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Background: Previous studies have shown that MCM3 plays a key role in initiating DNA replication. However, the mechanism of MCM3 function in most cancers is still unknown. The aim of our study was to explore the expression, prognostic role, and immunological characteristics of MCM3 across cancers.
Methods: We explored the expression pattern of MCM3 across cancers. We subsequently explored the prognostic value of MCM3 expression by using univariate Cox regression analysis. Spearman correlation analysis was performed to determine the correlations between MCM3 and immune-related characteristics, mismatching repair (MMR) signatures, RNA modulator genes, cancer stemness, programmed cell death (PCD) gene expression, tumour mutation burden (TMB), microsatellite instability (MSI), and neoantigen levels. The role of MCM3 in predicting the response to immune checkpoint blockade (ICB) therapy was further evaluated in four immunotherapy cohorts. Single-cell data from CancerSEA were analysed to assess the biological functions associated with MCM3 in 14 cancers. The clinical correlation and independent prognostic significance of MCM3 were further analysed in the TCGA and CGGA lower-grade glioma (LGG) cohorts, and a prognostic nomogram was constructed. Immunohistochemistry in a clinical cohort was utilized to validate the prognostic utility of MCM3 expression in LGG.
Results: MCM3 expression was upregulated in most tumours and strongly associated with patient outcomes in many cancers. Correlation analyses demonstrated that MCM3 expression was closely linked to immune cell infiltration, immune checkpoints, MMR genes, RNA modulator genes, cancer stemness, PCD genes and the TMB in most tumours. There was an obvious difference in outcomes between patients with high MCM3 expression and those with low MCM3 expression in the 4 ICB treatment cohorts. Single-cell analysis indicated that MCM3 was mainly linked to the cell cycle, DNA damage and DNA repair. The expression of MCM3 was associated with the clinical features of LGG patients and was an independent prognostic indicator. Finally, the prognostic significance of MCM3 in LGG was validated in a clinical cohort.
Conclusion: Our study suggested that MCM3 can be used as a potential prognostic marker for cancers and may be associated with tumour immunity. In addition, MCM3 is a promising predictor of immunotherapy responses.
Keywords: pan-cancer, minichromosome maintenance complex component 3 (MCM3), immunotherapy, prognosis, lower-grade glioma
INTRODUCTION
In recent decades, the incidence of cancer has been increasing, which has been fuelled by population growth, population ageing, and the implementation of advanced early detection and treatment modalities. This scenario has led to an ever-growing population of cancer survivors, thus contributing to an alarming global burden of cancer that now represents a significant threat to the health of humanity (Sung et al., 2021). Despite the rapid development of early prevention and treatment techniques for cancer, the mortality rate of cancer remains a concern (Torre et al., 2015; Miller et al., 2022). As research continues to advance, an increasing number of researchers are focusing on the common features of cancer. Pan-cancer analysis, which compares data such as gene mutation, gene expression, and protein expression data across different types of cancer, employs sophisticated bioinformatics techniques to identify shared and distinct characteristics among cancers (Cancer Genome Atlas Research et al., 2013). Previous research has demonstrated that a number of genes are crucial for the immune microenvironment, prognosis, and drug resistance in pan-cancer (Fu et al., 2022; Pan et al., 2022; Xie et al., 2022; Zhou et al., 2023). Consequently, this analytical approach has proven to be a powerful tool for investigating the genetic and molecular basis of numerous cancer types (Xu et al., 2020; Chen et al., 2021).
Minichromosome maintenance complex component 3 (MCM3) is a crucial member of the MCM protein family that interacts with other members (MCM2 and MCM4-7) to form a durable heterohexameric complex, which plays a pivotal role in initiating DNA replication (Madine et al., 2000; Evrin et al., 2014; Deegan and Diffley, 2016; Sedlackova et al., 2020). MCM3 is highly expressed in diverse types of malignancies, including breast cancer (Lokkegaard et al., 2021), ovarian cancer (Li et al., 2021), colorectal cancer (Zhou et al., 2020), and prostate cancer (Hsu et al., 2021). Notably, multiple studies have demonstrated that elevated MCM3 expression is strongly linked to tumour progression, metastasis, and prognosis (Li et al., 2021; Lokkegaard et al., 2021; Yang et al., 2019; Zhou et al., 2020). In addition, phosphorylated MCM3 has been shown to promote cell proliferation and inhibit cell apoptosis in renal cell carcinoma cells (Gao et al., 2022). Another study suggested that the MCM3 proliferation index was more clinically relevant than Ki-67 in the characterization of salivary gland tumours (Raja et al., 2021). Indeed, MCM3 not only plays a crucial role in DNA replication but is also involved in the DNA damage response and DNA repair (Drissi et al., 2018). Cancers rely on the activation of DNA repair pathways to maintain genomic stability, stemness, and chemotherapy resistance (Abad et al., 2020; Wang et al., 2021); therefore, further evaluation of the relationship of MCM3 with DNA repair genes and cancer stemness across cancers is warranted. Overall, investigations of MCM3 have been largely limited to a small number of cancer types, and the role of MCM3 in various malignancies and the underlying mechanisms remain incompletely understood.
Herein, we comprehensively assessed the expression and prognostic role of MCM3 across cancers. We then systematically evaluated the associations of MCM3 with immune signatures, mismatching repair (MMR) genes, RNA modulator genes, cancer stemness, programmed cell death (PCD) genes, the TMB, MSI, and neoantigen levels. In our study, the ability of MCM3 to predict immunotherapy response was also evaluated, and its association with 14 biological functions was evaluated at the single-cell level. In addition, based on data from The Cancer Genome Atlas (TCGA) and Chinese Glioma Genome Atlas (CGGA) databases, further clinical correlation analysis, independent prognostic analysis, nomogram construction, and biological function exploration were conducted in LGG cohorts. Finally, the clinical correlation and prognostic significance of MCM3 in LGG were verified in a clinical cohort from Guangxi Medical University Cancer Hospital.
MATERIALS AND METHODS
Data collection and expression analysis
The mRNA data (TPM) for the TCGA pan-cancer cohort and corresponding normal tissues from the GTEx were downloaded from UCSC database. Survival data for each type of cancer were also downloaded from UCSC. The mRNA data were log2 (TPM+1) transformed. We first compared MCM3 mRNA expression in tumour and normal tissues and evaluated the differences between groups by using the Wilcoxon test. We further evaluated MCM3 protein levels across cancers by utilizing the CPTAC portal in the UALCAN database. By employing the GEPIA online database, we preliminarily investigated the relationship between MCM3 expression and clinical stage. In this study, we also explored the genomic alterations of MCM3 across cancers by using the cBioPortal database. Immunofluorescence (IF) images from the HPA database were used to identify the subcellular localization of MCM3 in tumours. In addition, immunohistochemistry (IHC) was used to compare MCM3 protein expression in LGG and normal brain tissue.
Prognosis evaluation
We analysed the association between MCM3 expression and patient outcomes for each cancer type. In this study, we evaluated four prognostic indicators, including overall survival (OS), progression-free interval (PFI), disease-specific survival (DSS), and disease-free interval (DFI). MCM3 expression was included as a continuous variable in univariate Cox regression analysis according to the “survival” package in R. In addition, a heatmap was generated to display the survival analysis results associated with MCM3 across cancers.
Assessment of relevant characteristics
