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Abstract

:

The management and screening of prostate cancer (PC) is still the main problem in clinical practice. In this study, we investigated the role of aggressiveness genetic markers for PC stratification. We analyzed 201 plasma samples from PC patients and controls by digital PCR. For selection and validation, 26 formalin-fixed paraffin-embedded tissues, 12 fresh tissues, and 24 plasma samples were characterized by RNA-Seq, immunochemistry, immunofluorescence, Western blot, and extracellular-vesicles analyses. We identified three novel non-invasive biomarkers; all with an increased expression pattern in patients (PCA3: p = 0.002, S100A4: p ≤ 0.0001 and MRC2: p = 0.005). S100A4 presents the most informative AUC (area under the curve) (0.735). Combination of S100A4, MRC2, and PCA3 increases the discriminatory power between patients and controls and between different more and less aggressive stages (AUC = 0.761, p ≤ 0.0001). However, although a sensitivity of 97.47% in PCA3 and a specificity of 90.32% in S100A4 was reached, the detection signal level could be variable in some analyses owing to tumor heterogeneity. This is the first time that the role of S100A4 and MRC2 has been described in PC aggressiveness. Moreover, the combination of S100A4, MRC2, and PCA3 has never been described as a non-invasive biomarker for PC screening and aggressiveness.






Keywords:


aggressiveness; biomarker; liquid biopsy; prostate cancer












1. Introduction


Prostate cancer (PC) accounts for 43% of all cancer cases in men, which amounts to more than one in five in new diagnoses. However, survival rates (98%) are the highest compared with other tumors [1]. There is controversial data about the different rates among countries suggesting that prostate-specific antigen (PSA) tests could be one of these reasons [2]. PSA shows some disadvantages; a randomized controlled trial in the USA demonstrated PSA-testing decreasing PC deaths [3]. However, PC is detected on repeated biopsy in 10–35% of patients with a negative first biopsy. Widespread PSA testing also leads to the diagnosis of clinically insignificant tumors, resulting in potential overdiagnosis and overtreatment [4].



There is a great clinical necessity for an accurate detection of PC, not only in screening stages reducing unnecessary biopsies, but also in PC management and monitoring. Therefore, new PC biomarkers have been described in recent years. Emerging biomarkers include those applying serum, urinary, or tissue samples as a test substrate [5], such as PCA3 and TMPRSS2-ERG gene fusions, which are specific biomarkers that are measurable in urine. They are usually found overexpressed in PC cells in comparison to normal or benign prostate cells [6,7]. PCA3 has been suggested in many studies as one of the most promising non-invasive methods with acceptable sensitivity and specificity in PC diagnosis, distinguishing between patients and healthy individuals [8]. It has been indicated as one of the candidates to be established as a non-invasive biomarker in diagnosis and prediction of clinical PC outcomes [9].



Other markers, such as MRC2 (also known as uPARAP, Endo180, or CD280), are involved in extracellular matrix remodeling by mediating collagen degradation, and have many roles in different tumors or diseases. Data are reporting that high expression of MRC2 produces tumor growth and is related to metastasis; thus, it usually associated with worse prognosis in several cancers [10]. Similar happens with S100A4, whose expression has been related as the most significant predictor of patient survival and a possible effective disease progression marker. Accumulating research evidence indicates overexpression patterns correlated with patient outcomes in gastric, colorectal, and renal cells, among others. Moreover, it has also been associated with patient survival in other tumor types, such as ovarian, pancreatic, bladder, and hepatocellular, among others [11]. Recently, the role of S100A4 has been suggested to be a key element in the regulation of bone metastasis [12]. Moreover, Shiqin L. et al. indicated that CASP8 and S100A4 are protein candidate biomarkers for high-risk PC, although this study ultimately only found significant values in CASP8 [13]. There are currently no conclusive data on both markers in PC, with this article being the first case in which a strong effect of MRC2 and S100A4 on PC aggressiveness is reported.



