as a female-related cancer in our study.

Exonuclease 1 (EXO1), a 5′-3′ exonuclease, exists in two isoforms (i.e., EXO1a and EXO1b), which share similar functions (10). The EXO1 protein exhibits both 5’ end-3’ end exonuclease activity and 5’ end structure-specific endonuclease activity. It is classified within the radiation-sensitive 2/xeroderma pigmentosum complementation group G (Rad2/XPG) family (11). EXO1 plays a vital role in various DNA repair processes, such as mismatch repair, translation synthesis, nucleotide excision repair, DNA double-strand break repair, meiotic recombination repair, and telomere maintenance (12). Research has demonstrated that the absence of the MutL homolog 1 (MLH1) subunit of MutLα disrupts its specific regulation of EXO1 during DNA repair, resulting in uncontrolled DNA excision, which encompasses elevated single-stranded DNA formation, depletion of replication protein A (RPA), DNA breaks, and abnormal DNA repair intermediates (13). While DNA processing is crucial for repair, excessive activity can cause heightened genome instability and disruptions to cellular function (14). Considering that platinum-based chemotherapeutic drugs primarily induce DNA damage, the capacity of tumor cells to repair such damage plays a pivotal role in their resistance to these drugs. Cancer recurrence and chemotherapy resistance are frequent factors contributing to mortality among patients with cancer. Research has revealed that deficiency of the EXO1 gene can heighten susceptibility and chemotherapy resistance in various malignancies, including BRCA, OV, and lung cancer. Additionally, its polymorphism can serve as a prognostic indicator for squamous cell carcinoma, epithelial OV, nonsmall cell lung cancer, pancreatic cancer, and head and neck cancer (15, 16). Disruption of the EXO1 gene resulted in heightened microsatellite instability in cells and increased tumor susceptibility in mice (17). Hence, the EXO1 protein likely plays a significant role in cancer chemoresistance and holds promise as a therapeutic target for enhancing chemosensitivity in drug-resistant patients. Nevertheless, further investigation is required to elucidate the precise signaling pathway through which the EXO1 protein operates in DNA damage repair mechanisms and its involvement in tumor chemoresistance.

This study comprehensively examined the expression profile, genetic alterations, and molecular functions of EXO1, along with its correlation with clinicopathological characteristics, prognostic significance, and infiltration of cancer-associated immune cells in various types of female-related tumors.




2 Materials and methods



2.1 Cell culture

MCF-7 cells were cultured in cell-specific culture medium (CM-0149, Procell Co., Ltd, Wuhan, China). MCF-10A cells were cultured in specific epithelial culture medium (CM-0525, Procell Co., Ltd). All cells were maintained at 37°C in a humidified atmosphere composed of 95% air and 5% CO2; the media were changed every 2 days.




2.2 Real-time quantitative polymerase chain reaction

RNA was extracted from the cells using AG RNAex Pro reagent (AG21101, Accurate Biotechnology Co., Ltd, Changsha, China) and reversely transcribed to cDNA using an RT Kit (AG11728, Accurate Biotechnology Co., Ltd). Subsequently, the mRNA levels of the targeted gene (EXO1) relative to those of control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were quantified by qPCR using specific primers synthesized by Sangon Biotech (Shanghai, China). The sequences of the primers were EXO1-1: forward: 5’-CTGAAGTGTTTGTGCCTGAC-3’ and reverse: 5′-GTGGGTGGTGAAATGGTC-3’; EXO1-2: forward: 5’- TACTGTGGGAGTGGAACG-3’ and reverse: 5′- TCCATTTACCAGGTCAGG-3’; EXO1-3: forward: 5’- ATTGCCTCGTGGCTCCCTAT-3’ and reverse: 5′- ACCCGTTGATGTAATCCTCTGG-3’.




2.3 Data acquisition and gene expression analyses

RNA-sequencing (RNA-seq) data along with patient-specific clinical information, were obtained from The Cancer Genome Atlas (TCGA) database (https://prtal.gdc.cancer.gov/) for patients with cancer enrolled in the BRCA, CESC, OV, THCA, UCEC, and UCS projects. RNA-seq data were processed uniformly using TCGA Toil application (18). Gene Expression Profiling Interactive Analysis (GEPIA; gepia2.cancer-pku.cn) was employed to conduct expression analysis by generating box plots comparing the expression levels of EXO1 in cancer samples and healthy control samples (19). Wilcoxon rank sum and signed rank tests were utilized to compare the expression levels of EXO1 between tumor samples and paired or unpaired control samples. To assess the discriminatory power of EXO1 expression levels (high or low) in distinguishing tumor samples from control samples, receiver operating characteristic (ROC) analysis was conducted using the “pROC” package (20). This study was carried out following the publication guidelines established by TCGA.




2.4 Clinicopathological characteristics analyses

Differences in clinicopathological characteristics were assessed between the high and low EXO1 expression groups using various statistical tests, such as Pearson’s χ2 test, Fisher’s exact test, or Wilcoxon rank sum test. Logistic regression analysis was applied to evaluate the association between EXO1 expression levels and clinicopathological variables among female patients with cancer. Visualization of the statistical data was accomplished using the R package “ggplot2”.




2.5 Survival and prognostic analyses

The objective was to evaluate the potential of EXO1 as a predictor of overall survival (OS), disease-specific survival (DSS), and progression-free interval (PFI) in female patients with cancer and subgroups. Survival differences between the high and low EXO1 expression groups were assessed, and Kaplan–Meier curves were constructed using data from TCGA. The “survival” package and the “survminer” package in R were utilized for these analyses. Univariate and multivariate Cox regression analyses were performed to identify independent prognostic factors associated with survival. Variables with P-values <0.1 in the univariate analysis were included in the multivariate Cox regression model. Hazard ratios (HR) with their corresponding 95% confidence intervals (CI) were calculated to estimate the risk associated with each factor.




2.6 Nomogram construction and evaluation

Following a previous Cox multifactorial regression model, nomograms were constructed using the “rms” package in R to identify independent prognostic factors. Calibration plots were subsequently constructed to assess the predictive accuracy of the nomogram according to the concordance between predicted and actual OS, DSS, and PFI at 1, 3, and 5 years. A concordance index was calculated using a bootstrap approach with 1,000 resamples to determine the discriminatory power of the nomogram (21). A time-dependent survival ROC curve was produced using the “timeROC” and “ggplot2” packages in R to assess the predictive value of EXO1 expression for 1-, 3-, and 5-year survival in female-related cancers in TCGA (22).




2.7 Genetic alteration analyses

The genetic alterations of EXO1 gene were analyzed using the cBioPortal (www.cbioportal.org/) and TIMER2.0 (http://timer.cistrome.org/) in databases of female-related cancers. Kaplan–Meier curves were drawn based on the log-rank test using cBioPortal to analyze the different prognostic significance between EXO1 altered and unaltered groups among various female-related cancers (23).