The tumour microenvironment (TME) plays a key role in tumour formation and progression (Xiao 2021; Zou et al., 2023). We assessed the relationships between MCM3 and TME-related parameters (immune, stromal and ESTIMATE scores) across cancers by using the “estimate” package (Yoshihara et al., 2013). By using the “IOBR” package, we applied the TIMER algorithm to measure the relationship between MCM3 expression and the infiltration levels of six immune cell types across cancers (Li et al., 2017). We extracted expression data for immune checkpoint components (inhibitory and stimulatory) and several PCD (pyroptosis, cuproptosis, anoikis, necroptosis, disulfdptosis and autophagy) markers and evaluated the association of MCM3 expression with these markers. The correlation of MCM3 with 5 MMR signatures and 44 RNA modification genes (m1A, m5C and m6A) in pan-cancer was analysed (Liang et al., 2022). In addition, we obtained pan-cancer differentially methylated probe-based stemness index (DMPsi) from the study by Malta et al. to determine the relationship between MCM3 expression and cancer stemness (Malta et al., 2018).
Immunotherapy prediction and drug sensitivity analysis
TMB, MSI, and neoantigens have been reported to influence cancer prognosis and immunotherapy response (Ettinger et al., 2019; Picard et al., 2020). We also investigated the association of MCM3 with these markers. In addition, we selected four cohorts of tumour patients who were receiving ICB therapy to further evaluate the ability of MCM3 to predict the response to immunotherapy. By using the “survminer” package in R, we determined the optimal cut-off value and divided the IMvigor210 (urinary tumours), GSE176307 (urothelial cancer), GSE135222 (non-small cell lung cancer, NSCLC) and GSE91061 (melanoma) cohorts into high-MCM3 and low-MCM3 groups. We then compared the outcomes and treatment responses between the high-MCM3 and low-MCM3 subgroups. The data for these immunotherapy cohorts were obtained from the http://research-pub.gene.com/IMvigor210CoreBiologies/packageVersions/, TIGER (http://tiger.canceromics.org/#/download) and GEO (https://www.ncbi.nlm.nih.gov/geo/) websites. Finally, we explored the correlation between MCM3 expression and drug sensitivity by using CTRP and GDSC data from the GSCA database (http://bioinfo.life.hust.edu.cn/GSCA/#/drug) to help identify potential drugs targeting MCM3.
Single-cell analysis
CancerSEA is a single-cell sequencing database for assessing the status and function of single cells in a variety of tumours (Yuan et al., 2019). Herein, we analysed the correlation between MCM3 expression and 14 functions based on single-cell data from the CancerSEA database via Spearman analysis. In addition, by using single-cell data from the TISCH database (http://tisch.comp-genomics.org/) (Sun et al., 2021), we further evaluated the expression of MCM3 in different cancer cell subtypes.
Clinical correlation analysis of MCM3 in LGG
For in-depth analysis of LGG, mRNA data (FPKM) and clinical information from LGG cohorts were obtained from the TCGA and CGGA databases. We transformed the expression data via log2(FPKM+1) transformation. We then analysed the relationships between MCM3 mRNA expression and five clinical parameters, and the differences between the two groups were evaluated by using the Wilcoxon test. Based on the median expression value, we compared the OS of the high-MCM3 and low-MCM3 expression groups by using the Kaplan–Meier (KM) method. A time-dependent receiver operating characteristic (timeROC) curve was used to evaluate the efficacy of MCM3 in predicting survival. These analyses were performed by using the “timeROC” package in R. By using three glioma single-cell datasets (GSE139448, GSE163108 and GSE162631) in the TISCH database, MCM3 expression in different immune cells of glioma was evaluated.
Nomogram construction, enrichment analysis and TMB analysis in LGG
The prognostic role of MCM3 was further assessed via multivariate analysis in the TCGA training cohort. With the “rms” package, independent prognostic features were selected to construct a prediction nomogram. The CGGA cohort served as the validation cohort. We used timeROC curves, calibration curves, decision curve analysis (DCA) and Kaplan–Meier (KM) curves to systematically evaluate the predictive ability of the model. To explore more potential biological mechanisms of MCM3 activity in LGG, differentially expressed genes (DEGs) between the two subgroups of the TCGA cohort were identified, and enrichment analyses, including GO, KEGG, and GSEA, were performed by using the “clusterProfiler” and “enrichplot” packages. P. adjust <0.05 was used as the significance threshold for enrichment analysis in GO and KEGG analyses, while p < 0.05 was defined as statistically significant in GESA. We also analysed the mutation frequency and TMB of the two subgroups in the TCGA cohort. The mutation data were evaluated and visualized by using the “maftools” software package. The TIDE algorithm is a novel tool for evaluating immunotherapy responses (Cao et al., 2020). We calculated TIDE scores for the TCGA-LGG cohort by using the TIDE database and compared the scores between the two subgroups.
Validation of the prognostic significance of MCM3 in LGG
We first compared MCM3 protein levels in LGG and normal brain tissue by using the HPA database. We then validated the prognostic value of MCM3 in LGG in a clinical cohort. Tumour specimens and clinicopathological parameters were collected from patients with newly diagnosed LGG who underwent surgical treatment at Guangxi Medical University Cancer Hospital between May 2013 and December 2018. Tumour specimens were embedded in paraffin immediately after collection, and clinicopathological information was collected for all of the patients. This clinical cohort was followed up until July 2019, with death or progression as the end events, and both OS and progression-free survival (PFS) were calculated. IHC staining for MCM3 was then performed on paraffin-embedded LGG tissue. The MCM3 antibody was purchased from Boster Biological Technology Company (article number: BA2186). The percentage of positively stained cells was scored as follows: 0 (0%), 1 (1%–25%), 2 (26%–50%), 3 (51%–75%), and 4 (76%–100%). The intensity of staining was scored as follows: 0 (no staining), 1 (weak), 2 (moderate), and 3 (strong). The expression of MCM3 was determined as the product of these two scores. Ultimately, a score of 0–2 was defined as indicating negative MCM3 expression, and a score of 3–12 was defined as indicating positive MCM3 expression (Zhang et al., 2016).
Statistical analysis
In this study, comparisons of MCM3 expression in normal and tumour tissues and analyses of the correlation of MCM3 levels with clinical features in LGG were performed via the Wilcoxon test. The prognostic significance of MCM3 was assessed by using univariate, multivariate Cox and Kaplan–Meier (KM) (log-rank test) analyses. The relationships between MCM3 expression and immunological characteristics, PCD gene expression, TMB, MSI, neoantigen levels, and biological functions at the single-cell level were evaluated via Spearman analysis. Chi-square tests were utilized to compare the proportions between two groups. The remaining methods are described in the Methods section. A P-value <0.05 was considered to indicate statistical significance. The analysis and graphing in this study were performed in R (v 3.6.3). A portion of the pan-cancer analysis and graphing of MCM3 was performed through two online websites (Home for researchers [https://www.home-for-researchers.com/static/index.html#/] and Xiantaoxueshu [https://www.xiantaozi.com/]).
RESULTS
Expression patterns of MCM3 across cancers
We first investigated the differences in MCM3 mRNA levels between normal and tumour tissues. The results showed that the expression of MCM3 was upregulated in most tumours but significantly lower in KICH tissues than in normal tissues. In PRAD, KIRC, and PCPG, the differences were not significant (Figure 1A). Data from the CPTAC portal confirmed elevated MCM3 protein expression in a variety of cancers, including GBM, LUAD, LIHC, COAD, UCEC, BRCA, KIRC, HNSC, and PAAD (Figure 1B). By using the GEPIA database, we analysed the association between MCM3 and clinical stage across cancers. We found that MCM3 expression was significantly associated with the clinical stages of eight cancers, including ACC, BRCA, CESC, KIRC, LIHC, OV, SKCM and TGCT (Figure 1C). We further explored the genomic alteration status of MCM3 across cancers via the cBioPortal website. Overall, genetic variations in MCM3 occur in less than 5% of most cancers. The highest frequency of MCM3 variants (>6%) was found in SKCM, with “mutation” and “amplification” being the main types. UCEC had the highest incidence (>4%) of “mutations”, whereas DLBC had the highest incidence (>4%) of “amplification” (Figure 1D). IF of tumour cells from the HPA database showed that MCM3 protein was localized in the nuclei of U2OS (osteosarcoma) and A-431 (cutaneous squamous cell) cell lines (Figure 1E).
