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Overexpression of synaptonemal complex protein-2 (SYCP2) has been identified in various human papillomavirus (HPV)–related carcinomas, whereas its significant role in breast carcinoma remains unclear. The aim of this study was to elucidate the prognostic value and potential function of SYCP2 in breast carcinoma. Herein, data for breast carcinoma patients from the Gene Expression Omnibus (GEO) and The Cancer Genome Atlas database (TCGA) were analyzed. The enrichment analysis of SYCP2 including Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), Friends, and GSEA was performed. Kaplan–Meier analysis, Cox regression, and receiver operating characteristic (ROC) curves were employed for determining the predictive value of SYCP2 on clinical outcomes in patients suffering from breast carcinoma. A nomogram was generated to predict the effect arising from SYCP2 on prognosis. The association analysis of SYCP2 gene expression and diverse immune infiltration levels was conducted through ssGSEA and ESTIMATE analysis, which consisted of dendritic cell (DC), neutrophil, eosinophil, macrophage, mast cell, NK cell, and other 18 cell subtypes. The results showed that SYCP2 expression was significantly elevated in breast carcinoma tissues as compared with that of normal tissues (p < 0.001). SYCP2 plays a certain role in pathways related to DNA methylation, keratinocyte differentiation, steroid hormone biosynthesis, and immune infiltration. The high expression of SYCP2 had a significant relationship to age, pathological type, ER expression, and PR expression (p < 0.001). Kaplan–Meier survival analysis showed that patients suffering from breast carcinoma characterized by high-SYCP2 expression had a poorer prognosis than patients with low-SYCP2 expression (p = 0.005). Univariate and multivariate Cox regression analyses revealed that SYCP2 had an independent relationship to overall survival (p = 0.049). Moreover, ROC curves suggested the significant diagnostic ability of SYCP2 for breast carcinoma, and as time went on, SYCP2 had more accurate prognostic efficacy. Furthermore, a high level of SYCP2 expression was found to have a relationship to poor prognosis of breast carcinoma in the subgroups of T3, N0, and M0, and infiltrating ductal carcinoma (HR > 1, p < 0.05). The calibration plot of the nomogram indicated that the SYCP2 model has an effective predictive performance for breast carcinoma patients. Conclusively, SYCP2 plays a vital role in the pathogenesis and progression of human breast carcinoma, so it may serve as a promising prognostic molecular marker of poor survival.
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INTRODUCTION
The incidence rate of female breast carcinoma is 46.3% and the death rate is 13.0%, ranking first in female carcinoma, as reported by the international carcinoma research center and the American Carcinoma Society’s global carcinoma statistics report 2018 (Bray et al., 2018). It is a highly heterogeneous tumor with remarkable genetic and phenotypic diversity, as revealed in the proliferation rate, invasion ability, metastasis potential, therapeutic effect, and pathogenic mutation of tumor cells. At present, breast carcinoma has been largely treated by surgery, supplemented by radiotherapy, chemotherapy, and endocrine therapy. Treatments are capable of increasing the long-term cure rate of patients, whereas some of the treatment failures of breast carcinoma primarily arise from the high aggressiveness of the tumor and distant metastasis. Although tumor stage, histological grade, pathological classification, and immunophenotyping are generally applied in the prognosis clinically, the abovementioned features cannot accurately make the prognosis of patients due to tumor heterogeneity and the underlying pathogenesis of breast cancer aggressiveness which remains poorly understood. Accordingly, effective biomarkers for prognostic risk assessment and molecular targets should be identified for breast cancer treatment.
Synaptonemal complex protein-2 (SYCP2) is the largest synaptonemal complex (SC) protein yet described which consists of 1,530 amino acids in humans (Kouznetsova et al., 2005) and is the major component of the axial/lateral elements of SCs during meiotic prophase (Winkel et al., 2009; Fraune et al., 2014). Three major isoforms of SC proteins, including SC protein-1 (SYCP1), SC protein-2 (SYCP2), and SC protein-3 (SYCP3), were found to be the structural proteins of mammalian SCs. Thus, SYCP2 plays a key role in the assembly of synaptonemal complexes and is required for normal meiotic chromosome synapsis during oocyte (Feng et al., 2017) and spermatocyte development (Takemoto et al., 2020).