2.8 DNA methylation status analyses

The UALCAN online tool (http://ualcan.path.uab.edu/) was employed to analyze and compare the methylation levels of EXO1 in female-related cancers and normal tissues using TCGA data (24). The association between different DNA methylation probes and EXO1 expression was assessed using the “ggplot2” package in R. Additionally, the beta value, P-value, and Pearson correlation coefficient were evaluated for each individual probe. The prognostic value of the EXO1 methylation level in female-related cancers was analyzed using the SurvivalMeth online tool (http://bio-bigdata.hrbmn.edu.cn/survivalmeth/) with TCGA data (25).




2.9 Differentially expressed genes and enrichment analysis

Tumor samples were classified into high and low expression subgroups based on the median EXO1 expression. DEGs were identified from HTSeq-Counts using the DESeq2 software, with thresholds of |log2 fold change| >2 and adjusted P-values <0.01 (26). Results of DEG analysis are presented as volcano plots. The R package ClusterProfiler (3.14.3) was utilized for Gene Ontology (GO) classification, including biological process, cellular components, and molecular function, as well as for Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs between the high and low EXO1 expression groups (27). Terms with P-values <0.05 after adjustment using the Benjamini and Hochberg method were considered significant. The R package ClusterProfiles (3.14.3) was used to perform gene set enrichment analysis (GSEA) between high and low EXO1 expression groups. The expression level of EXO1 was used as a phenotype label, and enriched pathways were identified according to |normalized enrichment score| >1, adjusted P-values <0.05, and false discovery rate q-value <0.25. Pearson correlation analysis was performed between EXO1 and all other molecules, and the top 100 most significantly correlated genes were selected. The overlapping genes across all groups were identified, and the intersection results were visualized as a flower plot using the ggplot2 package (v3.4.2). Protein-protein interaction (PPI) networks were subsequently analyzed through the STRING database (https://string-db.org, v12.0) with high-confidence interaction thresholds (score ≥0.7).




2.10 Cancer immune analysis

The TISIDB database was used to analyze the correlations between EXO1 expression and immune subtypes in female-related cancers (28). Immune infiltration analysis of 24 distinct immune cell types within tumor samples was performed using the single-sample GSEA method with gene set variation analysis software in the R environment. Relative enrichment scores were calculated for each tumor sample based on the characteristic genes of these 24 immune cell types (29). Spearman correlation analysis was employed to assess associations between EXO1 expression and the infiltration of each immune cell type. The Wilcoxon rank sum test was used to compare cell immune infiltration between high and low EXO1 expression groups. The potential association of EXO1 expression with immune inhibitors, immune stimulators, chemokines, and chemokine receptors in female-related cancers were determined using Spearman’s rank correlation test.




2.11 Drug sensitivity analysis

The relationship between the sensitivity of hundreds of drugs and the relative expression levels of EXO1 was analyzed using The Genomics of Drug Sensitivity of Cancer (GDSC) and The Cancer Therapeutics Response Portal (CTRP) database (http://bioinfo.life.hust.edu.cn/GSCA/#/).





3 Results



3.1 Expression of EXO1 in multiple female-related cancers

The qPCR analyses revealed that the relative levels of EXO1 expression in MCF-7 cells were significantly higher than those in MCF-10A cells (P < 0.001) (Figure 1A). The expression of EXO1 in multiple female-related cancers, including BRCA, CESC, OV, THCA, UCEC, and UCS, was analyzed using GEPIA. The results demonstrated that EXO1 expression levels were significantly higher in patients with BRCA, CESC, OV, UCEC, and UCS, compared to healthy controls (P < 0.001) (Figure 1B). The expression of EXO1 in these female-related cancers was further analyzed using R based on data from TCGA and other databases. The analysis revealed that EXO1 was significantly upregulated in tumor tissues versus normal tissues for BRCA, CESC, OV, THCA, UCEC, and UCS based on a combined dataset from the Genotype-Tissue Expression Project (GTEx) and TCGA (P < 0.001) (Figure 1C). Moreover, EXO1 mRNA expression was found to be elevated in tumor tissues compared to paracancerous tissues specifically in BRCA, THCA, and UCEC using data from TCGA database (P < 0.001) (Figure 1D). Furthermore, when comparing individual tissue samples to their corresponding adjacent tissues within the BRCA and UCEC datasets from TCGA, elevated EXO1 mRNA expression was observed (P < 0.001) (Figure 1E). To evaluate the discriminatory capability of EXO1 expression levels between tumor and non-tumor tissues, ROC analysis was performed using combined TCGA and GTEx data. The areas under the curve (AUC) were 0.979 for BRCA, 0.999 for CESC, 0.993 for OV, 0.707 for THCA, and 0.985 for UCEC (Figure 1F). These results suggest that EXO1 is significantly upregulated in a variety of tumors related to females and possesses a good ability to distinguish between tumor and non-tumor tissues.




Figure 1 | EXO1 mRNA expression levels in female-related cancers. (A) QPCR analysis of the relative levels of EXO1 mRNA transcripts in MCF-7 cells and MCF-10A cells. (B) Analysis of EXO1 expression in female-related tumor tissues and normal tissues using GEPIA. (C) EXO1 mRNA expression in tumor samples and normal samples from combined TCGA and GTEx datasets. (D) EXO1 mRNA expression in tumor samples compared to adjacent normal samples from TCGA. (E) Differences in EXO1 mRNA expression between individual tumor samples and paired adjacent normal tissue samples from TCGA. (*P < 0.05; **P < 0.01; ***P < 0.001). (F) ROC curves assessing the efficiency of EXO1 expression for distinguishing tumor tissues (BRCA, CESC, OV, THCA, and UCEC) from non-tumor tissues using the combined TCGA and GTEx dataset. BRCA, breast cancer; CESC, cervical cancer; EXO1, exonuclease 1; GEPIA, Gene Expression Profiling Interactive Analysis; GTEx, Genotype-Tissue Expression Project; OV, ovarian cancer; QPCR, quantitative polymerase chain reaction; ROC, receiver operating characteristic; TCGA, The Cancer Genome Atlas; THCA, thyroid cancer; UCEC, uterine corpus endometrial cancer.