[image: Figure 1]FIGURE 1 | Expression patterns of MCM3 in pan-cancer. (A) Differences in MCM3 between tumor and normal tissues based on TCGA and GETx data. (B) Comparison of protein levels based on CPTAC data. (C) Clinical correlation analysis based on GEPIA database. (D) The genomic alteration of MCM3 in pan-cancer. (E) Immunofluorescence results showed the localization of MCM3 in cell lines. ****p < 0.0001.
Prognostic significance of MCM3 across cancers
We subsequently used univariate Cox analysis to explore the prognostic significance of MCM3 in multiple aspects, including OS, the PFI, DSS and the DFI. The results showed that MCM3 expression levels were closely linked to different outcomes in many cancers (Figure 2A). For OS, MCM3 was a risk index for LGG, ACC, LIHC, KICH, SARC and MESO but a protective factor for OV and THYM (Figure 2B). The upregulation of MCM3 suggested that LGG, ACC, LIHC, KICH, PRAD and SARC had shorter PFIs, whereas OV and GBM had longer PFIs (Figure 2C). For DSS, MCM3 expression was a risk factor in LGG, KICH, ACC, LIHC, SARC, LUAD, KIRP and PRAD and a protective factor in OV (Figure 2D). In addition, high MCM3 expression was associated with a shorter DFI in LIHC, CESC, COAD, KIRP and LUSC (Figure 2E).
[image: Figure 2]FIGURE 2 | Prognostic value of MCM3 in pan-cancer. (A) The heatmap shows results of univariate Cox regression analysis. (B) Forest plot of MCM3 expression and OS across cancers. (C) Forest plot of MCM3 expression and PFI across cancers. (D) Forest plot of MCM3 expression and DSS across cancers. (E) Forest plot of MCM3 expression and DFI across cancers.
Association between MCM3 expression and tumour immunity
We investigated the relationship between MCM3 and tumour immunity in three aspects, including the TME profile, immune cell infiltration and immune checkpoint factor expression. The results showed that MCM3 expression was negatively correlated with the stromal score, immune score, and ESTIMATE score in most tumours, whereas significant positive correlations with these scores were observed in LGG, KIRC and PRAD (Figure 3A). By using the TIMER algorithm, we evaluated the infiltration levels of six immune cell types across cancers. MCM3 expression was positively correlated with immune cell infiltration in most tumours, especially in KIRC, LGG, LIHC, PCPG, PRAD and THCA (Figure 3B). Similarly, MCM3 expression was positively correlated with immune checkpoint factor expression in most tumours, especially in HNSC, KIRC, LIHC, LGG, UVM, KICH, and PRAD (Figure 3C). Surprisingly, MCM3 was positively correlated with the expression of several immune checkpoint molecules, such as HMGB1, BTN3A2, CD276, and VEGFA, in almost all of the tumours.
[image: Figure 3]FIGURE 3 | Relationship between MCM expression and immune-related features in pan-cancer. (A) MCM3 expression and tumor microenvironment relate parameters. (B) MCM3 expression and immune cell infiltration. (C) MCM3 expression and immune checkpoints. *p < 0.05, **p < 0.01, ***p < 0.001.
For the MMR signatures, we found a significant positive correlation between them and MCM3 broadly in pan-cancer, and a negative correlation between EPCAM and MCM3 expression in LGG and THYM (Supplementary Figure S1A). Moreover, we observed a positive correlation between MCM3 expression and DMPsi in DLBC, LGG and STAD and a negative correlation between MCM3 expression and THYM, KIRP and THCA (Supplementary Figure S1B), thus suggesting that MCM3 may be involved in DNA repair-mediated cancer stemness. Interestingly, we also found that MCM3 was positively correlated with most RNA modulator genes across cancers (Supplementary Figure S1C).
Recently, PCD modalities, such as pyroptosis, cuproptosis, anoikis, necroptosis, disulfdptosis and autophagy, have been reported to play important roles in the development and progression of cancer. Therefore, we further explored the relationship between MCM3 and markers of PCD. The results indicated a general correlation between MCM3 and PCD markers. Among these genes, MCM3 was significantly correlated with most pyroptosis genes across cancers, except for CHOL, MESO and UCS (Supplementary Figure S2A). Similarly, MCM3 was generally associated with markers of cuproptosis, anoikis, necroptosis, disulfdptosis and autophagy in most tumours (Supplementary Figure S2B–F).
Associations of MCM3 with immunotherapy response and drug sensitivity
Considering that TMB, MSI, and neoantigen expression are common genomic alterations that are closely associated with cancer prognosis and immunotherapeutic responses (Ettinger et al., 2019; Ben-David and Amon, 2020; Picard et al., 2020), we measured the association between MCM3 and these alterations across cancers. As shown in Figure 4A, MCM3 and TMB were positively correlated in 12 cancers and negatively correlated in three cancers. There was a positive correlation between MCM3 expression and MSI in KIRC, LUAD, LUSC and STAD but a negative correlation in THCA. In contrast, the correlation of neoantigen expression with MCM3 was generally not significant; additionally, a positive correlation was shown only in BRCA and LUAD (Figure 4A). We subsequently evaluated the ability of MCM3 to predict the response to immunotherapy in four clinical cohorts receiving ICB therapy. Survival analysis demonstrated an obvious difference in prognosis between the two subgroups in all of the cohorts (Figures 4B–E). In addition to the GSE91061 cohort, there were significant differences in the proportion of patients who experienced treatment benefits between the two subgroups (Figures 4B–E). These data indicated that MCM3 expression could effectively distinguish patients who had different responses to ICB treatment and further suggested that MCM3 could be used as a potential marker to assess immunotherapy responses. Finally, based on data from the CTRP and GDSC databases, we investigated the association of MCM3 with drug sensitivity to explore potential targeted drugs. The CTRP results demonstrated that the MCM3 level was negatively correlated with sensitivity to most drugs. The GDSC results showed that sensitivity to five drugs, including 17-AAG, bleomycin (50 µM), RDEA119, trametinib and selumetinib, was positively correlated with MCM3 expression, whereas sensitivity to other drugs was negatively correlated with MCM3 expression (Figure 4F). These results may provide a basis for developing therapies targeting MCM3.
[image: Figure 4]FIGURE 4 | Immunotherapy and drug sensitivity analysis. (A) Relationship between MCM3 expression and TMB, MSI, and neoantigens. (B–E) Prognostic significance of MCM3 and proportion of immunotherapy response between high- and low-MCM3 groups in four cohorts receiving ICB therapy. (F) Drug sensitivity analysis of MCM3 based on CTPR and GDSC data. *p < 0.05, **p < 0.01, ***p < 0.001.
Single-cell analysis
We evaluated the relationship between MCM3 and 14 biological functions in multiple cancers at the single-cell level by using the CancerSEA database. As the heatmap shows, MCM3 is closely linked to these biological functions in most cancers. Among them, the cell cycle, DNA damage and DNA repair had the most significant correlations with MCM3 expression (Figure 5A). In addition, we generated correlation plots of the top three functions in BRCA, LUAD, MEL, and glioma (Figure 5B). The TISCH data showed that MCM3 was widely expressed in most immune cells, with major concentrations in CD4Tconv, Treg, Tprolif, CD8T, CD8Tex and NK cells (Figure 5C). Figure 5D shows the expression of MCM3 in the GSE111360 and GSE140228 single-cell datasets collected.
[image: Figure 5]FIGURE 5 | Single-cell analysis of MCM3. (A) Correlation between MCM3 and 14 biological functions. (B) The top three functions in BRCA, LUAD, MEL and glioma. (C) Datasets of single-cell expression of MCM3 from TISCH website. (D) Distribution of MCM3 among cell types in the GSE111360 and GSE140228 datasets. *p < 0.05, **p < 0.01, ***p < 0.001.