In existing studies, SYCP2 was reported as a robust candidate gene for male infertility since its encoding protein can interact directly with protein products of the male infertility genes TEX11 and SYCP3 in mice (Offenberg et al., 1998; Yang et al., 2008). Nevertheless, recent research provided further evidence of SYCP2-mediated male infertility, and reported that SYCP2 translocation-mediated dysregulation and frameshift variants can result in human male infertility (Schilit et al., 2020). In addition, aberrant expression of SYCP2 which has been considered as a testis-specific human gene was identified in human papillomavirus (HPV)–related tumors, including HPV-positive head and neck squamous cell carcinoma (HNSCC) and cervical squamous cell carcinoma. Concretely, an existing study observed that SYCP2 was upregulated in HPV-positive HNSCC as compared with HPV-negative HNSCC (Martinez et al., 2007). Also, upregulated expression of SYCP2 (Masterson et al., 2015) was revealed in premalignant tissue (e.g., oropharyngeal squamous cell carcinoma in situ). During the progression of cervical cancer, SYCP2 was confirmed to be upregulated from normal cervical tissues, cervical intraepithelial neoplasia, to squamous cell carcinoma (Li et al., 2021). A recent study suggested that SYCP2 was significantly upregulated in luminal B tumors compared with the adjacent normal tissues, and the upregulated SYCP2 expression might serve as an independent indicator of shorter overall survival in luminal A/B breast carcinoma (Wu and Tuo, 2019). However, the potential role and relationship of SYCP2 suffering from breast carcinoma have been rarely characterized.
The aim of this study was to investigate differential mRNA expression of SYCP2 and associated pathways. By performing functional and interaction network analysis, immune cell infiltration, clinicopathological correlation, and prognostic significance in patients suffering from breast carcinoma were determined using vastly increasing bioinformatics methods, applications, and databases to provide unique insights into the prognosis monitoring and treatment of breast carcinoma. The workflow of this study was shown in Figure 1.
[image: Figure 1]FIGURE 1 | Workflow.
MATERIALS AND METHODS
Data source
1,109 RNA-seq data (HTSeq-FPKM and HTSeq-counts) and corresponding clinical (Supplementary Data Sheets S1–S7) information of patients suffering from breast carcinoma originated from The Cancer Genome Atlas Breast Invasive Carcinoma (TCGA-BRCA) of the Genomic Data Commons (GDC) data portal (https://portal.gdc.cancer.gov/), which consisted of 112 breast carcinoma samples with matched adjacent tissues. The Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) refers to an open high-throughput sequencing gene expression database. The GSE45827 (Gruosso et al., 2016) (Supplementary Data Sheet S8) and GSE42568 (Clarke et al., 2013) (Supplementary Data Sheet S9) datasets originated from the GEO database, both of which were generated using the GPL570 (HG-U133_Plus_2) (Supplementary Data Sheet S10) Affymetrix Human Genome U133 Plus 2.0 Array. According to the GSE45827 dataset, 130 breast carcinoma tissues and 11 normal breast tissues were involved. In the GSE42568 dataset, 104 breast carcinoma tissues and 17 normal breast tissues were covered. The Human Protein Atlas (HPA) database (https://www.proteinatlas.org/) primarily involves proteomics, transcriptome, and systems biology data, providing tissue and cell distribution information of all 24,000 human proteins (Uhlen et al., 2015). In this study, protein expression data of SYCP2 in whole body tissues originated from the HPA database.
Synaptonemal complex protein-2 differential expression in breast carcinoma tissues
Patients suffering from breast carcinoma were assigned to the high-SYCP2 expression group and the low-SYCP2 expression group in accordance with the SYCP2 median value in the TCGA-BRCA database. Differentially expressed genes (DEGs) between the two groups were identified using the R package “DESeq2” (Love et al., 2014), in which the |logFC| >1 and Adjust p-Value< 0.05 were set as thresholds. The R packages “ggplot2” and “pheatmap” were adopted to illustrate results as volcano plots and heatmaps.
Functional and pathway enrichment analysis
In accordance with the R package “clusterProfiler” (Yu et al., 2012), we performed functional enrichment analysis which included Gene Ontology (GO) terms for biological process (BP), cellular component (CC), and molecular function (MF) categories and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. In order to identify the hub gene that interacts with other genes in the pathway, we used the R package “GOSemSim” (Yu et al., 2010) to conduct Friends analysis based on the GO analysis results. Only terms with a p-value < 0.05 were considered significant. Furthermore, gene set enrichment analysis (GSEA) was performed to elucidate the significant function and pathway differences between the high-SYCP2 expression group and the low-SYCP2 expression group. GSEA (Subramanian et al., 2005) is a computational method to analyze whether a particular gene set is statistically different between two biological states and is commonly used to estimate changes in pathway and biological process activity in expression dataset samples. The “C2. cp.v7.2.symbols. GMT (Curated)” gene set was downloaded from the Molecular Signatures Database (MSigDB) for GSEA analysis, and p-value< 0.05 was considered to be statistically significant enrichment. In addition, the R package “GSVA” (Hanzelmann et al., 2013) was used to calculate the score of the Hallmark pathway according to the gene expression matrix of the respective sample by the single-sample GSEA (ssGSEA) method (Barbie et al., 2009), and differential screening of enrichment function was performed by limma (Ritchie et al., 2015) package in R software. p-value < 0.05 was considered to be statistically significant.