Recent massive strategies provide large amounts of data of novel biomarkers, such as PTGFR, NREP, SCARNA22, DOCK9, FLVCR2, IK2F3, USP13, and CLASP1, as potential biomarkers to predict PC progression [14], or YWHAZ in PC aggressiveness [15]. Moreover, machine learning models also reported new biomarkers related to PC development and progression such as PIAS3 and UBE2V2 [16]. However, none of them are currently used in clinical routine.



One of the main aims of current medicine is to avoid invasive methods; that is why a liquid biopsy is increasing as one of the most universal methodologies for monitoring and stratifying tumors such as PC. Liquid biopsy is one of the most efficient non-invasive modalities which can be performed and monitored in real-time, useful for early tumor diagnosis, therapeutic guidance, and recurrence monitoring [17]. Many molecules can be analyzed in liquid biopsy like circulating tumor cells, microvesicles, circulating cell-free DNA, circulating cell-free RNA, or miRNAs [18]. Friedemann et cols. indicated that RASSF1A and GSTP1 methylation patterns in circulating cell-free DNA from serum offer superior sensitivity of epigenetic biomarker analyses in the early detection of PC metastases [19]. Furthermore, genomic alterations of RB1, TP53, MYC, and DNA repair pathways are detected in liquid biopsy and associated with poor clinical outcomes in PC patients [20]. However, RNA levels are also a good strategy for non-invasive monitoring, enabling the determination of prognostic individualized therapy for aggressive or progressive PC [21]. Furthermore, there are commercial tests like AdnaTest, which allowed the analysis of the androgen receptor mRNA, which helps predict patients’ survival [22].



Here, we reinforce the role of PCA3 as a non-invasive biomarker for PC and indicate for the first time the role of two other genes, MRC2 and S100A4, as good aggressiveness biomarkers in PC. Moreover, the combination of these three genes improves their accuracy as liquid biopsy biomarkers for PC aggressiveness. Tumor biomarkers play important roles in tumor growth, invasion, and metastasis, and genomic ones are crucial, being one of the most informative non-invasive strategies. Present data could reinforce the role of genetic markers in liquid biopsy to improve the current aggressiveness classification. The strategy of using genetic non-invasive biomarkers for PC management could improve precision medicine among all these patients.




2. Results


A summary representation of the present methodological study is illustrated in Figure 1. As can be seen, the present article was carried out in two relevant stages.



2.1. Phase 1: Biomarker Searching


2.1.1. RNA Analysis and Gene Prioritization


RNA-Seq analysis provided about 500 genes. Those genes with higher expression patterns compared to healthy tissues (n = 6) were selected. At least 250 genes were chosen in each patient, always with an adjusted p-value below 0.05 and log2FoldChange out of range −0.10/0.10.



Afterward, only those present in at least two plasma samples of PC patients were picked, reducing the total to 207 genes. Subsequently, using the GeneAnalytics web tool from GeneCards, genes were categorized by disease, and those included in cancer and PC categories were selected, reducing the list to 27 genes.



Finally, using related published articles, those genes previously described in plasma and cancer were selected for analysis (details in Supplementary Table S2). According to function, pathway, and previous studies from the gene set, we solely focused the analysis on S100A4, MRC2, and PCA3.




2.1.2. Differential Gene Expression in CP Patients Versus Controls


A total of 178 plasma samples (n = 89 patients and n = 89 controls) were analyzed for gene expression by dPCR. All three candidate biomarker genes (PCA3: p = 0.002, S100A4: p ≤ 0.0001, and MRC2: p = 0.005) demonstrated statistically significant differences in expression between PC patients and healthy controls in plasma samples (see details in Supplementary Figure S1).