Clinical correlation analysis of MCM3 in LGG
Preliminary results indicated that MCM3 was dysregulated in LGG and could be used as a prognostic predictor of LGG (including OS, PFI and DSS). In addition, MCM3 expression was closely related to various immune features of LGG. We further investigated the correlation between MCM3 and clinical parameters and verified its prognostic value in LGG. The clinical data of the two publicly available cohorts are shown in Supplementary Table S1. In the TCGA cohort, MCM3 expression was closely correlated with age, grade, IDH expression, and 1p19q deletion status (Figure 6A). In CGGA cohort, MCM3 expression was closely linked to the grade and 1p19q deletion status (Figure 6B). KM analysis also showed that MCM3 has good predictive value. In the TCGA cohort, patients with low MCM3 expression had longer OS than those with high MCM3 expression, and the AUC values of MCM3 expression for predicting 1-, 3- and 5-year survival in LGG patients were 0.721, 0.738 and 0.687, respectively. (Figure 6C). The KM curve of the CGGA cohort showed similar results, with AUC values of 0.604, 0.647 and 0.672, respectively (Figure 6D). We evaluated MCM3 expression in immune cells by using three datasets from the TISCH database. In the GSE139448 dataset, MCM3 expression was highest in malignant cells, whereas in the GSE163108 and GSE162631 datasets, MCM3 expression was highest in Tprolif and Mono/Macro cells, respectively (Supplementary Figure S3). Our findings demonstrated that the expression of MCM3 differed in different cell types and that there were differences in cell components among samples, which may be related to the heterogeneity of the glioma microenvironment.
[image: Figure 6]FIGURE 6 | Correlation between MCM3 expression and clinical features and prognosis of LGG. (A, B) Relationship between MCM3 and clinical features in TCGA and CGGA cohorts. (C, D) Evaluation of the ability of MCM3 expression to predict prognosis in TCGA and CGGA cohorts. ns: no significance, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Nomogram construction, enrichment analysis and TMB analysis in LGG
Furthermore, univariate/multivariate Cox analysis indicated that MCM3 had independent prognostic significance in the TCGA cohort (Figure 7A). To improve the clinical application value of MCM3, our study incorporated independent prognostic parameters from the TCGA cohort to construct a nomogram, and the CGGA cohort served as the validation cohort (Figure 7B). The model AUC values were significantly improved in both cohorts (Figure 7C). The calibration curves showed that the results predicted by the model were close to the actual observed results (Figure 7D). The DCA curves showed that the model was more beneficial for predicting the outcome of LGG patients than any single prognostic factor (Figure 7E). Based on the risk scores calculated by the model, the two cohorts were evenly divided into three subgroups, and the survival analysis indicated obvious differences in OS among the subgroups (Figure 7F), which further suggested that the MCM3-based prognostic nomogram could be an effective risk assessment tool for LGG patients. A total of 77 DEGs between the high-MCM3 and low-MCM3 groups in the TCGA training cohort were identified. GO results indicated that the DEGs were closely linked to organelle fission, nuclear division, chromosome segregation, mitotic nuclear division, chromosomes, centromeric region and microtubule binding. According to the KEGG analysis, these DEGs were mainly enriched in the terms “cell cycle”, “microRNAs in cancer”, “cellular senescence” and “p53 signalling pathway” (Figure 7G). An interactive network plot was constructed to show the relationships between the GO and KEGG terms (Figure 7H). We also performed GSEA, and several common functions and pathways, such as the G2M checkpoint, epithelial mesenchymal transition (EMT), inflammatory response, Tnfa signalling via Nfkb, and interferon alpha response, were obviously enriched in the TCGA high-MCM3 group (NES>1.5, p-value <0.001) (Figure 7I). The waterfall map shows the top 10 genes with the highest mutation probability shared by the two subgroups (Figure 7J). Notably, IDH1 has been identified as being an important prognostic marker for LGG, and the likelihood of IDH mutation is greater in the low-MCM3 subgroup, which to some extent explains the better prognosis in this subgroup. In addition, we investigated the relationships of MCM3 with TMB and TIDE, and our data demonstrated that the high-MCM3 group had higher TMB levels and lower TIDE scores (Figures 7K, L).
[image: Figure 7]FIGURE 7 | Construction of a prognostic nomogram and analysis of MCM3 related functions in LGG. (A) Univariate/multivariate Cox analysis was performed based on TCGA cohort. (B) Establishment of a prognostic nomogram based on multivariate analysis results. (C–F) Nomogram model evaluation, including timeROC, calibration, DCA and KM curves. (G) GO and KEGG analyses based on differentially expressed genes in TCGA. (H) An interaction network between GO and KEGG. (I) The GSEA analysis in TCGA cohort. (J) The waterfall map shows the top 10 genes with the highest mutation probability. (K, L) TMB and TIDE score were compared between the two groups. **p < 0.01, ****p < 0.0001.
Validation of the prognostic significance of MCM3 in LGG
IHC results from the HPA showed that MCM3 expression was elevated in LGG tissue (Figure 8A). The clinical features of our validation cohort are shown in Supplementary Table S2. Figure 8B shows a typical representation of negative and positive MCM3 expression in our cohort. By using chi-square tests, we found that the rate of MCM3 positivity was significantly greater in patients with tumours ≥ 5 cm in size and grade III tumours (Figures 8C, D). KM methods showed that MCM3-positive patients had shorter OS and PFS than MCM3-negative patients (Figures 8E, F). In addition, univariate analysis demonstrated that MCM3 expression was correlated with OS and PFS, thus further confirming its prognostic significance in LGG. However, MCM3 did not have independent prognostic significance in our cohort, which may be related to the small sample size (Figures 8G, H).
[image: Figure 8]FIGURE 8 | Validation of the association between MCM3 and clinical features and prognosis of LGG. (A) MCM3 protein expression in normal and tumor tissues from HPA database. (B) Representative plots of negative and positive immunohistochemical results. (C, D) Relationship between MCM3 expression and tumor size and grade. (E, F) Survival curves for OS and PFS in clinical cohort. (G, H) Univariate and multivariate Cox regression analysis for OS and PFS.
DISCUSSION
MCM3, which is a component of the hexameric protein complex, has diagnostic and prognostic value in some cancers (Hsu et al., 2021; Li et al., 2020; Li et al., 2021; Lokkegaard et al., 2021; Zhou et al., 2020). However, the role of MCM3 in other cancer types is unclear. In our study, a pan-cancer analysis and a single-cell analysis were performed to explore the prognostic role, immunological value, and associated biological mechanisms of MCM3. Furthermore, given that MCM3 is closely related to LGG in many ways, we further analysed the relationships between the clinical features, prognosis, and potential biological functions of MCM3 and LGG and validated its prognostic value in a clinical LGG cohort.