Construction of protein–protein interaction network
STRING (https://string-db.org/) refers to a user-friendly online system aiming at collecting, scoring, and integrating all publicly available sources of PPI data, as well as at complementing the aforementioned functions with computational predictions of potential functions (Szklarczyk et al., 2021). The PPI analysis of DEGs screened from the high-SYCP2 expression group and the low-SYCP2 expression group was performed through the STRING database, and the obtained results were visualized with the network analyzer tool of the Cytoscape software. The starBase database (Li et al., 2014) was used to search for microRNA targets on the basis of high-throughput CLIP-seq experimental data and degradation group experimental data, thus providing a wide variety of visualized interfaces to predict microRNA targets. This database covers considerable miRNA-ncRNA, miRNA-mRNA, RBP-RNA, and RNA-RNA data, and it can be predicted by multiple tools (PITA, RNA22, miRmap, DIANA-microT, miRanda, PicTar, and TargetScan) simultaneously for the search of miRNA–mRNA interactions. This study used the starBase database to predict miRNA and RNA-binding proteins (RBP) binding to SYCP2. Several parameters were set, including clade (mammal), genome (human), assembly (hg19), CLIP data (≥ 1), degradome data (≥ 0), pan-cancer (≥ 0), program num (≥ 1), program (none), and clade (mammal), genome (human), assembly (hg19), CLIP data (≥ 1), pan-cancer (≥ 0). In addition to humans, mice were included, and humans were selected for our current study. CLIP data indicates the number of sequencing data of crosslinking-immunoprecipitation. The higher the level, the higher the feasibility of the result, including low stringency (≥ 1), medium stringency (≥ 2), high stringency (≥ 3), and strict stringency (≥ 5). As there is no unified standard for these parameters, the parameters in the current study were selected according to the prediction results, as shown earlier. The PROMO platform is a virtual laboratory for studying the binding sites of transcription factors in DNA sequences (Messeguer et al., 2002; Farre et al., 2003). Through this platform, we predicted the transcription factors bound to SYCP2, where the maximum matrix dissimilarity rate was set to 5%. The Comparative Toxicogenomic Database (CTD) is a public database that links toxicological information on chemicals, genes, phenotypes, diseases, and exposures (Davis et al., 2021). For a specific gene, the CTD may predict the corresponding target compounds in a descending order of their interactions. In this study, CTDs with default parameters were used to provide the candidate chemicals associated with SYCP2 genes. Lastly, the R package “igraph” was used to draw the interactive network graph.
Immune infiltration analysis
Immune infiltration analysis of breast carcinoma samples was performed by the ssGSEA method using the R package “GSVA” (Hanzelmann et al., 2013) to assess the abundance of immune cells, which consisted of regulatory T cell (Treg), Th17 cell, Th2 cell, Th1 cell, neutrophil, eosinophil, macrophage, CD8 T cell, T-helper cell, T cell, NK CD56 bright cell, NK CD56 dim cell, B cell, NK cell, cytotoxic cell, mast cell, T-central memory (Tcm), T-effector memory (Tem), T-follicular helper (Tfh), T-gamma delta (Tgd), plasmacytoid DC (pDC), immature DC (iDC), activated DC (aDC), and dendritic cell (DC) in breast carcinoma samples. RNA-seq data (level-3 HTSeq-FPKM) were extracted from TCGA-BRCA. The relative enrichment score of each was quantified from the gene expression profile for each tumor sample. Default parameters in the package were used. ESTIMATE analysis refers to an algorithm that quantifies immune activity (the level of immune invasion) in this tumor sample in accordance with gene expression profiles. In this study, the immune activity and matrix score for the respective sample of breast carcinoma (level-3 HTSeq-FPKM) were assessed using the ESTIMATE package (Yoshihara et al., 2013) in R, and default parameters in the package were used.
Correlation and prognosis analysis between synaptonemal complex protein-2 expression and clinicopathological characteristics
The time-dependent receiver operating characteristic (ROC) curve was performed according to the high- and low-SYCP2 expression to evaluate the diagnostic efficacy of SYCP2 in breast carcinoma. The prognostic value of SYCP2 in breast carcinoma was assessed with the use of the Kaplan–Meier curve. The prognostic factors of breast carcinoma were assessed on the basis of Cox regression analysis. A nomogram was used to illustrate the prognostic prediction model, and a scoring tool was provided to assess the risk probability. In this study, a nomogram and a calibration plot were drawn with the use of the R package “rms” (Eng et al., 2015) to show the consistency of the actual probability and the predicted risk probability, so as to assess the efficacy of the prognostic model.