3.2 Associations of EXO1 expression levels with clinicopathologic characteristics

Given the high expression of EXO1 in female-related cancers, we investigated the associations between EXO1 expression and clinicopathological characteristics of patients based on TCGA data. Table 1 presents the significant differences in various clinicopathological characteristics between patients with high or low EXO1 expression levels in female-related cancers. In patients with BRCA, there were significant differences in T stage (P < 0.001), pathologic stage (P = 0.008), race (P < 0.001), age (P < 0.001), histologic type (P < 0.001), progesterone receptor (PR) status (P < 0.001), estrogen receptor (ER) status (P < 0.001), human epidermal growth factor receptor 2 (HER2) status (P < 0.001), PAM50 (P < 0.001), anatomic neoplasm subdivisions (P = 0.001), OS event (P = 0.046), and DSS event (P = 0.034) between different EXO1 expression groups. In patients with UCEC, significant differences were observed in weight (P = 0.004), histological type (P < 0.001), histologic grade (P < 0.001), OS event (P = 0.017), and PFI event (P = 0.003) between different EXO1 expression groups. THCA patients with different EXO1 expression levels displayed significant differences in histological type (P = 0.001) and PFI event (P = 0.031). However, no significant differences were found between the high and low EXO1 expression groups in CESC, OV, and UCS.


Table 1 | Clinicopathological characteristics of female related cancers patients with high- and low- EXO1 expression.



The Kruskal–Wallis rank sum test indicated that the mRNA expression levels of EXO1 were related to pathologic stage, histological type, age, race, PR status, ER status, HER2 status, and PAM50 in patients with BRCA (Figure 2A). Expression of EXO1 was higher in BRCA patients with pathologic stage II/III, infiltrating ductal carcinoma, age ≤60 years, PR-negative, ER-negative, HER2-positive, basal-like of PAM50 classification, and non-White race. In patients with UCEC (Figure 2B), higher EXO1 expression was correlated with higher histologic grade, serous tumors, age >60 years, body mass index >30 kg/m2, weight <80 kg, and undergoing radiation therapy. In patients with THCA (Figure 2C), the expression levels of EXO1 were higher in those with a history of lymphocytic thyroiditis in the thyroid gland disorder than in patients with nodular hyperplasia. Additionally, the EXO1 expression levels were higher in THCA patients with the classical type and tall cell variant compared to the follicular variant. In patients with OV (Figure 2D), higher EXO1 expression showed an inverse correlation with both International Federation of Gynecology and Obstetrics (FIGO) stage and the presence of residual tumor. In patients with CESC (Figure 2E), higher EXO1 expression was associated with higher histologic grade and Asian race. Moreover, in patients with UCS (Figure 2F), higher EXO1 expression was related to radiation therapy.




Figure 2 | Relationship between EXO1 expression and various clinicopathological factors. EXO1 expression in different clinicopathological features in patients with BRCA (A), UCEC (B), THCA (C), OV (D), CESC (E), and UCS (F). (ns: P ≥ 0.05; *P < 0.05; **P < 0.01; ***P < 0.001). BRCA, breast cancer; CESC, cervical cancer; EXO1, exonuclease 1; ns, no significance; OV, ovarian cancer; THCA, thyroid cancer; UCEC, uterine corpus endometrial cancer; UCS, uterine sarcoma.



Logistic regression analysis revealed that EXO1 expression was significantly associated with T stage, race, age, histological type, PR status, ER status, HER2 status, PAM50 classification, and anatomic neoplasm subdivisions in BRCA. In UCEC, EXO1 expression was associated with clinical stage, weight, histological type, and histologic grade. In THCA, EXO1 expression was associated with age, histological type, and a history of thyroid gland disorder. In CESC, EXO1 expression was associated with histologic grade (Table 2). However, EXO1 expression showed no correlation with clinicopathological characteristics in OV and UCS based on logistic regression analysis.


Table 2 | Relationship between EXO1 expression levels and clinicopathological characteristics according to logistic regression analyses in female related cancers.






3.3 Prognostic value of EXO1 expression in UCEC

To determine the prognostic significance of EXO1 expression in female-related cancers, we investigated the correlation between EXO1 expression and patient prognosis. Patients were categorized into high and low EXO1 expression groups based on their EXO1 expression levels. Kaplan–Meier analyses revealed that higher EXO1 expression in patients with BRCA was associated with poorer OS (HR = 1.42 [95% CI: 1.03–1.95], P = 0.034), PFI (HR = 1.45 [95% CI: 1.05–2.01], P = 0.025), and DSS (HR = 1.70 [95% CI: 1.10–2.63], P = 0.017) (Figure 3A). Similarly, in patients with UCEC (Figure 3B), higher EXO1 expression was correlated with poorer OS (HR = 1.76 [95% CI: 1.16–2.67], P = 0.008), PFI (HR = 1.83 [95% CI: 1.28–2.61], P = 0.001), and DSS (HR = 1.80 [95% CI: 1.08–2.99], P = 0.024), as well as with poorer PFI (HR = 1.93 [95% CI: 1.10–3.37], P = 0.022) in patients with THCA (Figure 3C). However, no significant associations were found between EXO1 expression and prognosis in patients with CESC, OV, and UCS based on data from TCGA database.




Figure 3 | Prognostic prediction values of EXO1 in female-related cancers. (A) Kaplan–Meier analysis indicated poorer OS, PFI, and DSS among BRCA patients with high EXO1 mRNA expression. (B) Kaplan–Meier analysis indicated poorer OS, PFI, and DSS among UCEC patients with high EXO1 mRNA expression. (C) Kaplan–Meier analysis indicated poorer PFI among THCA patients with high EXO1 mRNA expression. BRCA, breast cancer; DSS, disease-specific survival; EXO1, exonuclease 1; HR, hazard ratio; OS, overall survival; PFI, progression-free interval; THCA, thyroid cancer; UCEC, uterine corpus endometrial cancer.



Subgroup analysis further revealed that high EXO1 expression was associated with poor OS in specific subgroups of patients with BRCA, including those with T2 stage, N1 stage, M0 stage, pathologic stage II, luminal B subtype of PAM50 classification, age <60 years, and infiltrating ductal carcinoma histological type (Supplementary Figures S1A–G). Additionally, high EXO1 expression levels were associated with poor PFI in female patients with THCA, as well as in THCA patients with left lobe of neoplasm location, no extrathyroidal extension, residual tumor classification of R0, and multifocal of primary neoplasm focus type (Supplementary Figures S1H–L). However, for BRCA patients with basal type of PAM50 classification (Supplementary Figure S1M), CESC patients with T2 stage, squamous cell carcinoma of histological type (Supplementary Figures S1N, O), and OV patients with FIGO stage IV (Supplementary Figure S1P), high EXO1 expression was associated with better OS.

In addition, high EXO1 expression was associated with worse OS in UCEC patients with clinical stage I, tumor invasion >50%, open surgical approach, residual tumor classification of R0, and histological type of endometroid (Supplementary Figures S2A–E). Furthermore, high expression levels of EXO1 were correlated with poor OS in patients with UCEC without radiation or hormonal therapy, or without diabetes (Supplementary Figures S2F–H). Within specific subgroups, high EXO1 expression was associated with poorer OS for White patients, or patients aged >60 years, post-menopausal, with height >160 cm, or weighing <80 kg (Supplementary Figures S2I–M).

