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The extracellular secretion of miR-1825 wrapped by exosomes increases CLEC5A expression: A potential oncogenic mechanism in ovarian cancer
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Abstract: Background: Ovarian cancer (OC) is a leading cause of gynecological cancer-linked deaths worldwide. Exosomal miR-1825 and its target gene C-type lectin domain family 5 member A (CLEC5A) are associated with tumorigenesis in cancers that was further probed. Methods: Exosomal miR-1825 expression in exosomes and its impact on overall survival (OS) prediction were determined using Gene Expression Omnibus (GEO) and The Cancer Genome Atlas (TCGA) data. Target genes of miR-1825 were searched in five prediction databases and prognostically significant differentially expressed genes were identified. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were carried out. The ability of CLEC5A to predict OS was evaluated using univariate and multivariate Cox regression analyses and Kaplan-Meier curves. The CLEC5A expression pattern in OC was validated using immunohistochemistry. The CIBERSORT algorithm was used to compare the immune cell landscape, and the results were validated in a GEO cohort. Finally, the predicted half maximal inhibitory concentration (IC50) values for five commonly used chemotherapy agents were also compared. Results: MiR-1825 level was higher in exosomes derived from OC cells and served as a tumor suppressor. The CLEC5A gene was found to be a target of miR-1825, the upregulation of which was correlated with a poor prognosis. M2 macrophage infiltration was significantly enhanced in the CLEC5A high expression group, while T follicular helper cell infiltration was reduced in it. While the predicted IC50 for cisplatin and doxorubicin was higher in the CLEC5A high expression group, that of docetaxel, gemcitabine, and paclitaxel was lower. Conclusion: MiR-1825, a promising OC biomarker, may promote OC progression by increasing CLEC5A expression via exosome-mediated efflux from tumor cells.
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Introduction

Ovarian cancer (OC) is the second leading cause of gynecological cancer-associated death in the world. For example, in 2020, OC prevalence was expected to be 3.4%, with an annual mortality rate of 4.7% in all female cases (Sung et al., 2021). Comprehensive surgical staging and debulking are advised, followed by systemic chemotherapy according to the National Comprehensive Cancer Network (NCCN) Guidelines on Treatment of OC (http://www.nccn.org) (Armstrong et al., 2021). However, more than 80% of late-stage tumors that were initially responsive to conventional treatment eventually develop resistance (Odunsi, 2017). Therefore, there is an urgent need to identify effective biomarkers for early diagnosis based on a better understanding of the underlying molecular mechanisms of OC development.

Exosomes are extracellular vesicles (EVs) actively secreted by cells. They are approximately 40–160 nm in diameter, and have been implicated in intercellular communication by carrying RNA, lipids, proteins, and other bioactive substances. Their RNA content varies dramatically according to the cell types of origin, reflecting one of the reasons for exosome heterogeneity (Kalluri and LeBleu, 2020).

MicroRNAs (miRNAs), which can inhibit protein synthesis by targeting the complementary sequences located at the 3′-end untranslated regions of messenger RNAs (mRNAs) play an important role in regulating cancer progression (Ali Syeda et al., 2020). Exosomal microRNAs, which are microRNAs encapsulated by exosomes, can promote tumor progression by enhancing mesothelial-to-mesenchymal transition, conferring drug resistance, inducing vascular permeability and angiogenesis, stimulating macrophage M2 polarization, and participating in tumor immune escape by delivering immunosuppressive molecules and factors (Sun et al., 2018; Zhao et al., 2020b). Although the upregulation of miR-1825 has been shown to inhibit the progression of glioblastoma, the roles of miR-1825 and its target genes in OC are yet to be investigated (Lu et al., 2020).

C-type lectin domain family 5 member A (CLEC5A), a member of C-type lectin/C-type lectin-like domain (CTL/CTLD) superfamily is also named C-type lectin superfamily member 5 (CLECSF5) and myeloid DAP12-associating lectin 1 (MDL1) (Bakker et al., 1999). Members of the CTL/CTLD superfamily share a typical protein folding pattern and have diverse functions, such as cell adhesion, cell-cell signaling, glycoprotein turnover, and roles in inflammation and immune response. CLEC5A has been proven to promote brain glioblastoma tumorigenesis and gastric cancer cell proliferation by regulating the phosphoinositide-3-kinase–protein kinase B/Akt (PI3K/Akt) signaling (Fan et al., 2019; Wang et al., 2020). However, the mechanism by which CLEC5A regulates OC awaits further clarification.