Among patients, we have also performed comparisons between ISUP grade (abbreviated ISUP hereinafter) (1–2 vs. 3–5), PSA (<20 vs. >20 ng/mL), and the presence of metastasis. According to these groups, we have found that S100A4 is the best biomarker with statistically significant data when comparing ISUP (p = 0.044), PSA (p = 0.017) and metastasis (p = 0.025), whereas PCA3 is only statistically significant in PSA (p = 0.008) and MRC2 in none of the previous comparisons. Moreover, we have also developed the combination of all these genetic markers with clinical parameters, and those combined with S100A4 reached statistical significance (Table 1).



Subsequently, we selected formalin-fixed paraffin-embedded (FFPE) tissue samples of patients and controls to validate that these patterns are followed in PC tissue-affected areas. These samples were marked by a pathologist indicating tumor and non-tumor areas; both areas were selected for the analysis to correctly compare expression patterns. As can be seen in Supplementary Figure S2, S100A4 is the one with the highest expression patterns in patients’ samples.





2.2. Phase 2: Validation of the Biomarkers


2.2.1. Western blot Analysis


It also demonstrated, as did previous data in genomic analysis, that blood samples of severe patients have a higher intensity of the band in MRC2 compared to moderate and controls (Supplementary Figure S3), as well as more expression patterns as can be seen in Supplementary Figure S4, p = 0.002.




2.2.2. Extracellular Vesicles Analysis


Lastly, we analyzed positive S100A4 and MRC2 extracellular vesicles (EVs) extracted of plasma from patients and healthy donors (n = 23). Due to the difficulty of finding EVs in plasma, we reinforced this point using three strategies: (I) use of ImageStream MKII (Amnis, Luminex) (Figure 2); (II) analysis of the data with IDEAS® software v.6.0 (selecting easily those EVs with double events); (III) estimate of the number of objects/mL for an exact calculation of EVs (Supplementary Figures S5 and S6).



As can be seen, plasma EVs are higher in PC samples than in controls, having double the positive markers in 60.000 acquired events (Figure 2). Similarly, it was proven with similar patterns in renal cancer in our group [23,24] (details in Supplementary Figures S5 and S6). The same pattern is proven with ImageStream and IDEAS® v.6.0; S100A4 fluorescence is increased in patients versus controls, not significant values. In MRC2, this pattern is repeated with significant values (p = 0.0356). However, we should be cautious due to the small sample size in these analyses.




2.2.3. Immunohistochemistry and Immunofluorescence Analysis


Firstly, we evaluated the ability of S100A4 and MRC2 as biomarkers by analyzing tumor and healthy prostatic regions with immunohistochemical techniques (n = 11). We discovered some differences in the staining of MRC2, and a Western blot was performed in this marker to develop a non-invasive quantification. Then, MRC2 and S100A4 gene expression analysis was undertaken using tumor and healthy paraffin-embedded prostatic tissue (n = 13). In this case, we determined a significant difference for S100A4 and MRC2, detecting an increased expression of both molecules for the tumor group, but conclusive results could only be obtained for MRC2 (details in Supplementary Figures S7–S9).




2.2.4. Sensitivity and Specificity and Biomarker Correlation with Overall Survival or Progression-Free Survival


Given the high expression of PCA3, MRC2, and S100A4, and according to all overall results, we have performed a ROC curve analysis and calculated the AUC to investigate their individual ability to discriminate between PC patients and controls (see Figure 3). We also combined these genes to examine their potential diagnostic advantages. An AUC with a 95% of confidence interval (CI) was obtained to evaluate diagnostic accuracy of the individual blood-derived circulating mRNAs of these genes. In our study population overall survival (OS) rates were 96.6% at 3 years, 95.1% at 10 years, and 88.6% at 20 years. S100A4 was significant for OS, showing reasonable specificity and sensitivity values to predict disease progression.



Although all markers are statistically significant (see Table 1) S100A4 is the biomarker with the best performance, with an AUC value of 0.735 (95% CI = 0.668–0.803) and a specificity of 90.32%. Analysis of the other genes did not show a high discriminatory capacity (AUC < 0.70). However, the different combinations of present genes analyzed in blood provide slightly additional benefits with AUC levels > 0.74 (details in Table 2).