To further illustrate the relationship between EXO1 expression, clinicopathological parameters, and prognosis in female-related cancers, univariate and multivariate Cox analyses were performed using TCGA data. The results revealed several independent risk factors for OS, PFI, and DSS in different cancer types. For predicting OS, M stage, age, menopause status, and radiation therapy were independent risk factors in BRCA. In UCEC, clinical stage and radiation therapy were independent risk factors. Pathologic stage and residual tumor were independent risk factors in THCA. Primary therapy outcome and tumor status were independent risk factors in OV. In CESC, T stage, N stage, tumor protein p53 (TP53) status, and primary therapy outcome were independent risk factors.

Lastly, primary therapy outcome was an independent risk factor in UCS (Table 3). Regarding PFI, M stage and PR status were independent risk factors in BRCA. In UCEC, clinical stage, primary therapy outcome, histological type, residual tumor and EXO1 were identified as independent risk factors. Similarly, M stage and EXO1 were independent risk factors in THCA. Primary therapy outcome and tumor status were independent risk factors in OV. For CESC, primary therapy outcome was an independent risk factor. TP53 status and radiation therapy were independent risk factors in UCS (Supplementary Table S1). For predicting DSS, N stage, M stage and EXO1 were identified as independent risk factors in BRCA. In UCEC, clinical stage, primary therapy outcome, histological type, residual tumor and radiation therapy were independent risk factors. Primary therapy outcome and tumor residual were independent risk factors in OV (Supplementary Table S2). Therefore, high EXO1 expression serves as a strong independent predictor of PFI in UCEC and THCA, as well as DSS in BRCA.


Table 3 | Associations of overall survival (OS) with clinicopathologic characteristics in TCGA patients by univariate and multivariate analyses.






3.4 Development of a prognostic model based on EXO1 and clinical factors

To improve the prognostic prediction of patient outcomes, nomograms were constructed as prediction models by integrating EXO1 expression and other significant clinical parameters determined by multivariate Cox analysis for PFI in UCEC (Figure 4A), THCA (Figure 4B), and DSS in BRCA (Figure 4C). The concordance-index values for the nomograms were 0.688, 0.648, and 0.721 for UCEC, THCA, and BRCA, respectively, indicating good agreement between the predicted outcomes and observed outcomes (Figures 4D–F). Additionally, the predictive performance of EXO1 expression was assessed using time-dependent ROC curves. In UCEC, the AUC values for predicting PFI were 0.569, 0.596, and 0.640 at 1, 3, and 5 years, respectively (Figures 4G). In THCA, the AUC values for predicting PFI were 0.625, 0.619, and 0.624 at 1, 3, and 5 years, respectively (Figure 4H). Moreover, in BRCA, the AUC values for predicting DSS were 0.706, 0.603, and 0.595 at 1, 3, and 5 years, respectively (Figure 4I). These findings suggest that the nomograms incorporating EXO1 expression may serve as useful models for predicting survival outcomes in UCEC, THCA, and BRCA.




Figure 4 | Construction of prognostic model based on EXO1 expression and clinical factors for patients with female-related cancers. (A–C) Nomogram to predict the probability of 1-, 3-, and 5-year PFI in patients with UCEC (A) and THCA (B), and DSS in patients with BRCA (C). (D–F) Calibration plots of the nomogram of PFI in patients with UCEC (D) and THCA (E), and DSS in patients with BRCA (F). (G–I) AUC of time-dependent ROC curves verified the prognostic performance of EXO1 expression in TCGA. The abscissa is the false positive rate and the ordinate is the true positive rate. AUC, area under the curve; BRCA, breast cancer; DSS, disease-specific survival; EXO1, exonuclease 1; PFI, progression-free interval; ROC, receiver operating characteristic; TCGA, The Cancer Genome Atlas; THCA, thyroid cancer; UCEC, uterine corpus endometrial cancer.






3.5 Correlation between EXO1 mutation and prognosis in female-related cancers

After confirming the prognostic value of EXO1, we utilized cBioPortal and TIMER 2.0 to analyze the genetic alterations in EXO1 across various female-related cancers. Analysis using the cBioPortal online tool revealed the presence of two or more alterations in EXO1 in different female-related cancers, with amplification and deep deletion alterations being more common in uterine, breast, thyroid, and OV samples (Figure 5A). The percentage of EXO1 gene alterations was 16% in BRCA samples, 6% in uterus cancer samples, 0.8% in THCA samples, 7% in OV samples and 2.6% in cervix cancer samples (Figure 5B). Results from TIMER 2.0 database demonstrated that among various types of cancers, UCEC had the highest mutation frequency for EXO1, with 28/531 cases showing mutations. The mutation frequencies for other cancers were as follows: 1/57, 5/411, and 3/291 cases in UCS, OV, and CESC, respectively (Figure 5C). In BRCA, the mutation frequency for EXO1 was 11/1,026 cases. Further analysis based on molecular subtypes revealed the following mutation frequencies: 4/177, 4/79, 2/519, and 1/211 cases in basal-like BRCA, BRCA-HER2, luminal A BRCA, and luminal B BRCA, respectively (Figure 5C). Subsequently, we assessed the genetic alterations in EXO1 and their associations with the prognosis of patients with female-related cancer. Our findings indicated that genetic alterations in EXO1 were associated with improved progression-free survival and disease-free survival in patients with UCEC (Figures 5D, E). These results suggest that the genetic mutations of EXO1 also impact the prognosis of patients with UCEC.




Figure 5 | Alteration of EXO1 gene in female-related cancers. (A) Mutation pattern analyses of EXO1 with female-related cancer studies using cBioPortal. (B) OncoPrint visual summary of the alteration in EXO1 gene with female-related cancers. (C) Genetic alteration analyses in EXO1 in a pan-cancer dataset using TIMER2.0. (D, E) Genetic alteration in EXO1 and its association with progression-free survival (D) and disease-free survival (E) of patients with UCEC. EXO1, exonuclease 1; UCEC, uterine corpus endometrial cancer.