The goals of this study were three-fold: (1) to determine the expression pattern and prognostic value of miR-1825 in OC exosomes; (2) to confirm CLEC5A as a target of miR-1825; (3) to assess the performances of the CLEC5A gene in predicting overall survival and relevant characteristics for labeling patients who might benefit from immunotherapy or chemotherapy. In this study, we performed a bioinformatics analysis of the expression patterns of exosomal miRNAs and focused on one target gene CLEC5A. We found that miR-1825, a tumor-suppressor, was highly enriched in OC exosomes, and the downstream oncogenic target gene CLEC5A was highly expressed in OC cells. MiR-1825 impacted the expression of CLEC5A and the latter further led to the change in the immune environment. This ability in transforming the immune environment may be an important mechanism in the development of OC. Further, the suppression of released miRNAs through exosomes from OC cells may be a suitable direction for anti-tumor therapy as decreased expression of miR-1825 in OC cells can promote tumor progression. We also noted that CLEC5A could promote the development of an immune microenvironment in OC and thus has a potential role in the prognosis of OC.

Materials and Methods

Data retrieval and preprocessing

Affymetrix miRNA microarray data from OC exosomes and cells were available from Gene Expression Omnibus (GEO; series GSE76449) (Kanlikilicer et al., 2016). Exosomal and original samples of chemo-sensitive OC cells and normal ovarian cells (n = 16) were included to rule out the influence of chemotherapy on prediction results. RNA sequencing (RNA-seq) data from normal ovarian tissues were obtained from the Genotype-Tissue Expression (GTEx) portal. RNA-sequencing (RNA-seq) data and clinical data from OC patients were downloaded from GEO (series GSE9891), Clinical Cancer Research Online (http://clincancerres.aacrjournals.org/), International Cancer Genome Consortium (ICGC), and The Cancer Genome Atlas (TCGA), as detailed below (Wang et al., 2016; Zhang et al., 2019).

Bioinformatics analyses of RNA-seq data from TCGA patients were performed using the UCSC bioinformatic pipeline (TOIL RNA-seq). Each dataset was processed identically after removing unavailable data. Clinical data from TCGA were prepared using the TCGA-GDC (Genomic Data Commons) server for subsequent analysis (Goldman et al., 2020).

Finally, all datasets underwent identical processing to achieve an average expression level of samples from the same patient and unavailable data were deleted (NA).

Identification of differentially expressed RNA

In this experiment, RNA-seq data were obtained from TCGA and GTEx. Differentially expressed miRNAs (DEMIs) between exosomal and original samples of OC cells were identified with limma R Bioconductor package (version 3.48.3, p < 0.001 and log2-fold change [logFC] > 4, Student’s t-test) (Ritchie et al., 2015). Differentially expressed mRNAs (DEMs) were screened using the same method (adjusted p < 0.001 and logFC > 3). A boxplot was generated with ggplot2 in R.

Target gene prediction

Five target gene prediction databases were employed to predict the downstream targets of miR-1825, including TargetScan 7.2, miRDB, TarBasev.8, miRmap, and miRwalk 3.0. Intersections among the five databases were regarded as miR-1825 targets (Agarwal et al., 2015; Chen and Wang, 2020; Karagkouni et al., 2018; Sticht et al., 2018; Vejnar et al., 2013).

Survival analysis

Survival data (age, clinical stage, histologic grade, survival status, and length of overall survival) of OC patients were collected from TCGA, GEO, and ICGC and merged with gene expression data. We assessed the prognostic ability of miRNAs or CLEC5A in OC using univariate and multivariate Cox regression hazard analyses combined with Kaplan-Meier survival curves.

Functional enrichment analysis

We performed Gene Ontology Biological Process (GOBP) term and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses with clusterProfiler in R to identify CLEC5A targets (p < 0.05) and explore mechanisms of the role of CLEC5A in OC (Yu et al., 2012). Then, Gene Set Enrichment Analysis (GSEA) was utilized to confirm the selection of target genes by GO or KEGG analyses (p < 0.05 and false discovery rate [FDR] < 0.25) and characterize the activity of KEGG pathways between low and high CLEC5A expression groups in OC, as described in detail elsewhere (Subramanian et al., 2005).