Our pan-cancer analysis demonstrated that MCM3, which may have significant prognostic value, was upregulated in 25 tumours, including GBM, LGG, and UCEC. High MCM3 expression was related to poor prognosis in LGG, ACC, LIHC, KICH and SARC patients. Cao et al. suggested that MCM3 may serve as a potential prognostic biomarker for medulloblastoma; this was the first study to elucidate the correlation between MCM3 and central nervous system tumours (L. Cao et al., 2022). Previous studies have shown that MCM2, MCM3 and MCM7 levels are closely linked to glioma prognosis (Söling et al., 2005). Moreover, MCM3 was an independent predictor of prognosis in anaplastic astrocytoma patients (Söling et al., 2005). However, the role of MCM3 in LGG remains unknown. This study was the first to show that high MCM3 expression was linked to shorter OS, DSS, and PFI in LGG patients. Aporowicz’s research suggested that MCM3 could serve as a diagnostic and proliferative marker of ACC (Aporowicz et al., 2019). Our data showed that high MCM3 expression was associated with shorter OS, PFI, and DSS in ACC patients and may be an effective complement for identifying potential markers of ACC. Previous studies have shown that MCM3 is a potential marker for the diagnosis, treatment, and prognosis of LIHC (Zhuang, Yang and Meng, 2018; Yang et al., 2019; Mohamed et al., 2022). Our study showed that high MCM3 expression was associated with shorter OS, PFI, DFI, and DSS in LIHC patients, which was consistent with previous results. A previous study suggested that MCM3 phosphorylation is a new mechanism for regulating the proliferation and apoptosis of renal cell carcinoma cells (Gao et al., 2020). KICH is a type of renal cell carcinoma. Our study showed that high MCM3 levels were associated with shorter OS, PFI, and DSS in KICH patients. Moreover, MCM3 was also closely linked to OS, PFI, and DSS in SARC patients, and this was the first study to show the relationship between MCM3 and SARC patients. Kang et al. reported that high MCM3 expression at both the mRNA and protein levels was associated with longer survival in tubo-ovarian high-grade serous carcinoma patients (Kang et al., 2022). Another study reported that MCM3 is a marker of proliferation in ovarian malignancies (Kobierzycki et al., 2013). In this study, we found that high MCM3 expression in OV was associated with longer PFI, DSS and OS. Therefore, the role of MCM3 in OV should be further evaluated.
We found that in most cancers, MCM3 was closely related to the immune score, stromal score, and ESTIMATE score. In addition, MCM3 was closely associated with tumour-infiltrating immune cells in most cancers. By secreting immunosuppressive cytokines, Tregs downregulate the expression of stimulatory molecules, thus inhibiting the activation of effector T cells and reducing T-cell infiltration in LGG (Lim et al., 2018; Haddad et al., 2022). Ahmadzadeh’s study demonstrated that CD8+ T cells stimulate granulocytes to produce granulocyte colony-stimulating factor and perforin to kill tumour cells (Ahmadzadeh et al., 2009). Previous studies have shown that CD4+ T cells play an important role in directly eliminating tumours or indirectly providing support for the tumour-killing function of CD8+ T cells (Kennedy and Celis, 2008; Melssen and Slingluff, 2017; Borst et al., 2018). In our study, MCM3 was closely associated with CD4+ T cells and CD8+ T cells in KIRC, LGG, LIHC, PCPG, PRAD and THCA. However, the effect of MCM3 on the immune microenvironment of these cancers and its prognostic value require further study. With the development of high-throughput sequencing technologies, many targets and methods for screening potential beneficiaries of immunotherapy have been identified (Giustini and Bazhenova, 2021; Zhang et al., 2021). In this study, we investigated the potential of MCM3 as a novel predictor of immunotherapy efficacy. The expression of MCM3 was strongly associated with the expression of immune checkpoint molecules and the TMB in most cancers. An earlier study suggested that TMB can be used as a marker of ICB response, with patients with higher TMB levels benefiting more from ICB (Newman et al., 2020). However, McGrail et al. argued that a high TMB does not predict ICB responses in all cancers (McGrail et al., 2021). Overall, MCM3 expression was positively related to TMB in 12 cancers, especially ACC, DLBC, LGG, PAAD and STAD, thus suggesting that patients with high MCM3 expression in these cancers may be more sensitive to immunotherapy. Furthermore, there was a significant difference in the response to immunotherapy between patients with high and low MCM3 in the four clinical cohorts receiving ICB, thus suggesting that MCM3 is a good predictor of immunotherapy response. The TIDE score is another predictor of ICB therapy response, and a low TIDE score is associated with increased sensitivity to ICB therapy (Jiang et al., 2021). In LGG, we found that patients with high MCM3 expression had a greater TMB and a lower TIDE score; therefore, this group of patients could benefit from ICB therapy. Yang et al. identified MCM3 as being a potential therapeutic target for HCC (Yang et al., 2019). Kang et al. showed that MCM3 was associated with immunotherapy in patients with tubo-ovarian high-grade serous carcinoma (Kang et al., 2022). The results of these studies were consistent with our study. The study by Jonathan demonstrated that MSI may be associated with the presence of new immunogenic epitopes to more precisely guide immunotherapy (Dudley et al., 2016). A previous study showed that LUSC patients with high MSI tend to have improved OS (Hu et al., 2023). In our study, MCM3 expression was positively related to MSI level in STAD, KIRC, LUAD and LUSC. Taken together, these findings highlight the potential of MCM3 as being a predictor for immunotherapy efficacy. Drug sensitivity analysis suggested that the expression of MCM3 was positively correlated with sensitivity to 17-AAG, bleomycin (50 µM), RDEA119, trametinib and selumetinib. These data may provide some basis for therapies targeting MCM3.
Tumours are diseases in which cells undergo continual excessive division. Cell cycle checkpoints serve to prevent genetic errors during cell division (Matthews et al., 2022). In our research, single-cell analysis demonstrated that MCM3 was associated with the cell cycle, DNA damage and DNA repair across cancers. In previous studies, MCM3 was shown to act as a proliferation marker and regulate programmed cell death in tumour cells, such as hepatocellular carcinoma, tubo-ovarian high-grade serous carcinoma, oral squamous cell carcinoma, odontogenic cysts and ameloblastoma (Valverde et al., 2018; Jaafari-Ashkavandi et al., 2019). Our study is consistent with the abovementioned findings, thus suggesting that MCM3 may function as a cell cycle checkpoint. Taken together, these results suggest that MCM3 could be not only an immunotherapy target but also a cell cycle checkpoint, thus indicating that MCM3 may be a promising therapeutic target in cancer.
We found that MCM3 expression is correlated with clinical features and prognosis in LGG and is an independent prognostic parameter of LGG. The MCM3-based model can accurately predict the prognosis of LGG, exhibiting good potential for clinical application. GO and KEGG results indicated that MCM3 was mainly involved in cell cycle-related processes and cancer-related pathways. Stewart et al. suggested that MCM3 is involved in the EMT process, thus promoting the invasion and metastasis of prostate cancer (Stewart et al., 2017). Another study demonstrated that MCM3 is overexpressed in medulloblastoma and is involved in tumour cell invasion and metastasis (Lau et al., 2010). Our single-cell and GSEA analyses showed that MCM3 was closely linked to EMT, which to some extent explained the poor prognosis of LGG patients caused by MCM3 overexpression. In addition, previous studies have demonstrated that essential nodes in crucial pathways may be specifically blocked to slow glioma progression, which further suggests that MCM3 may be a promising therapeutic target for LGG (Tang et al., 2014; Liu et al., 2023). In our clinical cohort, MCM3 expression was correlated with the clinical features and prognosis of patients with LGG. However, some limitations of our study should be considered. The MCM3 expression results and prognostic value in most cancers were mainly determined based on publicly available data and need to be validated in clinical cohorts. Moreover, the mechanism by which MCM3 affects the occurrence and development of LGG needs to be clarified by further experiments. Whether MCM3 can predict immunotherapy responses or serve as a novel immunotherapy target needs to be confirmed by additional experimental and clinical trial data.
CONCLUSION
Our study suggested that MCM3 can be used as a potential prognostic marker for tumours and may be associated with tumour immunity. In addition, MCM3 is a promising predictor of immunotherapy responses.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.
ETHICS STATEMENT
The studies involving humans were approved by the Ethics Committee of the Guangxi Medical University Cancer Hospital. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