3. Discussion


Fluids biomarkers currently in use for diagnosis, prognosis, and relapse-monitoring of localized PC remain centered around PSA, with new strategies for genomic biomarkers still presenting a challenge [24]. At present, the established prognostic factors (ISUP, stage, and PSA) are insufficient to separate PC patients with high risk of cancer progression; moreover, molecular markers for metastatic propensity remain elusive [25]. RNA biomarkers are experiencing an increased interest in predicting progression-free survival and OS [26]. In the present article, we reinforced the role of PCA3, MRC2, and S100A4 in combination, and S100A4 on its own, as RNA biomarkers in PC aggressiveness stratification.



In PC, the role of S100A4-antibody therapy and its clinical applicability in treating immunosuppressive PC patients has previously been suggested [25]. Its role in promoting cell proliferation and epithelial–mesenchymal transition characteristics in tumor cells, inducing regulating bone metastasis, has also been proposed [12]. However, there are no reports on its predictive role as an aggressiveness non-invasive biomarker; as we have proven in present article, it has an AUC value of 0.735 (95% CI = 0.668–0.803) and a specificity of 90.32%. Moreover, there are no reports of its increased efficiency at screening the non-invasive biomarkers combination of PCA3, MRC2, and S100A4, with an AUC value of 0.761 (95% CI = 0.688–0.835) and specificity of 95.65%.



Although previous studies reported that type I transmembrane collagen receptor Endo180 (CD280, CLEC13E, KIAA0709, MRC2, TEM9 or uPARAP) was a strong prognostic indicator for PC survival [27], this is the first time that its role in PC aggressiveness is proved in blood. The role of PCA3 is known, however is not currently used in large-scale clinical practice [28]. We employed dPCR to measure PCA3, MRC2, and S100A4 expression in different grades of PC patients. Our results demonstrate the value of these genes as PC aggressiveness biomarkers. Moreover, Western blot analysis reveals the same expression patterns described in dPCR. The strength of this project is the consistency of data obtained from FFPE, fresh tissues, and blood samples analysis. Furthermore, concerning exosome studies from blood samples, S100A4 allows us to detect the most aggressive stages with high specificity (90.32, p ≤ 0.0001) as previously reported in blood-derived non-extracellular vesicles.



One of the most critical challenges of current medicine is to offer more individualized and personalized medicine to each patient. Several biomarker-based screening kits, such as 4Kscore® Test (blood) and Select MDx (urine), focus on reducing unnecessary biopsies as well as predicting the risk of developing PC in combination with clinical data. None of these screening biomarkers are used in routine clinical practice. Although precision medicine has come a long way to ameliorate cancer disease management, screening strategies in PC patients are still limited. This study validates the potential of PCA3, MRC2, and S100A4 biomarkers in the screening of PC aggressive stages as an easy, efficient, and not high-cost method, using sensitive dPCR assays in blood samples.



Limitations of our study include the sample size in some experiments; nevertheless, a high number of different methodological analyses approve of the same hypothesis and follow the same pattern. We highlight that, firstly, the analysis was conducted with a massive strategy (RNA-Seq); its costs and the vast data of its analysis assure the success of the following steps. Subsequently, those analyses developed with smaller sample numbers performed in FFPE samples (such as immunohistochemistry/fluorescence), were conducted just as a proof of concept of the previous analysis.