Evaluation of correlation of gene expression with immune characteristics of CLEC5A in OC

We assessed correlations of CLEC5A gene expression with immune cell infiltrates and the expression of immune suppressors to explore the ability of CLEC5A to predict the outcome characteristics in low and high CLEC5A expression groups in OC. TCGA RNA-Seq expression profiles of immune and stromal cells were utilized. Tumor-infiltrating lymphocytes (TILs) and stromal cells were identified with ESTIMATE (Estimation of Stromal and Immune cells in malignant Tumor tissues using Expression data) in R. Correlations of CLEC5A with immune/stromal cell infiltration were assessed, and the results were validated in a GEO cohort of 276 qualified OC cases whose expression and survival data were available for review (GSE9891). This cohort was also used for subsequent immune cell infiltration analysis (Yoshihara et al., 2013).

The infiltration of 22 immune cell subpopulations in OC tissues was estimated using the CIBERSORT algorithm that can accurately quantify TILs in biopsied tumor tissues and the LM22 signature matrix file containing 22 immune cell reference profiles from TCGA and GEO (Chen et al., 2018). Patients were categorized into the low and high CLEC5A expression groups according to the cutoff of CLEC5A gene expression. The immune cell landscape was compared between the two groups. Sixteen tumor immune suppressors have been shown to exert suppressive effects on solid tumors (Cassetta and Pollard, 2018). Among them, interleukin 6 (IL6), tumor necrosis factor (TNF), interferon gamma (IFNG), epidermal growth factor (EGF), major histocompatibility complex class I (MHC-I), CD96 molecule (CD96), leukocyte immunoglobulin like receptor B1 (LIR1), programmed cell death 1 (PDCD1), programmed cell death 1 ligand 2 (PDCD1LG2), CD80 molecule (CD80), and CD86 molecule (CD86), which were frequently reported in OC were selected and their expression levels were compared between the two groups.

Estimation of chemotherapy response

We selected five agents (cisplatin, docetaxel, doxorubicin, gemcitabine, and paclitaxel) from 22 recommended options in the 2020 National Comprehensive Cancer Network (NCCN) clinical practice guidelines in oncology on ovarian cancer (Armstrong et al., 2021). The predicted IC50 was estimated with pRRophetic (version 0.5; https://doi.org/10.1371/journal.pone.0107468) in R and compared between low and high CLEC5A expression OC patient groups from TCGA (Geeleher et al., 2014).

Clinical specimen collection and processing

Patients (n = 9) who had pathologically confirmed OC and had undergone radical excision between May 2019 and May 2021 at the Fujian Medical University Cancer Hospital (or Fujian Cancer Hospital) without prior therapy were selected. Specimens (7 OC and 2 peritumoral tissue specimens) were collected, flash-frozen in liquid nitrogen, and reviewed independently by two senior pathologists. The study protocol was approved by the Ethics Committee of Fujian Cancer Hospital.

Immunohistochemistry

Immunohistochemistry (IHC) analysis was performed as previously described (Chen et al., 2021). Briefly, formalin-fixed paraffin-embedded sections were dewaxed, dehydrated, and rehydrated. The slides were incubated overnight at 4°C with an anti-CLEC5A antibody (ab203200, Abcam, China, 1:500). They were then incubated at 37°C with a secondary antibody (ab7090, Abcam, China, 1:500). Immunostaining was performed using a SABC(Strept Avidin-Biotin Complex) kit (SA0025, Solarbio, China). Next, the slides were counterstained with Mayer hematoxylin solution (Solarbio, China) for nuclear staining. Images were obtained using a VANOX microscope (Olympus, Japan) and scored. The scoring was as follows: 0 points (no staining), 1 point (light yellow), 2 points (brownish yellow), and 3 points (brown). For each specimen, fields were randomly selected, and the proportion of CLEC5A-positive (CLEC5A+) cells was calculated and scored as follows (1 point, 0%–25% of CLEC5A+ cells; 2 points, 26%–50% of CLEC5A+ cells; 3 points, 51%–75% of CLEC5A+ cells; 4 points, 76%–100% of CLEC5A+ cells). Specimens with a pathological IHC score greater than the cutoff were identified as high CLEC5A+ OC and low CLEC5A+ OC if the cutoff was otherwise.