Statistical analysis
Wilcoxon rank-sum test and matched samples t-test were used to analyze the expression of SYCP2 in non-paired samples and paired samples, respectively. Chi-square test or Fisher’s exact test were used to compare and analyze the statistical significance between the two groups of categorical variables, specifically the expression differences of SYCP2 in different clinicopathological subgroups. Survival curves were drawn using the Kaplan–Meier method, and the differences between groups were assessed via the Cox regression analysis. Univariate and multivariate analyses using Cox proportional hazard modeling were performed to estimate the risk of death. Only p < 0.05 (bilateral) was considered statistically significant. All statistical analyses and plots were conducted using R (Version 3.6.3).
RESULTS
Elevated synaptonemal complex protein-2 expression in breast carcinoma
As depicted in Figure 2, in TCGA-BRCA, GSE45827, and GSE42568, the mRNA expression levels of SYCP2 in breast carcinoma tissues were significantly higher than that in normal tissues (p < 0.001). The ROC curve analysis showed SYCP2 had an AUC value of 0.701, suggesting that SYCP2 could be exploited as a potential biomarker. The Kaplan–Meier survival curve indicated that patients suffering from breast carcinoma with high-SYCP2 mRNA expression had poor prognosis than those with low level of SYCP2 (p = 0.005). In addition, the top 20 tissues with high-SYCP2 expression are shown in Figure 2.
[image: Figure 2]FIGURE 2 | The mRNA and protein expression of SYCP2 in breast carcinoma. (A) The mRNA expression levels of SYCP2 within breast carcinoma and unpaired-adjacent tissues. (B) The mRNA expression levels of SYCP2 within 112 breast carcinoma and paired-adjacent tissues. (C) The mRNA expression levels of SYCP2 in the GSE45827 dataset. (D) The mRNA expression levels of SYCP2 in the GSE42568 dataset. (E) ROC curve revealed the efficiency of the SYCP2 expression level in distinguishing breast carcinoma tissue from nontumor tissue. (F) Kaplan–Meier survival curve comparing the high and low expression of SYCP2 in breast carcinoma. (G) Top 20 distribution of SYCP2 in systemic tissue expression (ns, p ≥ 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001).
Functional and pathway enrichment analyses
The expression profiles of the high- and low-SYCP2 expression groups were compared for identifying DEGs. Moreover, 181 DEGs were obtained, including 244 downregulated genes and 63 upregulated genes (Figure 3A). The heat map showed the expression of the top 5 upregulated and downregulated differential genes between the high- and low-SYCP2 expression groups (Figure 3B). The DEGs were assigned to three functional groups, including BP, MF, and CC (Table 1). For the BP term, the aforementioned genes showed enrichment in cornification, keratinization, keratinocyte differentiation, skin development, and epidermal cell differentiation (Figure 3C). The CC terms for the above genes were cornified envelope, keratin filament, intermediate filament, intermediate filament cytoskeleton, and intermediate filament cytoskeleton (Figure 3D). The MF terms for the aforementioned genes largely consisted of endopeptidase inhibitor activity, peptidase inhibitor activity, endopeptidase regulator activity, peptidase regulator activity, and enzyme inhibitor activity (Figure 3E). Based on the results of GO analysis, Friend analysis further revealed the top 15 genes that interacted with other genes in the pathway (Figure 4A). The KEGG pathway was enriched in steroid hormone biosynthesis, drug metabolism-cytochrome P450, pentose and glucuronate interconversions, chemical carcinogenesis, bile secretion, ascorbate and aldarate metabolism, and metabolism of xenobiotics by cytochrome P450 (Figures 3F, 4B,C; Table 2).
[image: Figure 3]FIGURE 3 | Enrichment analysis of GO and KEGG. (A) Volcanic plot of differentially expressed genes in the high-SYCP2 expression group and the low-SYCP2 expression group. (B) Heatmaps of the top five differentially expressed genes in high- and low-SYCP2 expression groups. (C) Biological process, BP. (D) Cellular component, CC. (E) Molecular function, MF. (F) Kyoto Encyclopedia of Genes and Genomes, KEGG.
TABLE 1 | GO enrichment analysis.
[image: Table 1][image: Figure 4]FIGURE 4 | Friends analysis and signaling pathway diagram. (A) The top 15 genes that interact with other genes in the pathway from the Friends analysis. (B) Steroid hormone biosynthesis. (C) Drug metabolism-cytochrome P450.