4. Materials and Methods


4.1. Patients and Sample Collection


A total of 89 PC plasma samples, selected from an extended collection of samples of PC 312 (C.0005252), were used for molecular analysis. We have recruited clinical data from all patients such as T-stage, serum PSA levels, ISUP, and D’Amico risk (low, intermediate, and high risk) (details in Supplementary Table S1). Only patients with PSA ≥ 4.0 ng/mL who met the criteria for undergoing a prostate biopsy were recruited from 2012 to 2014 and included in this study; those with negative biopsy results were included as controls. All patients had localized diseases and treatment-naive at the time of the collection. All individuals underwent a systematic 20-core ultrasound-guided biopsy to limit the false negative rate. Moreover, we have collected buccal swabs and fresh tissue samples. All samples (blood, fresh tissues, and buccal swabs) were stored at −80 °C until they were processed. FFPE tissue samples were also collected from 13 samples (n = 5 controls vs. 8 patients) according to their clinical aggressiveness (n = 4, ISUP > 3; and n = 4, ISUP ≤ 3). Eighty-nine plasma samples of control individuals (mean age of 66) were also analyzed. For more details on sample analysis and selection see Figure 1. The study was approved by the Research Ethics Committee of Granada Center (CEI-Granada internal code 1503-M2-20) following the Helsinki ethical declaration and all study participants provided written informed consent before being enrolled.




4.2. Methodology


As was previously described in the results section, we divided the methodology into the same two stages. Each section has a specific protocol and methodology design; the second phase (validation), especially, is performed in fewer samples just to validate the data obtained in the first part of the biomarkers search.



4.2.1. Biomarker Searching


This section includes: (I) RNA extraction and quantification according to the QIAamp RNA miRNeasy Serum/Plasma protocol (QIAGEN, Hilden, Germany); (II) NGS analysis using TruSeq Stranded mRNA Library Prep kit (Catalog # 20020594) (Illumina, San Diego, CA, USA); (III) bioinformatic analysis and potential biomarkers searching using the reference genome GRCH38 by STAR tool (see all details in Supplementary Material). Moreover, in silico analysis validation using Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Ontology (GO), PathCards Pathway UD, and Reactome is detailed in Supplementary Table S3.



The main strategy of detection is focused on digital PCR (dPCR) analysis in plasma and tissue samples by a QuantStudio ™ 3D Digital PCR System (Waltham, MA, USA). Details of probes in Supplementary Table S4.




4.2.2. Validation of the Biomarkers


This section includes: (I) Western blot; (II) EVs analysis; (III) immunohistochemistry and immunofluorescence in cell lines and samples analysis. All these techniques were carried out following conventional procedures (all details in Supplementary Material). Moreover, just to remind, several methodologies such as Western blot are limited to those markers that produce proteins or validate immunohistochemistry analysis (details in Supplementary Table S3).






5. Conclusions


The present study indicates for the first time the use of PCA3, MRC2, and S100A4 RNA biomarkers in blood for PC aggressiveness. Moreover, S100A4 on its own could serve as an accurate biomarker in PC management of high-grade patients screening. These biomarkers, in combination with clinical data, could offer promising strategies to anticipate the follow-up of aggressive patients. Current clinical strategies are lacking in the application of non-invasive molecular biomarkers in PC patients’ stratification. The present discovery opens a new approach in non-invasive genetic monitoring of PC, suggesting the inclusion of these genes as markers in clinical routine.








Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24010547/s1. References [29,30,31,32,33] are cited in the supplementary materials.





Author Contributions


Conceptualization, M.J.A.-C. and L.J.M.-G.; collection and integration of clinical material, J.M.C., F.V.-A. and J.A.L.; methodology, R.M., P.S., M.R.S., J.M.G.-C., E.A. and E.d.S.; statistical analysis, J.M.G.-C.; writing—original draft preparation, M.J.A.-C., S.C.-L. and L.J.M.-G. All authors have read and agreed to the published version of the manuscript.




Funding


This project is partially funded by Research Projects PI-0319-2018, Ministry of Health, Andalusia Government and the Leonardo de la Peña 2020 research grant awarded by the Urology Research Foundation (FIU). The role of both funding organizations is focused on the analysis section.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethical Committee CEI-Granada internal code 1503-M2-20.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data are available for bona fide researchers who request it from the authors. The methods and procedures for diagnosis are disclosed in the patent application ES202230187, so data sharing is also limited to this patent.