Statistical analysis

Categorical variables were expressed as numbers (percentages) and compared using Spearman’s test. Overall survival data were analyzed using Kaplan-Meier survival curves and compared using the log-rank test. Continuous variables following normal distribution were presented in mean ± standard error of measurement (SEM) and compared using the Student’s t-test. Correlations of CLEC5A gene expression with immune/stromal cell infiltration were assessed using Spearman’s correlation test. All statistical analyses were performed using R 4.1.0, and a two-tailed p-value of < 0.05 was deemed statistically significant.

Results

MiR-1825 expression was high in exosomes from ovarian cancer cells and associated with improved prognosis

We explored the expression patterns in four groups of samples using the GSE76449 dataset. These were: (1) normal ovarian cells; (2) exosomes released from normal ovarian cells; (3) ovarian cancer cells and (4) exosomes released from OC cells. We then identified DEMIs among these four groups. The result indicated that microRNAs exhibited a specific distribution pattern in exosomes and their source cells. Interestingly, the expression levels of miR-1281, miR-1825, miR-6877-3p, and miR-3921 were upregulated in exosomes released from OC cells while they were significantly downregulated in the other three sample groups (Figs. 1A–1E). These observations were also supported by a previous study (Rashed et al., 2017). These miRNAs may be secreted from OC cells after being wrapped in exosomes. Further, the prognostic significance of miR-1281,miR-1825, and miR-6877-3p was evaluated in the high vs. low expression groups using TCGA survival data. MiR-3921 was ruled out as its expression was absent in most OC samples (Fig. 2A). In the Kaplan-Meier survival analysis, miR-1825 upregulation in OC cells was correlated with improved overall survival (p < 0.05) (Figs. 2B–2D). This suggests that it might act as a tumor suppressor in OC.
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Figure 1: The expression of miR-1825 in ovarian cancer cell-derived exosomes (A) The heatmap shows differences in expressions of differentially expressed microRNAs (DEMIs) in four samples (NOcell, normal ovarian cells; NOexo, exosomes from normal ovarian cells; OCcell, ovarian cancer cells; OCexo, exosomes from ovarian cancer cells); (B) The expression level of miR-1281 in four samples; (C) The expression level of miR-1825 in four samples; (D) The expression level of miR-3921 in four samples; (E) The expression level of miR-6877-3p in four samples (*p < 0.05, **p < 0.01, ***p < 0.001, and NS: Not Statistically Significant).
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Figure 2: Analyzing the prognostic value of the miRNA and miRNA target genes (A) The expression level of four microRNAs based on The Cancer Genome Atlas (TCGA) database; (B–D) Kaplan-Meier (KM) survival curves show the overall survival of ovarian cancer (OC) patients with high vs. low miR-1825/miR-6877-3p/miR-1281 expression; (E) The Venn diagram reveals the intersection of miR-1825 target genes predicted by five databases; (F) Differential analysis identifies six miR-1825 targets differentially expressed in OC vs. normal ovarian tissues. Genotype-Tissue Expression (GTEx) and The Cancer Genome Atlas (TCGA) gene expression data are processed and analyzed in UCSC Xena (***p < 0.001, ****p < 0.0001).