TABLE 2 | KEGG enrichment analysis.
[image: Table 2]GSEA enrichment analysis showed that (Table 3; Figure 5) reactome DNA methylation, wp histone modifications, reactome apoptosis–induced DNA fragmentation, and reactome G2 M checkpoints pathway were significantly enriched in the high-SYCP2 expression group. The low-SYCP2 expression group was closely related to the wp PI3KAKT signaling pathway, wp VEGFAVEGFR2 signaling pathway, and wp regulatory circuits of the STAT3 signaling pathway.
TABLE 3 | GSEA enrichment analysis.
[image: Table 3][image: Figure 5]FIGURE 5 | GSEA enrichment analysis. (A): REACTOME_DNA_METHYLATION; (B): WP_HISTONE_MODIFICATIONS; (C): REACTOME_APOPTOSIS_INDUCED_DNA_FRAGMENTATION; (D): REACTOME_G2_M_CHECKPOINTS; (E): PID_ATM_PATHWAY; (F): REACTOME_CELL_CYCLE_CHECKPOINTS; (G): WP_PI3KAKT_SIGNALING_PATHWAY; (H): 、WP_VEGFAVEGFR2_SIGNALING_PATHWAY; (I): WP_REGULATORY_CIRCUITS_OF_THE_STAT3_SIGNALING_PATHWAY; (J): WP_WNT_SIGNALING; (K): PID_CD8_TCR_PATHWAY; (L): BIOCARTA_TH1TH2_PATHWAY”.
According to GSVA results, multiple hallmark-related pathways differed between tumors and normal tissues (e.g., apoptosis, glycolysis, and notch signaling), and tumor tissues had higher pathway scores than normal tissues (Figure 6A). The higher the score, the greater the difference between the tumor and the normal group. Furthermore, based on the mentioned pathway scores and the SYCP2 gene expression levels, the correlation analysis suggested that the SYCP2 expression levels had a negative relationship to the aforementioned pathway scores, that is, the low expression of SYCP2 was more closely related to these pathways (Figure 6B).
[image: Figure 6]FIGURE 6 | GSVA analysis. (A) Heatmap of GSVA differential pathway results based on the hallmark gene set. (B) Correlation analysis between differential pathway and the SYCP2 expression level.
Construction of interaction network
The STRING database was used to establish the PPI network of SYCP2 (Figure 7A), and the lollipop diagram of SYCP2 interaction proteins was drawn (Figure 7B). The results showed that SYCP2 had a positive relationship with SYCE2, SYCP3, TEX12, STAG3, REC8, and SMC3 (p < 0.05). SYCE2 is part of the synaptonemal complex formed between homologous chromosomes during the meiotic prophase. Similar to SYCP2, SYCP3 encodes an important structural component of the synaptic complex, which is involved in synapsis, recombination, and segregation of meiotic chromosomes. Figures 7C,D present the interaction network constructed by predicting miRNA and RBP based on the starBase database, respectively. Figure 7E illustrates the interaction network based on the transcription factors binding SYCP2 predicted by the PROMO platform. Chemical drugs associated with the SYCP2 gene were predicted based on the CDC database (Figure 7F).
[image: Figure 7]FIGURE 7 | Construction of protein–protein interaction network and related regulatory network. (A) PPI network of SYCP2 based on the STRING database. (B) Lollipop diagram of the relationship of SYCP2 interaction proteins. (C) The mRNA–miRNA network was constructed based on the starBase database. (D) The mRNA–RBP network was constructed based on the starBase database. (E) SYCP2-transcription factor network was constructed based on the PROMO platform. (F) SYCP2-chemical drug network based on CDC database.
Relationship of synaptonemal complex protein-2 expression and immune infiltration
We further analyzed the influence of the expression level of SYCP2 on the immunological characteristics of TCGA-BRCA patients. Results showed that patients with high-SYCP2 expression had a significantly lower ESTIMATE score (p < 0.001, Figure 8A), immune score (p < 0.001, Figure 8B), and stromal score (p < 0.001, Figure 8C) compared with patients with low expression of SYCP2, which means that there were more tumor cells, immune cells, and stromal cells in the low-SYCP2 expression group than those in high-SYCP2 expression samples. In addition, different levels of immune cell infiltration in the high-SYCP2 expression group and the low-SYCP2 expression group were analyzed based on ssGSEA, and the result showed that the infiltration levels of aDC, B cells, CD8 T cells, cytotoxic cells, DC, iDC, macrophages, mast cells, neutrophils, NK CD56 dim cells, pDC, T cells, T-helper cells, Tcm, Tfh, Tgd, Th1 cells, Th2 cells, and Treg were significantly different in the high-SYCP2 expression group and the low-SYCP2 expression group (p < 0.05, Figure 8D). The expression level of SYCP2 had a positive relationship with the infiltration levels of T-helper cells and Tcm (p < 0.001), while having a negative relationship with the infiltration levels of aDC, B cells, CD8 T cells, cytotoxic cells, DC, iDC, macrophages, neutrophils, NK CD56 dim cells, pDC, T cells, Tfh, Tgd, Th1 cells, and Treg (p < 0.001, Figure 8E).