Acknowledgments


We thank Jesus Garcia-Velasco Garcia-Suelto, Sergio Ruiz Reyes, Miguel Encinas Gimenez, and Elisa Arribas Rodriguez from Pfizer-University of Granada-Junta de Andalucía Centre for Genomics and Oncological Research (Genyo) for their excellent assistance, the patients for kindly accepting their essential collaboration, and the clinicians, nurses, and laboratory staff. Moreover, we would like to thank funding support obtained by FIU and Andalusia Government (Conserjería de Salud, Junta de Andalucía).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer Statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. [Google Scholar] [CrossRef] [PubMed]

	



Rawla, P. Epidemiology of Prostate Cancer. World J. Oncol. 2019, 10, 63–89. [Google Scholar] [CrossRef] [PubMed]

	



Andriole, G.L.; Crawford, E.D.; Grubb, R.L.; Buys, S.S.; Chia, D.; Church, T.R.; Fouad, M.N.; Gelmann, E.P.; Kvale, P.A.; Reding, D.J.; et al. Mortality Results from a Randomized Prostate-Cancer Screening Trial. N. Engl. J. Med. 2009, 360, 1310–1319. [Google Scholar] [CrossRef]

	



Etzioni, R.; Penson, D.F.; Legler, J.M.; di Tommaso, D.; Boer, R.; Gann, P.H.; Feuer, E.J. Overdiagnosis Due to Prostate-Specific Antigen Screening: Lessons from U.S. Prostate Cancer Incidence Trends. J. Natl. Cancer Inst. 2002, 94, 981–990. [Google Scholar] [CrossRef] [PubMed]

	



McGrath, S.; Christidis, D.; Perera, M.; Hong, S.K.; Manning, T.; Vela, I.; Lawrentschuk, N. Prostate Cancer Biomarkers: Are We Hitting the Mark? Prostate Int. 2016, 4, 130–135. [Google Scholar] [CrossRef]

	



Filella, X.; Foj, L. Emerging Biomarkers in the Detection and Prognosis of Prostate Cancer. Clin. Chem. Lab. Med. 2015, 53. [Google Scholar] [CrossRef]

	



Leyten, G.H.J.M.; Hessels, D.; Jannink, S.A.; Smit, F.P.; de Jong, H.; Cornel, E.B.; de Reijke, T.M.; Vergunst, H.; Kil, P.; Knipscheer, B.C.; et al. Prospective Multicentre Evaluation of PCA3 and TMPRSS2-ERG Gene Fusions as Diagnostic and Prognostic Urinary Biomarkers for Prostate Cancer. Eur. Urol. 2014, 65, 534–542. [Google Scholar] [CrossRef]

	



Qin, Z.; Yao, J.; Xu, L.; Xu, Z.; Ge, Y.; Zhou, L.; Zhao, F.; Jia, R. Diagnosis Accuracy of PCA3 Level in Patients with Prostate Cancer: A Systematic Review with Meta-Analysis. Int. Braz. J. Urol. 2020, 46, 691–704. [Google Scholar] [CrossRef]

	



Wang, R.; Wu, Y.; Yu, J.; Yang, G.; Yi, H.; Xu, B. Plasma Messenger RNAs Identified Through Bioinformatics Analysis Are Novel, Non-Invasive Prostate Cancer Biomarkers. OncoTargets Ther. 2020, 13, 541–548. [Google Scholar] [CrossRef]

	



Wu, K.; Zhang, X.; Li, F.; Xiao, D.; Hou, Y.; Zhu, S.; Liu, D.; Ye, X.; Ye, M.; Yang, J.; et al. Frequent Alterations in Cytoskeleton Remodelling Genes in Primary and Metastatic Lung Adenocarcinomas. Nat. Commun. 2015, 6, 10131. [Google Scholar] [CrossRef]