CLEC5A was a target gene of miR-1825 and had a prognostic value

We performed target gene predictions using TargetScan7.2, miRDB, TarBase v.8, miRmap, and miRwalk3.0 to identify miR-1825 targets. The results displayed 52 genes (Fig. 2E). Differential expression analysis of these 52 target genes using the limma method revealed that the mRNA expression levels of calcium voltage-gated channel auxiliary subunit beta 2 (CACNB2) and KIT proto-oncogene receptor tyrosine kinase (KIT) were downregulated and those of NEDD4 binding protein 3 (N4BP3), CLEC5A, NOTUM palmitoleoyl-protein carboxylesterase (NOTUM), and doublecortin domain containing 2 (DCDC2) were upregulated in the tumor group from the TCGA database in comparison with normal ovarian samples from the GTEx database (|logFC| >3 and adjusted p-value < 0.001) (Fig. 2F). Given the tumor-suppressive effect of miR-1825, the prognostic potential of the four genes with higher expression (N4BP3, CLEC5A, NOTUM, and DCDC2) was assessed. The Kaplan-Meier curves showed that among these four genes, CLEC5A appeared to be a prognostic potential marker for OC, as validated using the validation cohort (GSE9891 and ICGC dataset OV-AU) (Figs. 3A–3C), and was significantly associated with worse overall survival of OC patients (p < 0.05). CLEC5A was a poor prognostic factor in ovarian cancer, cervical cancer, and uterine sarcoma (Fig. 4A). Moreover, CLEC5A could serve as a prognostic biomarker independent of clinicopathological parameters (age, clinical stage, and histologic grade) in OC, as validated using GSE9891 and OV-AU validation cohorts (Fig. 4B). The IHC assays revealed that CLEC5A protein expression was significantly increased in OC vs. normal ovarian tissues (Fig. 4C).
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Figure 3: Prognostic analyses of four highly expressed genes (A) Survival curves of CLEC5A, DCDC2, N4BP3, and NOTUM genes based on The Cancer Genome Atlas (TCGA) database; (B) Survival curves of CLEC5A, DCDC2, N4BP3, and NOTUM genes based on the Gene Expression Omnibus (GEO) database; (C) Survival curves of CLEC5A, DCDC2, N4BP3, and NOTUM genes based on The International Cancer Genome Consortium (ICGC) database.
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Figure 4: Prognostic value and tissue expression of CLEC5A (A) Prognostic significance of CLEC5A in ovarian cancer, cervical cancer, endometrial cancer, and uterine sarcoma (CI, confidence interval; HR, hazard ratio); (B) Univariate and multivariate Cox regression analyses confirm the independence of CLEC5A in predicting the overall survival of ovarian cancer (OC) patients; (C) Immunohistochemistry (IHC) assays show enhanced expression of CLEC5A protein in ovarian cancer (OC) vs. normal ovarian tissues.

CLEC5A was related to the immune microenvironment

To clarify the functions of CLEC5A expression signatures associated with OC, we assayed biological processes of GO and KEGG pathways enrichment analyses of genes highly correlated to CLEC5A based on the TCGA dataset. As shown in Figs. 5A and 5B, the intersection of GO terms and KEGG pathways showed that a proportion of highly correlated genes was associated with the immune response that plays an important role in tumor inhibition and promotion. These results suggested that immune alterations might contribute to OC occurrence and development. However, the exact mechanism that CLEC5A plays in immunity in OC is not yet clear.
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Figure 5: Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analysis of CLEC5A (A) Signaling pathways that CLEC5A may be involved in; (B) Biological processes that CLEC5A may be involved in (Genes significantly correlated with CLEC5A in ovarian cancer (OC) was explored by Spearman’s correlation analysis; Spearman |R| > 0.4, p < 0.001).

To further verify the results of GO/KEGG enrichment analyses, we conducted a GSEA with the low and high CLEC5A expression datasets. GSEA analyses showed significant differences (p < 0.05) in the enrichment of immune-related pathways and biological processes (Figs. 6A and 6B). Interestingly, CLEC5A also seemed to activate the PI3K/Akt pathway in OC. This activation has been confirmed by experiments in brain glioblastoma by Fan et al. (2019). Given the importance of the PI3K/Akt signaling pathway and the involvement of the immune system on OC, we speculate that the activated PI3K/Akt signaling pathway may contribute in part to the development of the immune environment in OC.
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Figure 6: Gene set enrichment analysis for CLEC5A (A) Biological processes that CLEC5A may be involved in; (B) Signaling pathways that CLEC5A may be involved in (All enrichment analyses were performed with clusterProfiler, org.Hs.eg.db, ggstatsplot, enrichplot, and GOplot in R (Walter et al., 2015)).

High CLEC5A expression of was associated with enhanced M2 macrophage infiltration