[image: Figure 8]FIGURE 8 | Effects of SYCP2 gene expression on immunological characteristics of TCGA-BRCA patients. (A–C) Compared with patients with low expression of SYCP2, patients with high expression of SYCP2 had a significantly lower ESTIMATE score (p < 0.001; Figure 8A), immune score (p < 0.001; Figure 8B), and stromal score (p < 0.001; Figure 8C). (D) The abundance of immune cells in high and low expression samples of SYCP2 was assessed based on ssGSEA. (E) Lollipop diagram of SYCP2 expression and immune cell infiltration (ns, p ≥ 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001).
Correlation and prognosis analysis between synaptonemal complex protein-2 expression and clinicopathological characteristics
The clinical characteristics of patients with high- and low-SYCP2 expression in TCGA-BRCA are shown in Table 4 (Supplementary Data Sheet S7). The level of SYCP2 expression had a significant relationship with age (Figure 9A), histological type (Figure 9C), ER expression (Figure 9D), and PR expression (Figure 9E) (p < 0.001). Time-dependent ROC results (Figure 9G) suggested that SYCP2 was more accurate in predicting prognosis over time. Univariate and multivariate Cox regression analyses showed that age (p < 0.001) and the SYCP2 expression (p = 0.049) were independent prognostic factors for TCGA-BRCA patients (Table 5, Supplementary Data Sheet S11). In addition, we also analyzed the prognostic effects of SYCP2 in different subgroups, and the results showed that SYCP2 was a risk factor in the subgroup of T3 stage, N0, M0, and infiltrating ductal carcinoma (HR > 1 and p < 0.05) (Figure 9H). Subsequently, we constructed a prognostic model based on the above clinical features and drew a nomogram to assess the risk probability (Figure 9I). In addition, the calibration plot indicated that the model has a relatively good predictive value for patients at 3, 5, and 10 years (Figure 9J).
TABLE 4 | Clinicopathologic characteristics of patients suffering from breast carcinoma with differential SYCP2 expression.
[image: Table 4][image: Figure 9]FIGURE 9 | Analysis of clinical characteristics and construction of the prognostic model of patients with the expression profile of SYCP2 in TCGA-BRCA. (A,C,D,E) The expression profile of SYCP2 showed significant differences in age, pathological type, ER expression, and PR expression (p < 0.001). (B,F) The expression profile of SYCP2 showed no significant difference in pathological stage and HER2 expression (p > 0.05). (G) Time-dependent ROC curve. (H) Prognostic forest plot of SYCP2 in different subgroups. (I) Construction of nomogram. (J) Calibration plot.
TABLE 5 | Univariate and multivariate Cox expression analysis.
[image: Table 5]DISCUSSION
SYCP2 is the most crucial gene in terms of chromosomal synapsis and synaptonemal complex assembly in the course of male meiosis (Yang et al., 2006). Researchers identified exclusive overexpression of SYCP2 from the der (20) allele and revealed three heterozygous SYCP2 frameshift variants in other subjects with cryptozoospermia and azoospermia according to exome sequencing of infertile males (Schilit et al., 2020). SC is a specific structure formed by homologous chromosomes during the prophase of meiosis, which promotes double-strand break (DSB) formation (Hollingsworth, 2020). Therefore, the encoded protein of SYCP2 is involved in the cell cycle, specifically in the M phase (mitosis and cytokinesis) (Espinosa et al., 2013). While SYCP2 is a testicular-specific human gene, elevated SYCP2 expression is likely to result in the genomic instability arising from high-risk HPV infection and the following oncogenic change (Masterson et al., 2015) in HPV-related carcinomas, which consist of cervical squamous cell carcinoma (CSCC) (Li et al., 2021; Luo et al., 2021) as well as head and neck squamous cell carcinoma (HNSCC) (Tripathi et al., 2020; Mendez-Matias et al., 2021; Berglund et al., 2022). As indicated by existing studies, SYCP2 belonging to the mitosis pathway is likely to play a certain role in the oncogenesis of cervical carcinoma and can be used as a diagnostic marker and therapeutic target (Espinosa et al., 2013); SYCP2 with alternative spliced events is likely to facilitate the CSCC progression (Guo et al., 2015). However, SYCP2 expression remains unclear, and its prognostic value in breast carcinoma has not been confirmed. In this study, bioinformatics analysis was conducted on the expression levels and prognostic value of SYCP2 in breast carcinoma with the use of high-throughput transcriptomic data that originated from TCGA/GEO. It was confirmed that SYCP2 is significantly upregulated in breast carcinoma tissues as compared with normal samples, and patients with high-SYCP2 expression had a poor prognosis than those with low-SYCP2 expression. Moreover, the ROC curves suggested the significant diagnostic ability of SYCP2 for breast carcinoma. The aforementioned data indicated that SYCP2 might serve as a potential prognostic marker in breast carcinoma.