Q-RH: Conceptualization, Funding acquisition, Methodology, Writing–original draft. QJ: Data curation, Software, Visualization, Writing–original draft. J-YT: Data curation, Validation, Writing–original draft. R-BN: Data curation, Investigation, Supervision, Writing–original draft. JY: Formal Analysis, Investigation, Project administration, Writing–original draft. X-WY: Formal Analysis, Investigation, Resources, Writing–original draft. L-GM: Formal Analysis, Investigation, Project administration, Writing–original draft. G-YL: Data curation, Project administration, Writing–original draft. TD: Conceptualization, Funding acquisition, Methodology, Project administration, Writing–review and editing. Y-ZG: Conceptualization, Investigation, Methodology, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was supported by the Youth Program of the Scientific Research Foundation of Guangxi Medical University Cancer Hospital (YQJ2022-10) and the Opening Project of Guangxi Medical and Health Appropriate Technology Development and Promotion Project (Nos. S2022114 and S2020097).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1390615/full#supplementary-material
REFERENCES
 Abad, E., Graifer, D., and Lyakhovich, A. (2020). DNA damage response and resistance of cancer stem cells. Cancer Lett. 474, 106–117. doi:10.1016/j.canlet.2020.01.008
 Ahmadzadeh, M., Johnson, L., Heemskerk, B., Wunderlich, J., Dudley, M., White, D., et al. (2009). Tumor antigen-specific CD8 T cells infiltrating the tumor express high levels of PD-1 and are functionally impaired. Blood 114 (8), 1537–1544. doi:10.1182/blood-2008-12-195792
 Aporowicz, M., Czopnik, P., Kubicka, E., Piotrowska, A., Dziegiel, P., Bolanowski, M., et al. (2019). Minichromosome maintenance proteins MCM-3, MCM-5, MCM-7, and ki-67 as proliferative markers in adrenocortical tumors. Anticancer Res. 39 (3), 1151–1159. doi:10.21873/anticanres.13224
 Ben-David, U., and Amon, A. (2020). Context is everything: aneuploidy in cancer. Nat. Rev. Genet. 21 (1), 44–62. doi:10.1038/s41576-019-0171-x
 Borst, J., Ahrends, T., Bąbała, N., Melief, C., and Kastenmüller, W. J. N. r. I. (2018). CD4+ T cell help in cancer immunology and immunotherapy. Nat. Rev. Immunol. 18 (10), 635–647. doi:10.1038/s41577-018-0044-0
 Cancer Genome Atlas Research, N., Weinstein, J. N., Collisson, E. A., Mills, G. B., Shaw, K. R., Ozenberger, B. A., et al. (2013). The cancer Genome atlas pan-cancer analysis project. Nat. Genet. 45 (10), 1113–1120. doi:10.1038/ng.2764
 Cao, L., Zhao, Y., Liang, Z., Yang, J., Wang, J., Tian, S., et al. (2022). Corrigendum: systematic analysis of MCM3 in pediatric medulloblastoma via multi-omics analysis. Front. Mol. Biosci. 9, 1076243. doi:10.3389/fmolb.2022.1076243
 Cao, R., Yuan, L., Ma, B., Wang, G., and Tian, Y. (2020). Immune-related long non-coding RNA signature identified prognosis and immunotherapeutic efficiency in bladder cancer (BLCA). Cancer Cell Int. 20, 276. doi:10.1186/s12935-020-01362-0
 Chen, F., Fan, Y., Cao, P., Liu, B., Hou, J., Zhang, B., et al. (2021). Pan-cancer analysis of the prognostic and immunological role of HSF1: a potential target for survival and immunotherapy. Oxid. Med. Cell Longev. 2021, 5551036. doi:10.1155/2021/5551036
 Deegan, T. D., and Diffley, J. F. (2016). MCM: one ring to rule them all. Curr. Opin. Struct. Biol. 37, 145–151. doi:10.1016/j.sbi.2016.01.014
 Drissi, R., Anais, C., Alyson, M., Dominique, L., Blais-Brochu, S., Jean, D., et al. (2018). Destabilization of the MiniChromosome Maintenance (MCM) complex modulates the cellular response to DNA double strand breaks. Cell Cycle 17, 2593–2609. doi:10.1080/15384101.2018.1553336
 Dudley, J., Lin, M., Le, D., and Eshleman, J. (2016). Microsatellite instability as a biomarker for PD-1 blockade. Clin. Cancer Res. 22 (4), 813–820. doi:10.1158/1078-0432.Ccr-15-1678
 Ettinger, D., Wood, D., Aggarwal, C., Aisner, D., Akerley, W., Bauman, J., et al. (2019). NCCN guidelines insights: non-small cell lung cancer, version 1.2020. J. Natl. Compr. Canc Netw. 17 (12), 1464–1472. doi:10.6004/jnccn.2019.0059
 Evrin, C., Fernandez-Cid, A., Riera, A., Zech, J., Clarke, P., Herrera, M. C., et al. (2014). The ORC/Cdc6/MCM2-7 complex facilitates MCM2-7 dimerization during prereplicative complex formation. Nucleic Acids Res. 42 (4), 2257–2269. doi:10.1093/nar/gkt1148
 Fu, L., Bao, J., Li, J., Li, Q., Lin, H., Zhou, Y., et al. (2022). Crosstalk of necroptosis and pyroptosis defines tumor microenvironment characterization and predicts prognosis in clear cell renal carcinoma. Front. Immunol. 13, 1021935. doi:10.3389/fimmu.2022.1021935
 Gao, Z., Man, X., Li, Z., Bi, J., Liu, X., and Li, Z. (2022). PLK1 promotes proliferation and suppresses apoptosis of renal cell carcinoma cells by phosphorylating MCM3. Cancer Gene Ther. 29, 627. doi:10.1038/s41417-022-00458-1
 Gao, Z., Man, X., Li, Z., Bi, J., Liu, X., Li, Z., et al. (2020). PLK1 promotes proliferation and suppresses apoptosis of renal cell carcinoma cells by phosphorylating MCM3. Cancer Gene Ther. 27 (6), 412–423. doi:10.1038/s41417-019-0094-x
 Giustini, N., and Bazhenova, L. J. L. C. (2021). Recognizing prognostic and predictive biomarkers in the treatment of non-small cell lung cancer (NSCLC) with immune checkpoint inhibitors (ICIs). Lung Cancer (Auckl) 12, 21–34. doi:10.2147/lctt.S235102
 Haddad, A., Young, J., Oh, J., Okada, H., and Aghi, M. (2022). The immunology of low-grade gliomas. Neurosurg. Focus 52 (2), E2. doi:10.3171/2021.11.Focus21587
 Hsu, E. C., Shen, M., Aslan, M., Liu, S., Kumar, M., Garcia-Marques, F., et al. (2021). MCM2-7 complex is a novel druggable target for neuroendocrine prostate cancer. Sci. Rep. 11 (1), 13305. doi:10.1038/s41598-021-92552-x
 Hu, Z., Liu, Z., Zheng, J., Peng, Y., Lu, X., Li, J., et al. (2023). Microsatellite instability-related prognostic risk score (MSI-pRS) defines a subset of lung squamous cell carcinoma (LUSC) patients with genomic instability and poor clinical outcome. Front. Genet. 14, 1061002. doi:10.3389/fgene.2023.1061002
 Jaafari-Ashkavandi, Z., Mehranmehr, F., Roosta, E., and Research, C. (2019). MCM3 and Ki67 proliferation markers in odontogenic cysts and ameloblastoma. J. Oral Biol. Craniofac Res. 9 (1), 47–50. doi:10.1016/j.jobcr.2018.09.003
 Jiang, P., Li, Y., Xu, Z., and He, S. (2021). A signature of 17 immune-related gene pairs predicts prognosis and immune status in HNSCC patients. Transl. Oncol. 14 (1), 100924. doi:10.1016/j.tranon.2020.100924
 Kang, E., Millstein, J., Popovic, G., Meagher, N., Bolithon, A., Talhouk, A., et al. (2022). MCM3 is a novel proliferation marker associated with longer survival for patients with tubo-ovarian high-grade serous carcinoma. Virchows Arch. 480 (4), 855–871. doi:10.1007/s00428-021-03232-0
 Kennedy, R., and Celis, E. (2008). Multiple roles for CD4+ T cells in anti-tumor immune responses. Immunol. Rev. 222, 129–144. doi:10.1111/j.1600-065X.2008.00616.x
 Kobierzycki, C., Pula, B., Skiba, M., Jablonska, K., Latkowski, K., Zabel, M., et al. (2013). Comparison of minichromosome maintenance proteins (MCM-3, MCM-7) and metallothioneins (MT-I/II, MT-III) expression in relation to clinicopathological data in ovarian cancer. Anticancer Res. 33 (12), 5375–5383.
 Lau, K., Chan, Q., Pang, J., Li, K., Yeung, W., Chung, N., et al. (2010). Minichromosome maintenance proteins 2, 3 and 7 in medulloblastoma: overexpression and involvement in regulation of cell migration and invasion. Oncogene 29 (40), 5475–5489. doi:10.1038/onc.2010.287
 Li, H., Wei, B., Li, Z., Wang, X., Jia, W., Xu, Y., et al. (2020). Diagnostic and prognostic value of MCM3 and its interacting proteins in hepatocellular carcinoma. Oncol. Lett. 20 (6), 308. doi:10.3892/ol.2020.12171
 Li, T., Fan, J., Wang, B., Traugh, N., Chen, Q., Liu, J., et al. (2017). TIMER: a web server for comprehensive analysis of tumor-infiltrating immune cells. Cancer Res. 77 (21), e108–e110. doi:10.1158/0008-5472.Can-17-0307
 Li, Y., Zou, J., Zhang, Q., Quan, F., Cao, L., Zhang, X., et al. (2021). Systemic analysis of the DNA replication regulator MCM complex in ovarian cancer and its prognostic value. Front. Oncol. 11, 681261. doi:10.3389/fonc.2021.681261
 Liang, X., Zhang, H., Wang, Z., Zhang, X., Dai, Z., Zhang, J., et al. (2022). JMJD8 is an M2 macrophage biomarker, and it associates with DNA damage repair to facilitate stemness maintenance, chemoresistance, and immunosuppression in pan-cancer. Front. Immunol. 13, 875786. doi:10.3389/fimmu.2022.875786