To further investigate the interaction between CLEC5A and the immune microenvironment in OC, the R package ESTIMATE was used to examine correlations between immune cell and stromal cell infiltration levels and CLEC5A expression. Notably, we observed a positive correlation between CLEC5A expression and immune cell/stromal cell infiltration. A similar result was obtained based on the GSE9891 dataset (Figs. 7A and 7B). These results indicated that CLEC5A might play a role in mediating the immune response and immune cell and stromal cell infiltration in ovarian tumors. To further explore which immune cell subtype correlated with the CLEC5A expression, we utilized CIBERSORT to calculate the infiltration levels of 22 immune cell subtypes. These included B cells (naive B cell, memory B cell, and plasma cell), T cells [CD8 T cell, naive CD4 T cell, memory resting CD4 T cell, memory activated CD4 T cell, follicular helper T cell (Tfh), regulatory T cells (Tregs), and gamma delta T cell], natural killer (NK) cells (resting NK T cell and activated NK cells), and myeloid subsets [monocytes, MO macrophages, M1 macrophages, M2 macrophages, and resting dendritic cells (DC), activated DCs, resting mast cells, activated mast cells, eosinophils, and neutrophils]. After integrating the results from CIBERSORT (p < 0.05) based on the TCGA and GEO databases, CLEC5A was found to be associated with immune cell infiltration in gynecologic tumors. Further, in OC, CLEC5A expression was positively correlated with M2 macrophages and negatively correlated with plasma cells and Tfh cells (Fig. 7C). We found that the proportion of M2 macrophages was higher in the CLEC5A high expression group than that in the CLEC5A low expression group. In contrast, the plasma cells and Tfh cells were lower in the CLEC5A high expression group (Fig. 8).
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Figure 7: Correlations of CLEC5A with tumor-infiltrating lymphocytes in ovarian cancer (A) Correlations of CLEC5A RNA expression with immune/stromal cell infiltration based on The Cancer Genome Atlas (TCGA) database; (B) Correlations of CLEC5A RNA expression with immune/stromal cell infiltration based on the Gene Expression Omnibus (GEO) database; (C) Correlation of CLEC5A with 22 types of immune cells using the CIBERSORT algorithm in R (*p < 0.05, **p < 0.01, and ***p < 0.001).
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Figure 8: CLEC5A expression levels and tumor-infiltrating lymphocytes in ovarian cancer. Infiltration of 22 immune cell phenotypes in ovarian cancer (OC) using the CIBERSORT algorithm in R (*p < 0.05, **p < 0.01, and ***p < 0.001). Their differences between low and high CLEC5A+ OC are compared with ggplot2 in R.

The accumulation of M2 macrophages has been reported as a pivotal part of promoting tumor progression(Yang and Zhang, 2017). As seen above, the CLEC5A expression level may affect the function of M2 tumor-associated macrophages (TAMs). We thus analyzed the correlations between CLEC5A expression level and 16 factors involved in TAMs- associated with solid tumors. Following our hypothesis, CLEC5A was found to be positively correlated with inhibiting factors based on the TCGA and GEO databases (Figs. 9A and 9B). These results suggest that an increased CLEC5A expression can promote tumors via TAMs.
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Figure 9: Correlation of CLEC5A with M2 tumor-associated macrophage infiltration. Correlations of CLEC5A with 16 factors associated with M2 tumor-associated macrophage infiltration. The colors represent the magnitude of positive and negative correlations (*p < 0.05, **p < 0.01, and ***p < 0.001).

To summarize, CLEC5A was strongly correlated with the immune environment in OC and its expression level could affect the type of immune cells that infiltrated the tumor. An example is the significant accumulation of M2 macrophages and increased CLEC5A expression. One possible explanation for this accumulation of M2 macrophages might be that the activated PI3K/Akt signaling pathway could cause the macrophage M2 polarization(Vergadi et al., 2017).

New suggestions for clinical drug sensitivity based on CLEC5A expression

We then attempted to offer patients more personalized chemotherapy drug options based on CLEC5A expression. This entailed the evaluation of the responses of the CLEC5A high expression group and low expression group to five chemotherapeutic drugs that were recommended chemotherapeutic regimens. These were cisplatin, docetaxel, doxorubicin, gemcitabine, and paclitaxel. Interestingly, the high CLEC5A expression group showed increased sensitivity to paclitaxel, gemcitabine, and docetaxel with lower half maximal inhibitory concentration (IC50) values. On the contrary, the low CLEC5A expression group was more sensitive to cisplatin and doxorubicin (Fig. 10).
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Figure 10: Predicted half maximal inhibitory concentration (IC50) values of five common chemotherapy agents. Predicted half maximal inhibitory concentration (IC50) values of five common chemotherapy agents against low and high CLEC5A expression groups in ovarian cancer (OC) (**p < 0.01 and ***p < 0.001).

Discussion

In this study, we assayed miRNAs transported by exosomes in the context of OC, explored their influence on the tumor microenvironment, and evaluated their potential prognostic value. We hypothesize that miR-1825 from released OC exosomes leads to elevated expression of its intracellular target gene CLEC5A. In addition, we demonstrated that CLEC5A could not only provides value as a prognostic factor but also presents guidance for immunotherapy and a reference for chemotherapy drug treatment efficacy.