GO, KEGG, GSEA, and GSVA were performed to investigate the underlying functions and mechanisms of SYCP2 in breast carcinoma in depth. GSEA revealed that DNA methylation, histone modification, apoptosis-induced DNA fragmentation, and G2/M checkpoints are differentially enriched in the high-SYCP2 expression group. As reported by a recent study, the aberrant expression of SYCP2 was related to the methylation status of multiple CpG sites in both luminal A and luminal B patients. Moreover, researchers suggested that HPV infection in HNSCC is associated with type-specific methylomic profiles, and SYCP2 is one of the significant differentially methylated genes (Berglund et al., 2022). Friends analysis based on the GO analysis results found hub genes in the pathway, which consisted of numerous methylation-related genes, especially CSN1S1. Lower expression of CSN1S1 could be monitored due to promoter methylation, mutations, and copy number alteration (CNA) (Mou et al., 2020). The aforementioned findings provided evidence that DNA methylation, especially HPV type-specific methylomic changes, significantly affects the development and progression of breast carcinoma. In addition, for the BP and CC in the results of this study of GO analysis, the DEGs were enriched in cornification, keratinization, keratinocyte differentiation, cornified envelope, and keratin filament. Keratins refer to epithelium-specific intermediate filament proteins that take on a critical significance for enhancing the structural integrity and polarity of cells and are considered to be involved in cell differentiation (Desai et al., 2009; Green et al., 2019). Under normal physiological conditions, keratinocytes are consistent with a specific process of apoptotic cell death and terminal differentiation, thus ultimately resulting in the formation of the keratin layer (Eckhart et al., 2013). Some studies have suggested that some decreased expression of keratins contributes to an initiation of metastasis by loosening cell adhesion through disassembly of desmosomes during distinct epithelial–mesenchymal transition (EMT) states (Huang et al., 2012; Seltmann et al., 2013). Accordingly, it has been suggested that the role of keratin in maintaining intercellular adhesion can act as a protective barrier against EMT and cell migration (Kroger et al., 2013). However, an upregulated expression of certain keratins has been found to facilitate cell migration and invasion in multiple malignancies (Cheung et al., 2013; Chung et al., 2015), and the possible mechanism involved in the invasion of extracellular matrix collectively by tumor cells (Cheung and Ewald, 2014; Yang et al., 2019). Thus, further investigations are warranted to elucidate the direct molecular mechanisms of the underlying interactions between SYCP2 expression and keratinocyte differentiation. Meanwhile, increasing evidence suggested that the viral oncoproteins can facilitate keratinocyte immortalization and disrupt the normal cytokeratin (CK) expression pattern in stratified squamous epithelium (Sun et al., 1993), by the stepwise process that leads to the oncogenesis of squamous cell carcinoma. Thus, we speculated whether patients suffering from breast carcinoma are also accompanied by HPV infection, and whether SYCP2 might affect the prognosis of patients suffering from breast carcinoma by regulating keratinocyte differentiation, which needs further verification.