3.6 Correlation between EXO1 methylation status and prognosis in female-related cancers

After confirming the presence of EXO1 alterations, we investigated the association between mRNA expression of EXO1 and its methylation status in selected cancers. Analysis of data from TCGA database through the UALCAN webpage revealed that the promoter methylation level of EXO1 was significantly lower in tumor tissues compared to normal tissues in various cancers, including BRCA, UCEC, and THCA (Figure 6A). Further analysis was conducted to examine the relationship between EXO1 methylation and gene expression. The results showed negative correlation between the methylation of five specific CpG sites (cg03292648, cg07639959, cg17423498, cg17736920, cg21919602) and EXO1 gene expression in BRCA, three CpG sites (cg03292648, cg12401425, cg21919602) and EXO1 gene expression in THCA; one CpG site (cg03292648) negatively and one CpG site (cg06713297) positively correlated with EXO1 gene expression in UCEC; one CpG site (cg21919602) negatively correlated with EXO1 gene expression in OV; one CpG site (cg06713297) positively correlated with EXO1 gene expression in UCS (Figure 6B). Additionally, using the SurvivalMeth tool, significant differences in the expression of individual CpG site methylation of EXO1 were observed between tumor tissues and normal tissues in BRCA, UCEC, and THCA (Figure 6C). However, no significant prognostic correlation was found between high- and low-risk groups in female-related cancers (Figure 6D). These findings suggest that DNA methylation may be associated with EXO1 expression, but may not be related to the prognosis in female-related cancers.




Figure 6 | Methylation levels of EXO1 in patients with female-related cancers. (A) The promoter methylation of EXO1 in normal tissues and tumor tissues from TCGA data in UALCAN. (B) Cor-relation of DNA methylation and EXO1 expression at multiple probes in female-related cancers, including BRCA (a–e), THCA (f–h), UCEC (i, j), OV (k), and UCS (l). (C) Analyses of methylation differences in multiple probes between tumor and normal groups in BRCA (a), UCEC (b), THCA (c) using SurvivalMeth. (D) Kaplan–Meier survival plots constructed in multiple probes between high- and low-risk groups in BRCA (a), UCEC (b), and THCA (c) using SurvivalMeth. BRCA, breast cancer; EXO1, exonuclease 1; OV, ovarian cancer; TCGA, The Cancer Genome Atlas; THCA, thyroid cancer; UCEC, uterine corpus endometrial cancer; UCS, uterine sarcoma.






3.7 Function and pathway enrichment analysis of EXO1 in female-related cancers

DEGs were identified between high and low EXO1 expression groups in different female-related cancers. The analysis revealed 629 DEGs (274 upregulated and 355 downregulated) in BRCA and 120 DEGs (37 upregulated and 83 downregulated) in UCEC, and fewer DEGs in THCA, OV, CESC, and UCS (Figure 7A and Supplementary Table S3). Functional enrichment analysis showed that the DEGs were involved in processes related to the regulation of cell differentiation, regulation of immune/inflammatory response, as well as chemokine and chemokine receptor activity. KEGG pathway enrichment analysis revealed that the DEGs were mainly associated with cell cycle, DNA replication, DNA repair mechanisms, interleukin 17 (IL17) signaling pathway, and cytokine-cytokine receptor interaction (Figure 7B and Supplementary Table S4). Furthermore, a total of 723 EXO1-correlated genes were identified in all cancer types (Figure 7C). These genes were enriched in cell cycle regulation, DNA repair (replication, mismatch/nucleotide excision repair), and epigenetic modulation (methylation, methyl-transferase complexes) via molecular functions such as DNA/microtubule/histone binding and ATP-dependent catalysis (Figure 7D). GSEA pathway analysis further indicated that high EXO1 expression was upregulated in pathways related to the phosphatidylinositol 3 kinase-protein kinase B (PI3K-AKT) signaling pathway, muscle contraction, and transmission across chemical synapses. Meanwhile, pathways such as signaling by G protein-coupled receptor (GPCR), adaptive immune system, vesicle-mediated transport, Fc epsilon receptor I-mediated (FCER I-mediated) mitogen-activated protein kinase (MAPK) activation, Fc gamma receptor (FCGR) activation, and innate immune system were downregulated (Figure 7E). Based on the correlation strength, we identified the top 100 genes significantly associated with EXO1 in each of the six cancer types and determined their intersection, yielding 15 genes that exhibited consistent high correlation with EXO1 across all six cancers (Figure 7F). The STRING-based protein interaction network of EXO1 (high-confidence score ≥0.7) revealed a tightly clustered module with 15 nodes and 98 edges, demonstrating exceptionally significant interaction enrichment (Figure 7G). Functional annotation highlighted EXO1’s predominant involvement in mitotic regulation and chromosome dynamics (Figure 7H). These pathways are frequently associated with oncogenesis and immune-related processes, including immunotherapy and cell chemotaxis.




Figure 7 | Functional enrichment analysis of DEGs in female-related cancers. (A) Volcano plots of total DEGs between high and low EXO1 expression groups. Red and green plots indicate upregulated and downregulated genes, respectively, and the black plots show those with differential expression below the cutoff criteria. (B) Enriched GO terms in the “biological process” category, “cellular component” category, “molecular function” category, and KEGG classification of DEGs. (C) Upset diagram demonstrating the overlap between genes correlated with EXO1 expression among female-related cancers. (D) Enriched GO terms and KEGG classification of genes correlated with EXO1 expression. (E) Ridgeline plot of Gene Set Enrichment Analysis (GSEA) for EXO1-correlated genes. (F) Flower plot illustrating the intersection of top 100 EXO1-associated genes across six cancer types. (G) Protein-protein interaction (PPI) network of 15 co-correlated genes. Nodes represent genes, with edge thickness proportional to interaction confidence scores. (H) Functional enrichment analysis of the PPI network for biological processes (Gene Ontology). DEGs, differentially expressed genes; EXO1, exonuclease 1; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.






3.8 Correlations between EXO1 expression and tumor immune infiltration cells

We investigated the relationship between EXO1 expression and immune cell subtypes in female-related cancers using the TISIDB database. Our analysis revealed significantly associations between EXO1 expression and different immune cell subtypes in BRCA, UCEC, THCA, OV, and CESC (Figure 8A). Furthermore, we explored the correlations between EXO1 expression and the infiltration of 24 types of TIICs into the tumor microenvironment. The results revealed that EXO1 expression is positively correlated with the infiltration of T helper 2 (Th2) cells and T helper cells, and negatively correlated with natural killer (NK) CD56bright cells and plasmacytoid dendritic cells (pDC) in all six cancer types (Figure 8B). Our analysis also revealed cancer subtype-specific patterns, in BRCA and THCA, EXO1 showed positive associations with regulatory T cells (Tregs) and activated dendritic cells (aDC), whereas UCEC and OV exhibited inverse correlations with cytotoxic CD8+ T cells. In CESC and UCS, EXO1 exhibited mixed immunomodulatory profiles involving positive correlations with T helper cells, alongside broad negative associations with cytotoxic populations and dendritic cell subsets (detailed in Figure 8B and Supplementary Table S5). We further compared the enrichment scores of immune cells in the high and low EXO1 expression groups. The results consistently showed that the infiltration levels of Th2 cells were higher in the high EXO1 expression group across all six cancer types (Figure 8C). In summary, our findings suggest that high EXO1 expression is associated with increased infiltration of Th2 cells in female-related cancers.