A plethora of studies have implied that exosomal miRNAs can serve as vehicles for intercellular communication. However, the mechanisms of the regulation of the source cells that secrete these exosomes is largely unknown until recently. It has been illustrated that miRNA inhibition promoted oncogenic behavior by stimulating cancer cells to release more exosomes (Kanlikilicer et al., 2016; Ostenfeld et al., 2014; Rashed et al., 2017). In this work, we showed that miR-1825 was highly expressed in exosomes derived from OC cells, but showed low levels in the other three groups (normal ovarian cells, ovarian cancer cells, and exosomes released from normal ovarian cells). MiR-1825 also showed a prognostic value as a potential tumor suppressor. Therefore, we suggest that OC cells secrete the miR-1825 into the extracellular environment via exosomes to maintain their tumorigenic phenotype.

CLEC5A has been found to have a high expression level and the ability to promote cancer in several tumors (Fan et al., 2019; Lu et al., 2019; Wang et al., 2020). However, its expression level and function in OC have not been reported previously. In our cohort, we found that CLEC5A served as a target gene of miR-1825 and was significantly upregulated in OC patients. The upregulation of CLEC5A was further linked to poor OS of OC patients and could also serve as a risk factor. These results indicated that CLEC5A has prognostic value in OC and could be a potential biomarker for OC diagnosis.

Other significant findings of our functional analyses were that CLEC5A played a role in tumor-immune interactions given that the CLEC5A expression was correlated with the immune infiltration level in OC. Our results revealed that there was a significant positive correlation between CLEC5A expression level and the level of infiltration of M2 macrophages and a negative correlation between CLEC5A expression level and the level of infiltration of Tfh cells in OC.

M2 macrophages (also called alternatively activated macrophages) have been involved in the progression of many tumors, including OC (Baek et al., 2020). It has been reported that M2 macrophages are part of tumor-associated macrophages (TAMs) following the view that TAMs are not completely following the M1 and M2 subtypes; they are in general M2-like (Lin et al., 2019; Mehla and Singh, 2019). Increased infiltration of M2 macrophages may be one of the mechanisms by which miR-1825/CLEC5A promotes the development of OC. Recent studies also validate our view that exosomes can deliver tumor suppressor microRNAs to induce M2 macrophage polarization and promote tumor progression (Li et al., 2022). Our study also demonstrated a positive correlation between the high expression level of CLEC5A and the process of TAMs promoting solid tumors.

It has been found that the activation of the PI3K/Akt signaling pathway can promote M2-type polarization in macrophages (Vergadi et al., 2017; Zhao et al., 2020a). Aberrant activation of this signaling network is one of the most frequent events in human cancer and disrupts the control of cell growth, survival, and metabolism from exogenous growth stimuli (Hoxhaj and Manning, 2020). The PI3K/Akt signaling pathway has been shown to exert a pivotal role as an immunomodulator. Blockade of the PI3K pathway might maximize the interferon-gamma (IFN-γ)-mediated anti-tumor effect. On the contrary, activating PI3K/Akt signaling in the neoplastic epithelium can promote nuclear translocation of β-catenin, cellular proliferation, and resistance to apoptosis. Inhibition of PI3K/Akt signaling with immunomodulatory agents may provide a new therapeutic approach for cancer (Bishnupuri et al., 2019; Caforio et al., 2021). In our study, activation of the PI3K/Akt pathway and increased infiltration of M2 macrophages were associated with elevated expression of CLEC5A.

Follicular helper T (Tfh) cells are a subset of CD4+ T cells that specialize in helping B cells to produce antibodies in the face of an antigenic challenge. Their presence in tumor tissue is often associated with a better outcome in several solid tumors (Baumjohann and Brossart, 2021; Song and Craft, 2019). They have also been shown to be positively associated with the long-term survival of humans with breast cancer or non-small cell lung cancer. In our study, the high expression of CLEC5A led to reduced infiltration of Tfh cells. This might be a potential molecular mechanism of protecting tumors by inhibiting ectopic lymphoid structures (ELSs), which are sites of recruitment of CD8+ T cells, NK cells, and macrophages that engage in anti-tumor immunity, or by reducing anti-tumor antibody responses by B cells. However, there is limited data available regarding Tfh cells supporting anti-tumor antibody responses (Crotty, 2019; Gu-Trantien et al., 2013; Ma et al., 2016).

Taken together, our results indicate that efflux of miR-1825 may trigger elevated expression of intracellular target genes and thus induce immune-related behaviors in tumors, especially in the context of OC studied here that result in tumor progression.
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