 Lim, M., Xia, Y., Bettegowda, C., and Weller, M. (2018). Current state of immunotherapy for glioblastoma. World Neurosurg. 15 (7), 422–442. doi:10.1038/s41571-018-0003-5
 Liu, A., Jiang, B., Song, C., Zhong, Q., Mo, Y., Yang, R., et al. (2023). Isoliquiritigenin inhibits circ0030018 to suppress glioma tumorigenesis via the miR-1236/HER2 signaling pathway. MedComm 4 (3), e282. doi:10.1002/mco2.282
 Lokkegaard, S., Elias, D., Alves, C. L., Bennetzen, M. V., Laenkholm, A. V., Bak, M., et al. (2021). MCM3 upregulation confers endocrine resistance in breast cancer and is a predictive marker of diminished tamoxifen benefit. NPJ Breast Cancer 7 (1), 2. doi:10.1038/s41523-020-00210-8
 Madine, M. A., Swietlik, M., Pelizon, C., Romanowski, P., Mills, A. D., and Laskey, R. A. (2000). The roles of the MCM, ORC, and Cdc6 proteins in determining the replication competence of chromatin in quiescent cells. J. Struct. Biol. 129 (2-3), 198–210. doi:10.1006/jsbi.2000.4218
 Malta, T., Sokolov, A., Gentles, A., Burzykowski, T., Poisson, L., Weinstein, J., et al. (2018). Machine learning identifies stemness features associated with oncogenic dedifferentiation. Cell 173 (2), 338–354.e15. doi:10.1016/j.cell.2018.03.034
 Matthews, H., Bertoli, C., and de Bruin, R. (2022). Cell cycle control in cancer. Nat. Rev. Mol. Cell Biol. 23 (1), 74–88. doi:10.1038/s41580-021-00404-3
 McGrail, D., Pilié, P., Rashid, N., Voorwerk, L., Slagter, M., Kok, M., et al. (2021). High tumor mutation burden fails to predict immune checkpoint blockade response across all cancer types. Ann. Oncol. 32 (5), 661–672. doi:10.1016/j.annonc.2021.02.006
 Melssen, M., and Slingluff, C. (2017). Vaccines targeting helper T cells for cancer immunotherapy. Curr. Opin. Immunol. 47, 85–92. doi:10.1016/j.coi.2017.07.004
 Miller, K. D., Nogueira, L., Devasia, T., Mariotto, A. B., Yabroff, K. R., Jemal, A., et al. (2022). Cancer treatment and survivorship statistics, 2022. CA Cancer J. Clin. 72 (5), 409–436. doi:10.3322/caac.21731
 Mohamed, A., Abd El Hafez, A., Eltantawy, A., Mahfouz, M., and Aimm, M. (2022). Diagnostic and prognostic value of isolated and combined MCM3 and glypican-3 expression in hepatocellular carcinoma: a novel immunosubtyping prognostic model. Appl. Immunohistochem. Mol. Morphol. 30 (10), 694–702. doi:10.1097/pai.0000000000001080
 Newman, J., Seetharamu, N., and Saif, M. (2020). Burden of proof: evaluating the efficacy of tumor mutational burden (TMB) in predicting response to immune checkpoint inhibitors. Cancer Med. J. 3, 17–21.
 Pan, S., Sun, S., Liu, B., and Hou, Y. (2022). Pan-cancer landscape of the RUNX protein family reveals their potential as carcinogenic biomarkers and the mechanisms underlying their action. J. Transl. Intern. Med. 10 (2), 156–174. doi:10.2478/jtim-2022-0013
 Picard, E., Verschoor, C., Ma, G., and Pawelec, G. (2020). Relationships between immune landscapes, genetic subtypes and responses to immunotherapy in colorectal cancer. Front. Immunol. 11, 369. doi:10.3389/fimmu.2020.00369
 Raja, R., Shetty, D., Juneja, S., Tandon, A., and Gulati, N. (2021). MCM3 proliferative index is worthier over Ki-67 in the characterization of salivary gland tumors. Indian J. Pathol. Microbiol. 64 (1), 22–27. doi:10.4103/ijpm.Ijpm_63_20
 Sedlackova, H., Rask, M. B., Gupta, R., Choudhary, C., Somyajit, K., and Lukas, J. (2020). Equilibrium between nascent and parental MCM proteins protects replicating genomes. Nature 587 (7833), 297–302. doi:10.1038/s41586-020-2842-3
 Söling, A., Sackewitz, M., Volkmar, M., Schaarschmidt, D., Jacob, R., Holzhausen, H., et al. (2005). Minichromosome maintenance protein 3 elicits a cancer-restricted immune response in patients with brain malignancies and is a strong independent predictor of survival in patients with anaplastic astrocytoma. Clin. Cancer Res. 11 (1), 249–258. doi:10.1158/1078-0432.249.11.1
 Stewart, P., Khamis, Z., Zhau, H., Duan, P., Li, Q., Chung, L., et al. (2017). Upregulation of minichromosome maintenance complex component 3 during epithelial-to-mesenchymal transition in human prostate cancer. Oncotarget 8 (24), 39209–39217. doi:10.18632/oncotarget.16835
 Sun, D., Wang, J., Han, Y., Dong, X., Ge, J., Zheng, R., et al. (2021). TISCH: a comprehensive web resource enabling interactive single-cell transcriptome visualization of tumor microenvironment. Nucleic Acids Res. 49, D1420–D1430. doi:10.1093/nar/gkaa1020
 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71 (3), 209–249. doi:10.3322/caac.21660
 Tang, H., Wang, Z., Liu, Q., Liu, X., Wu, M., and Li, G. (2014). Disturbing miR-182 and -381 inhibits BRD7 transcription and glioma growth by directly targeting LRRC4. PLoS One 9 (1), e84146. doi:10.1371/journal.pone.0084146
 Torre, L. A., Bray, F., Siegel, R. L., Ferlay, J., Lortet-Tieulent, J., and Jemal, A. (2015). Global cancer statistics, 2012. CA Cancer J. Clin. 65 (2), 87–108. doi:10.3322/caac.21262
 Valverde, L., de Freitas, R., Pereira, T., de Resende, M., Agra, I., Dos Santos, J., et al. (2018). MCM3: a novel proliferation marker in oral squamous cell carcinoma. Appl. Immunohistochem. Mol. Morphol. 26 (2), 120–125. doi:10.1097/pai.0000000000000397
 Wang, X., Qiu, W., Liu, H., Li, T., Ye, H., Li, Y., et al. (2021). The prognostic value of combining CD133 and mismatch repair proteins in patients with colorectal cancer. Clin. Exp. Pharmacol. Physiol. 48 (1), 54–63. doi:10.1111/1440-1681.13408
 Xiao, Y. Y. D., and Yu, D. (2021). Tumor microenvironment as a therapeutic target in cancer. Pharmacol. Ther. 221, 107753. doi:10.1016/j.pharmthera.2020.107753
 Xie, J., Zhang, J., Tian, W., Zou, Y., Tang, Y., Zheng, S., et al. (2022). The pan-cancer multi-omics landscape of FOXO family relevant to clinical outcome and drug resistance. Int. J. Mol. Sci. 23 (24), 15647. doi:10.3390/ijms232415647
 Xu, W. X., Zhang, J., Hua, Y. T., Yang, S. J., Wang, D. D., and Tang, J. H. (2020). An integrative pan-cancer analysis revealing LCN2 as an oncogenic immune protein in tumor microenvironment. Front. Oncol. 10, 605097. doi:10.3389/fonc.2020.605097
 Yang, W., Pan, Y., and You, C. (2019). CDK1, CCNB1, CDC20, BUB1, MAD2L1, MCM3, BUB1B, MCM2, and RFC4 may Be potential therapeutic targets for hepatocellular carcinoma using integrated bioinformatic analysis. Biomed. Res. Int. 2019, 1245072. doi:10.1155/2019/1245072
 Yoshihara, K., Shahmoradgoli, M., Martínez, E., Vegesna, R., Kim, H., Torres-Garcia, W., et al. (2013). Inferring tumour purity and stromal and immune cell admixture from expression data. Nat. Commun. 4, 2612. doi:10.1038/ncomms3612
 Yuan, H., Yan, M., Zhang, G., Liu, W., Deng, C., Liao, G., et al. (2019). CancerSEA: a cancer single-cell state atlas. Nucleic Acids Res. 47, D900–D908. doi:10.1093/nar/gky939
 Zhang, H., Wang, Z., Dai, Z., Wu, W., Cao, H., Li, S., et al. (2021). Novel immune infiltrating cell signature based on cell pair algorithm is a prognostic marker in cancer. Front. Immunol. 12, 694490. doi:10.3389/fimmu.2021.694490
 Zhang, Y., Luo, J., He, R., Huang, W., Li, Z., Li, P., et al. (2016). Expression and clinicopathological implication of DcR3 in lung cancer tissues: a tissue microarray study with 365 cases. Onco Targets Ther. 9, 4959–4968. doi:10.2147/ott.S105225
 Zhou, H., Xiong, Y., Zhang, G., Liu, Z., Li, L., Hou, S., et al. (2020). Elevated expression of minichromosome maintenance 3 indicates poor outcomes and promotes G1/S cell cycle progression, proliferation, migration and invasion in colorectal cancer. Biosci. Rep. 40 (7). doi:10.1042/BSR20201503
 Zhou, X., Lin, K., Fu, L., Liu, F., Lin, H., Chen, Y., et al. (2023). Overexpression of TREM1 is associated with the immune-suppressive microenvironment and unfavorable prognosis in pan-cancer. J. Inflamm. Res. 16, 1375–1391. doi:10.2147/jir.S398284
 Zhuang, L., Yang, Z., and Meng, Z. (2018). Upregulation of BUB1B, CCNB1, CDC7, CDC20, and MCM3 in tumor tissues predicted worse overall survival and disease-free survival in hepatocellular carcinoma patients. Biomed. Res. Int. 2018, 7897346. doi:10.1155/2018/7897346
 Zou, Y., Ye, F., Kong, Y., Hu, X., Deng, X., Xie, J., et al. (2023). The single-cell landscape of intratumoral heterogeneity and the immunosuppressive microenvironment in liver and brain metastases of breast cancer. Adv. Sci. 10 (5), e2203699. doi:10.1002/advs.202203699
GLOSSARY
[image: ]Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Huang, Jiang, Tan, Nong, Yan, Yang, Mo, Ling, Deng and Gong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1390615-g004.gif
GSE91081 (elsnems)