Figure 8 | Correlation between EXO1 expression and TIICs into the UCEC tumor microenvironment. (A) Correlations between EXO1 expression and immune cell subtypes in female-related cancers from TISIDB database. C1: wound healing, C2: IFNG dominant, C3: inflammatory, C4: lymphocyte depleted, C5: immunologically quiet, C6: TGFB dominant. (B) Spearman correlation analysis between EXO1 expression levels and infiltration levels of 24 indicated immune cell types in tumor tissues. Dot size indicates the absolute Spearman correlation coefficient; and the color gradation from blue to yellow indicates high to low P-values. (C) Comparisons of TIIC infiltration levels between the high and low EXO1 expression groups. EXO1, exonuclease 1; IFNG, interferon-gamma; TGFB, transforming growth factor beta; TIIC, tumor immune infiltration cell; UCEC, uterine corpus endometrial cancer. ns: P ≥ 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.






3.9 EXO1 modulates immune regulatory networks and therapeutic responses

We further investigated the associations between EXO1 and several well-established immune checkpoint genes. Our analysis revealed that EXO1 expression was broadly correlated with immune regulatory molecules across female-related cancers. It showed positive associations with inhibitory checkpoints such as programmed cell death 1 (PDCD1), cytotoxic T-lymphocyte associated protein 4 (CTLA4), and transforming growth factor beta receptor 1 (TGFBR1), as well as immune stimulators like CD40 and C-X-C motif chemokine receptor 4 (CXCR4). However, in UCS, EXO1 expression was inversely related to T cell immunoreceptor with Ig and ITIM domains (TIGIT) and colony stimulating factor 1 receptor (CSF1R) (Figures 9A, B; Supplementary Table S6). Cell chemotaxis plays a role in functional enrichment, and chemokines and chemokine receptors mediate the movement of tumor cells and immune cells. Thus, we explored the correlation between EXO1 and chemokines/chemokine receptors in female-related cancers. Our analysis showed two prominent patterns. One pattern was a Th2/chemotaxis axis characterized by strong positive correlations with C-C motif chemokine receptor 8 (CCR8), CXCR4, and Th2-associated chemokines such as C-C motif chemokine ligand 7 (CCL7), CCL13 and CCL18. The other pattern was characterized by inflammatory suppression marked by negative links to C-X-3-C motif chemokine receptor 1 (CX3CR1) and pro-inflammatory chemokines (CCL14/16) (Figures 9C, D; Supplementary Table S7).




Figure 9 | Correlation between EXO1 expression and immune inhibitors (A), immune stimulators (B) chemokines (C), and chemokine receptors (D) in female-related cancers. (E) The correlation between EXO1 expression and the sensitivity to GDSC and CTRP drugs (top 30) in a pan-cancer dataset. ns: P ≥ 0.05; *P < 0.05; **P < 0.01. CTRP, Cancer Therapeutics Response Portal; EXO1, exonuclease 1; GDSC, Genomics of Drug Sensitivity of Cancer; ns, no significance.



Lastly, we investigated the correlation between EXO1 expression and drug sensitivity in cancers. We found high EXO1 expression predicted sensitivity to MEK inhibitors (trametinib, selumetinib) and resistance to HDAC inhibitors (vorinostat) and apoptosis-targeting agents (navitoclax) (Figure 9E). These findings position EXO1 as a potential biomarker for Th2-polarized immune microenvironments and a predictor of therapeutic vulnerability in female-related cancers.





4 Discussion

DNA damage and repair signaling pathways have been shown to play a critical role in maintaining genomic stability. Defects in these pathways can have dual effects, contributing to tumorigenesis while also rendering cancer cells vulnerable to DNA damage and reliant on DNA repair and signaling activity (30). EXO1 has been implicated in multiple DNA repair pathways that safeguard DNA replication, including mismatch repair, translation synthesis, homologous recombination, and cell cycle regulation (14). Given its central role in replication and post-replication processes, including checkpoint activation, it is likely that dysfunction of EXO1 may perturb chromosomal stability and disrupt other DNA repair pathways. This can lead to replication stress, translocations, transformation, and cell death, ultimately resulting in genomic instability and the development of cancer (31).

Several lines of evidence suggest that EXO1 is overexpressed in certain tumor cells and may serve as a candidate susceptibility gene for breast, ovarian, lung, and gastrointestinal cancers. It also holds potential as a target for cancer therapy due to its increased expression in tumors (32–36). However, the precise role of EXO1 in the development of various female-related cancers, particularly through the DNA damage and repair signaling pathway, remains unknown. Therefore, the aim of this study was to provide an overview of the EXO1 gene in multiple female-related cancers. We conducted a comprehensive evaluation of the potential roles of EXO1 in different female-related cancers using RNA-seq data from TCGA database. This analysis included EXO1 gene expression patterns, prognostic values, genetic mutations, DNA methylation, immune infiltration, gene interactions, and drug sensitivities. By exploring these aspects, we sought to shed light on the broader landscape of EXO1 in female-related cancers and unravel its potential implications for disease progression and treatment response.

Our study demonstrated high EXO1 expression in multiple female-related cancers, including BRCA, CESC, OV, THCA, UCEC, and UCS, compared to healthy controls. This finding aligns with previous studies that have also reported overexpression of EXO1 in various cancer types, such as breast, ovarian, lung, liver, prostate, bladder, and melanoma (35, 37–45). In addition to its overexpression in tumor tissues, we observed that EXO1 showed a strong discriminatory ability between female-related tumors and normal tissues, except UCS. Given that EXO1 plays a crucial role in regulating the cell cycle and DNA repair processes (46, 47), it is expected to be upregulated in proliferating cells, particularly in cancer cells characterized by an active cell cycle and high proliferation rate. Therefore, the higher expression of EXO1 in tumor tissues is consistent with this expectation.

In addition, we observed significant and distinct associations between EXO1 expression levels and clinicopathological characteristics in the six aforementioned female-related cancers. For example, EXO1 was found to be expressed at higher levels in Asians compared to White patients with BRCA and CESC. It was also higher in patients with UCEC and UCS who received radiation therapy. Moreover, EXO1 expression was elevated in pathologic stage II of BRCA, FIGO stage I–II of OV, and histologic grade 3 of UCEC and CESC. Additionally, in BRCA and CESC, EXO1 expression was higher in patients aged <60 years, whereas in UCEC, it was higher in patients aged >60 years. These findings indicate that, although EXO1 expression is increased in various female-related cancers, there may be distinct patterns of expression across different cancer types.