The PPI results showed that SYCP2 had a positive relationship with SYCE2, SYCP3, TEX12, STAG3, REC8, and SMC3. SYCE2, SYCP2, and SYCP3 are all important components of the synaptonemal complex (SC), which refers to a type of meiosis-specific nuclear structure playing a critical role in proper segregation, recombination, and synapsis of homologous chromosomes. STAG3 is a subunit of the cohesin complex which regulates the cohesion of sister chromatids during cell division. REC8 and SMC3 belong to the subfamily of structural maintenance of chromosomes (SMC) proteins which is a component of the multimeric cohesin complex that holds together sister chromatids during mitosis. It appears that these genes have similar or interconnected functional significance. Another potential concern of this study is that SYCP2 expression is significantly related to multiple immune infiltration levels of TCGA-BRCA patients. First, the ESTIMATE score, immune score, and stromal score in the high-SYCP2 expression group were significantly lower than those in the low-SYCP2 expression group, suggesting that SYCP2 is a crucial immune-related gene. Second, the relationship between SYCP2 expression and the immune cells implicates the role of SYCP2 in the regulation tumor immunology in breast carcinoma. To be specific, the expression level of SYCP2 had a positive relationship with infiltration levels of T-helper cells and Tcm, while having a negative relationship with multiple immune cells (e.g., DC, aDC, pDC, iDC, neutrophils, and macrophages). T lymphocytes play a crucial role in the progression of breast carcinoma, especially in triple-negative breast carcinoma (Zhou et al., 2022). CD4+ T-helper cells directly or indirectly exert protumorigenic or/and antitumorigenic immune effects by affecting other immune cells (Criscitiello et al., 2016). Furthermore, anti-PD-1 therapy regulates systemic immune reactions, and exerts antineoplastic effects, not only by revitalizing Tem and Tcm of CD4+ and CD8+ T cells, but also via a shift to a Th1 phenotype (Yamaguchi et al., 2018). DCs are a heterogeneous population of antigen-presenting cells (APCs), containing a variety of subsets, that play critical roles in promoting an immune response against antigens including foreign pathogenic antigens and self-tumor antigens (Balan et al., 2019). Although DCs contribute to a small part of the tumor microenvironment, they are emerging as an essential antitumor component since they can stimulate tumor-specific T-cell responses and immunotherapy responses (de Winde et al., 2020; Sadeghzadeh et al., 2020). Consequently, the results of this study revealed that SYCP2 has the potential to affect immune cell infiltration and interfere with immunotherapy, providing evidence for its use as a predictive biomarker for immunotherapy in patients with breast carcinoma.
The clinicopathological characteristics of patients with high- and low-SYCP2 expression suggested that the level of SYCP2 expression had a significant relationship with pathological type, ER expression, and PR expression, thus suggesting that the high association between SYCP2 expression level and survival might be affected by histopathological type and differentiation. In stratified analysis, we found that SYCP2 expression remained a powerful forecaster of the prognosis within the subsets, including the T3 stage, N0, M0, and infiltrating ductal carcinoma. In addition, Cox regression analysis showed that the SYCP2 could act as an independent prognostic factor of TCGA-BRCA patients. Moreover, as revealed by the SYCP2-related nomogram of this study, SYCP2 made a larger contribution to OS, compared with FIGO stage and histological grade. The calibration plot revealed that the SYCP2 model has a relatively good predictive value for 3 years, 5 years, and 10 years of survival, and the prediction efficiency of SYCP2 becomes more accurate as time goes by.
Although the results of this study provided more insights into the relationship between SYCP2 and breast carcinoma, there are certain limitations that have to be mentioned. First, the relationship between SYCP2 expression and the OS of overall patients suffering from breast carcinoma was investigated, instead of the relationship between SYCP2 expression and the OS of patients suffering from each subtype of breast carcinoma. In-depth studies that include larger sample sizes should be conducted for validating the findings of this study and exploring the prognostic value of SYCP2 in the clinical management of breast carcinoma. Second, the SYCP2 mRNA and protein expression should be verified through cytological experiments with the use of clinical samples, which are the focus of the next steps. Lastly, the potential mechanisms of distinct SYCP2 in breast carcinoma were investigated. However, the specific mechanism of SYCP2 in breast carcinoma remains unclear.
In brief, this study suggested that elevated SYCP2 expression has a prognostic value for individuals suffering from breast carcinoma and SYCP2 may act as a potential prognostic molecular marker of poor survival. DNA methylation, keratinocyte differentiation, steroid hormone biosynthesis, and immune infiltration are likely to be the vital pathway regulated by SYCP2. Accordingly, this study may provide a reference for the development of prognostic indicators and novel therapeutic targets in patients suffering from breast carcinoma.
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aDC activated DC
BP biological processes
CC cellular components
CSCC cervical squamous cell carcinoma
DC dendritic cell
DEGs differentially expressed genes
DSBs double-strand breaks
GEO Gene Expression Omnibus
GO Gene Ontology
GSEA gene set enrichment analysis
HNSCC head and neck squamous cell carcinoma
HPA Human Protein Atlas
HPV human papillomavirus
iDC immature DC
KEGG Kyoto Encyclopedia of Genes and Genomes
MF molecular functions
MSigDB Molecular Signatures Database
OS overall survival
pDC plasmacytoid DC
PPI protein–protein interaction
RBP RNA-binding proteins
ROC receiver operating characteristic
SC synaptonemal complex
ssGSEA single-sample GSEA
SYCP2 synaptonemal complex protein-2
TCGA The Cancer Genome Atlas
Tcm T central memory
Tem T-effector memory
Tfh T-follicular helper
Tgd T-gamma delta
Treg regulatory T cell
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