H“{‘\\"






OPS/images/fphar-15-1390615-g005.gif





OPS/images/fphar-15-1390615-g002.gif
A N

|
T
CIPIEFIIISOEEFIEFE S P Fo

h T

]

Progression Free Interval

c

Over Survival

s
B w,w.:.
R HHIH

i1 EiGhiaRciiiii haadiidl
S

SE LR B

Disease Free nterval

sspssssaney

iR

PR L B

O gss packc st





OPS/images/fphar-15-1390615-g003.gif





OPS/images/fphar-15-1390615-g008.gif





OPS/images/fphar-15-1390615-g006.gif





OPS/images/fphar-15-1390615-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		The prognostic and immunological role of MCM3 in pan-cancer and validation of prognosis in a clinical lower-grade glioma cohort		Introduction

		Materials and methods		Data collection and expression analysis

		Prognosis evaluation

		Assessment of relevant characteristics

		Immunotherapy prediction and drug sensitivity analysis

		Single-cell analysis

		Clinical correlation analysis of MCM3 in LGG

		Nomogram construction, enrichment analysis and TMB analysis in LGG

		Validation of the prognostic significance of MCM3 in LGG

		Statistical analysis





		Results		Expression patterns of MCM3 across cancers

		Prognostic significance of MCM3 across cancers

		Association between MCM3 expression and tumour immunity

		Associations of MCM3 with immunotherapy response and drug sensitivity

		Single-cell analysis

		Clinical correlation analysis of MCM3 in LGG

		Nomogram construction, enrichment analysis and TMB analysis in LGG

		Validation of the prognostic significance of MCM3 in LGG





		Discussion

		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References

		Glossary









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-15-1390615-001.jpg
Pan-cancer

AcC Adrenocortical carcinoma

BLCA Bladder Urothelial Carcinoma

BRCA Breast invasive carcinoma

CESC Cervical squamous cell carcinoma and endocervical adenocarcinoma
CHOL Cholangiocarcinoma

COAD Colon adenocarcinoma

DLBC Lymphoid Neoplasm Diffuse Large B-cell Lymphoma
ESCA Esophageal carcinoma

GBM Glioblastoma multiforme

HNSC Head and Neck squamous cell carcinoma
KICH Kidney Chromophobe

KIRC Kidney renal clear cell carcinoma

KIRP Kidney renal papillary cell carcinoma
LAML Acute Myeloid Leukemia

LGG Lower-Grade Glioma

LIHC Liver hepatocellular carcinoma

LUAD Lung adenocarcinoma

LUSC Lung squamous cell carcinoma

MESO Mesothelioma

ov Ovarian serous cystadenocarcinoma
PAAD Pancreatic adenocarcinoma

PCPG Pheochromocytoma and Paraganglioma
PRAD Prostate adenocarcinoma

READ Rectum adenocarcinoma

SARC Sarcoma

SKCM Skin Cutancous Melanoma

STAD Stomach adenocarcinoma

TGCT Testicular Germ Cell Tumors

THCA Thyroid carcinoma

THYM Thymoma

UCEC Uterine Corpus Endometrial Carcinoma
ucs Uterine Carcinosarcoma

UVM Uveal Melanoma





OPS/images/fphar-15-1390615-g001.gif
TS

9“ uw ?
m. ]oom w n










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