Furthermore, we conducted Kaplan-Meier survival analysis to evaluate the prognostic value of EXO1 in female-related cancers. High EXO1 expression was significantly associated with worse OS, PFI, and DSS in BRCA and UCEC, and correlated with worse PFI in THCA. Moreover, considering the different associations between EXO1 expression and clinicopathological characteristics, we analyzed the correlations between EXO1 expression and prognosis in different subgroups based on clinical parameters in patients with female-related cancers. The results suggested that higher EXO1 expression was generally associated with worse OS across most clinical subgroups. However, in specific subgroups, such as the basal type of PAM50 classification in BRCA, T2 stage or squamous cell carcinoma in CESC, and FIGO stage IV in OV, higher EXO1 expression was associated with better OS. We hypothesized that this could be related to increased DNA repair capacity mediated by EXO1, possibly due to lymphocyte infiltration or invasion of adjacent organs in these subgroups. Moreover, through univariate and multivariate Cox regression analyses, we identified clinical stage, primary therapy outcome, histological type, residual tumor, and EXO1 expression levels as independent risk factors for PFI in UCEC, M stage, and EXO1 expression level as independent risk factors for PFI in THCA, and N stage, M stage, and EXO1 expression levels as independent risk factors for DSS in BRCA. Based on these findings, we constructed nomograms that integrated EXO1 expression and these clinical parameters to predict PFI in UCEC and THCA, and DSS in BRCA. These results are consistent with those of previous studies that have also identified EXO1 as a potential prognostic marker in BRCA, OV, lung cancer, and liver cancer (38). Our data further support the notion that EXO1 has predictive and prognostic value and may serve as a biomarker in certain female-related cancers.

Previous reports have suggested that mutations in the EXO1 gene can lead to protein dysfunction and increased susceptibility to certain cancers (48). In our genetic mutation analysis, we observed a higher frequency of EXO1 mutations in UCEC and BRCA compared to other female-related cancers. Interestingly, EXO1 mutation was associated with a better prognosis in UCEC, but did not show a significant association with prognosis in the other five female-related cancers. Additionally, DNA methylation can influence gene expression levels and impact patient prognosis. Our study revealed that DNA methylation levels in the EXO1 gene were significantly lower in tumor tissues compared to normal tissues in BRCA, UCEC, and THCA. This result is consistent with our findings of upregulated EXO1 expression in those cancers. However, the DNA methylation levels of EXO1 did not show a significant prognostic correlation in the female-related cancers we analyzed. Based on these observations, we speculate that gene alterations and methylation changes in EXO1 may not be the main driving factors in the development of female-related cancers or affecting patient prognosis. Other mechanisms and factors are likely involved in the pathogenesis and prognosis of these cancer types. Further studies are needed to explore additional molecular and biological processes that contribute to the development and progression of female-related cancers.

To further investigate the biological function of EXO1 in female-related cancers, we conducted differential gene expression analysis between high and low EXO1 expression groups, as well as correlation analysis of EXO1 with other expressed genes using TCGA data. We identified hundreds of DEGs and correlated genes, which we further subjected to functional enrichment analysis. The results of the functional enrichment analysis revealed that the DEGs were associated with various pathways involved in cell cycle, oncogenesis, and immune-related processes in female-related cancers. These pathways included DNA replication, DNA repair, regulation of cell differentiation, inflammatory response, chemokine and chemokine receptor activity, PI3K-AKT signaling pathway, signaling by GPCR, FCER I-mediated MAPK activation, and FCGR activation. To evaluate the relationship between EXO1 expression and immune-related factors, we examined the associations between EXO1 expression and immune inhibitors, immune stimulators, chemokines, and chemokine receptors in female-related cancers. Interestingly, we found that in UCS, EXO1 was negatively associated with certain immune inhibitors, immune stimulators, chemokines, and chemokine receptors. However, in BRCA, OV, THCA, and UCEC, EXO1 was positively associated with most of these factors. From another perspective, we observed significant positive correlations between EXO1 expression and TGFBR1 and ULBP1 in most female-related cancers, while a negative correlation was found with TNFRSF14 (herpesvirus entry mediator). Previous studies have implicated TGFBR1 polymorphic variants in bladder cancer risk and prognosis (34, 49). Moreover, ULBP1 has been shown to promote immune escape via PDCD1LG1 in hepatocellular carcinoma (HCC) (50). Furthermore, increased expression of TNFRSF14 has been associated with favorable prognosis in bladder cancer and BRCA (51, 52). Taken together, these findings suggest that these molecules serve as potential targets for EXO1 in different female-related cancers.

Additionally, our analysis of chemokines revealed a strong positive correlation between EXO1 expression and CCL7, CCL13, and CCL18 in BRCA, OV, THCA, and UCEC, while a negative correlation was observed with CCL14 and CCL16 in most female-related cancers. In terms of chemokine receptors, EXO1 showed a high positive correlation with CCR8 and CXCR4, while a negative correlation was found with CX3CR1 in most female-related cancers. These observations are in line with previous reports highlighting the crucial roles of CC chemokines in immune cell functioning (53). For example, CCL18 has been shown to promote the proliferation of oral squamous cell carcinoma cells and recruit naive CD4+ T cells into the tumor microenvironment, leading to their differentiation into regulatory T cells that contribute to tumor immune evasion (54, 55). CCL14 has been associated with suppression of HCC progression, promotion of HCC cell apoptosis, and longer OS in patients with HCC (56). Increased CCR8 expression has been observed in tumor cells of malignant melanoma and is involved in metastasis to peripheral lymphoid organs (57). These results suggest a potential role of EXO1 in the development and modulation of the tumor immune microenvironment in female-related cancers through its association with these chemokines and receptors.

To further explore the association between EXO1 and cancer immunity, we investigated the relationship between EXO1 expression and different immune subtypes using the TISIDB database. Our findings indicated that EXO1 expression was significantly associated with immune subtypes in five of the six female-related cancers analyzed, showing higher expression in C1 (wound healing) and C2 (interferon-gamma [IFNG] dominant) subtypes, but lower expression in C3 (inflammatory) subtypes. Notably, our analysis of immune infiltration revealed that EXO1 expression was positively correlated with the infiltration of Th2 cells and Th cells, while it was negatively correlated with NK CD56bright cells and pDC. Moreover, we consistently observed higher infiltration levels of Th2 cells in the high EXO1 expression groups across all six cancer types. Th2 cells are elevated in human cancers and secrete various effector cytokines, such as IL4, IL5, IL6, IL10, and IL13 (58, 59). Patients with a dominant Th2 response in the tumor microenvironment have been associated with poorer prognosis (13). In our study, the increased infiltration of Th2 cells in the context of EXO1 overexpression may contribute to an imbalance between Th1 and Th2 responses, enabling tumor cells to evade immunity. Furthermore, it has been reported that EXO1 overexpression leads to indefinite DNA excision, resulting in chromosomal abnormalities and the release of nuclear DNA into the cytoplasm. This activates the cyclic GMP-AMP synthase-stimulator of interferon response cGAMP interactor (cGAS-STING) pathway, which plays a critical regulatory role in tumor immunity (60).

In this study, through bioinformatics analyses, we demonstrated that EXO1 is closely associated with immune cell infiltration and immune molecule expression, suggesting its potential as a predictor of prognosis and response to immunotherapy in patients with various female-related cancers. Finally, our study revealed that EXO1 may be associated with the sensitivity to multiple anticancer drugs that inhibit proliferation or interfere with the cell cycle of cancer cells. This implies that EXO1 may serve as a biomarker for predicting drug sensitivity.




5 Conclusions

Collectively, the present data indicate that EXO1 may play a role in the development and therapeutic response of female-related cancers by affecting multiple pathways, such as DNA repair, cell cycle regulation, immune microenvironmental regulation, and chemotherapeutic drug sensitivity.
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Cancer type Charactel

BRCA T stage (T2&T3&T4 vs. T1)

THCA Age (>45 vs. <=45)

cs Odds Ratio (OR) P-value
1080 2.017 (1.526-2.676) <0.001
Race (White vs. Asian&Black or African American) 994 0.489 (0.362-0.657) <0.001
Age (560 vs. <=60) 1083 0.655 (0.514-0.833) <0.001
Histological type (Infiltrating Lobular Carcinoma vs. 977 0.250 (0.175-0.351) <0.001
Infiltrating Ductal Carcinoma)
PR status (Positive vs. Negative) 1030 0.272 (0.205-0.358) <0.001
ER status (Positive vs. Negative) 1033 0.162 (0.113-0.228) <0.001
HER?2 status (Positive vs. Negative) 715 1.994 (1.387-2.890) <0.001
PAMS50 (Her2&Basal vs. LumA&LumB) 1043 11.039 (7.621-16.432) <0.001
Anatomic neoplasm subdivisions (Right vs. Left) 1083 0.667 (0.525-0.848) <0.001
UCEC Clinical stage (Stage I1&Stage 111&Stage IV vs. Stage 1) 552 1.494 (1.058-2.114) 0.023
Weight (>80 vs. <=80) 528 0.594 (0.420-0.839) 0.003
Histological type (Serous vs. Endometrioid) 528 2.284 (1.499-3.521) <0.001
Histologic grade (G3 vs. G1&G2) 541 3.634 (2.534-5.254) <0.001
510 0.696 (0.490-0.986) 0.042
Histological type (Follicular vs. Classical) 465 0.445 (0.278-0.701) <0.001
Thyroid gland disorder history (Nodular Hyperplasia 142 0.439 (0.221-0.858) 0.017
vs. Lymphocytic Thyroiditis)
274 1.698 (1.051-2.757) 0.031

CESC Histologic grade (G3&G4 vs. G1&G2)

*Categorical dependent variable, greater or less than the median expression level.
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Cancer type Characteristic EXO1 expression Statistic Value

Low High
BRCA n 541 542
T stage, n (%) <0.001 29.81°
T1 174 (16.1%) 103 (9.5%)
T2 280 (25.9%) 349 (32.3%)
T3 74 (6.9%) 65 (6%)
T4 12 (1.1%) 23 (2.1%)
Pathologic stage, n (%) 0.008 11.81°
Stage I 111 (10.5%) 70 (6.6%)
Stage IT 290 (27.4%) 329 (31%)
Stage 111 119 (11.2%) 123 (11.6%)
Stage IV 9 (0.8%) 9 (0.8%)
Race, n (%) <0.001 26.62°
Asian 16 (1.6%) 44 (4.4%)
Black or African American 75 (7.5%) 106 (10.7%)
White 417 (42%) 336 (33.8%)
Age, n (%) < 0.001 1149°
<=60 272 (25.1%) 329 (30.4%)
>60 269 (24.8%) 213 (19.7%)
Histological type, n (%) <0.001 66.24°
Infiltrating Ductal Carcinoma 327 (33.5%) 445 (45.5%)
Infiltrating Lobular Carcinoma 153 (15.7%) 52 (5.3%)
PR status, n (%) < 0.001
Negative | 100 (9.7%) 242 (23.4%)
Indeterminate 2 (0.2%) 2 (0.2%)
Positive ‘ 415 (40.1%) 273 (26.4%)
ER status, n (%) <0.001
Negative 46 (4.4%) 194 (18.7%)
Indeterminate ; 0 (0%) 2 (0.2%)
Positive | 471 (45.5%) 322 (31.1%)
HER?2 status, n (%) ‘ <0.001 14.33°
Negative 293 (40.3%) 265 (36.5%)
Indeterminate 7 (1%) 5 (0.7%)
Positive 56 (7.7%) 101 (13.9%)
PAMS50, n (%) < 0.001 428.14°
Normal 35 (3.2%) 5 (0.5%)
LumA 434 (40.1%) 128 (11.8%)
LumB 37 (3.4%) 167 (15.4%)
Her2 15 (1.4%) 67 (6.2%)
Basal ‘ 20 (1.8%) 175 (16.2%)
Anatomic neoplasm subdivisions, 0.001 1058 *
n (%)
Left ‘ 254 (23.5%) 309 (28.5%)
Right 287 (26.5%) 233 (21.5%)
OS event, n (%) 0.046 4°
Alive 477 (44%) 454 (41.9%)
Dead 64 (5.9%) 88 (8.1%)
DSS event, n (%) 0.034 448°
Alive ‘ 503 (47.3%) 475 (44.7%)
Dead 33 (3.1%) 52 (4.9%)
UCEC n 276 276
Weight, n (%) 0.004 826"
<=80 105 (19.9%) 138 (26.1%)
>80 160 (30.3%) 125 (23.7%)
Histological type, n (%) <0.001 15.55
Endometrioid 225 (40.8%) 185 (33.5%)
Mixed 10 (1.8%) 14 (2.5%)
Serous 41 (7.4%) 77 (13.9%)
Histologic grade, n (%) <0.001 5843 *
Gl 78 (14.4%) 20 (3.7%)
G2 72 (13.3%) 48 (8.9%)
G3 122 (22.6%) 201 (37.2%)
OS event, n (%) 0.017 5.65°
Alive 240 (43.5%) 218 (39.5%)
Dead 36 (6.5%) 58 (10.5%)
PFI event, n (%) 0.003 9.1°
Alive 227 (41.1%) 196 (35.5%)
Dead 49 (8.9%) 80 (14.5%)
THCA n 255 255
Histological type, n (%) 0.001
Classical 170 (33.3%) 194 (38%)
Follicular 67 (13.1%) 34 (6.7%)
Other 5 (1%) 4 (0.8%)
Tall Cell 13 (2.5%) 23 (4.5%)
PFI event, n (%) 0.031 466 °
Alive 236 (46.3%) 220 (43.1%)
Dead 19 (3.7%) 35 (6.9%)

; others, Fisher.test.