	



Cao, C.-M.; Yang, F.-X.; Wang, P.-L.; Yang, Q.-X.; Sun, X.-R. Clinicopathologic Significance of S100A4 Expression in Osteosarcoma. Eur. Rev. Med. Pharmacol. Sci. 2014, 18, 833–839. [Google Scholar] [PubMed]

	



Kim, B.; Jung, S.; Kim, H.; Kwon, J.-O.; Song, M.-K.; Kim, M.K.; Kim, H.J.; Kim, H.-H. The Role of S100A4 for Bone Metastasis in Prostate Cancer Cells. BMC Cancer 2021, 21, 137. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.; Garcia-Marques, F.; Zhang, C.A.; Lee, J.J.; Nolley, R.; Shen, M.; Hsu, E.-C.; Aslan, M.; Koul, K.; Pitteri, S.J.; et al. Discovery of CASP8 as a Potential Biomarker for High-Risk Prostate Cancer through a High-Multiplex Immunoassay. Sci. Rep. 2021, 11, 7612. [Google Scholar] [CrossRef] [PubMed]

	



Alkhateeb, A.; Rezaeian, I.; Singireddy, S.; Cavallo-Medved, D.; Porter, L.A.; Rueda, L. Transcriptomics Signature from Next-Generation Sequencing Data Reveals New Transcriptomic Biomarkers Related to Prostate Cancer. Cancer Inform. 2019, 18, 117693511983552. [Google Scholar] [CrossRef]

	



Lage-Vickers, S.; Bizzotto, J.; Valacco, M.P.; Sanchis, P.; Nemirovsky, S.; Labanca, E.; Scorticati, C.; Mazza, O.; Mitrofanova, A.; Navone, N.; et al. The Expression of YWHAZ and NDRG1 Predicts Aggressive Outcome in Human Prostate Cancer. Commun. Biol. 2021, 4, 103. [Google Scholar] [CrossRef]

	



Hamzeh, O.; Alkhateeb, A.; Zheng, J.Z.; Kandalam, S.; Leung, C.; Atikukke, G.; Cavallo-Medved, D.; Palanisamy, N.; Rueda, L. A Hierarchical Machine Learning Model to Discover Gleason Grade-Specific Biomarkers in Prostate Cancer. Diagnostics 2019, 9, 219. [Google Scholar] [CrossRef]

	



Wang, J.; Chang, S.; Li, G.; Sun, Y. Application of Liquid Biopsy in Precision Medicine: Opportunities and Challenges. Front Med. 2017, 11, 522–527. [Google Scholar] [CrossRef]

	



Wang, N.; Yuan, S.; Fang, C.; Hu, X.; Zhang, Y.-S.; Zhang, L.-L.; Zeng, X.-T. Nanomaterials-Based Urinary Extracellular Vesicles Isolation and Detection for Non-Invasive Auxiliary Diagnosis of Prostate Cancer. Front Med. (Lausanne) 2022, 8, 800889. [Google Scholar] [CrossRef]

	



Friedemann, M.; Horn, F.; Gutewort, K.; Tautz, L.; Jandeck, C.; Bechmann, N.; Sukocheva, O.; Wirth, M.P.; Fuessel, S.; Menschikowski, M. Increased Sensitivity of Detection of RASSF1A and GSTP1 DNA Fragments in Serum of Prostate Cancer Patients: Optimisation of Diagnostics Using OBBPA-DdPCR. Cancers 2021, 13, 4459. [Google Scholar] [CrossRef]

	



Hatano, K.; Nonomura, N. Genomic Profiling of Prostate Cancer: An Updated Review. World J. Mens Health 2021, 39, 368–379. [Google Scholar] [CrossRef]

	



Bae, J.; Yang, S.-H.; Kim, A.; Kim, H.G. RNA-Based Biomarkers for the Diagnosis, Prognosis, and Therapeutic Response Monitoring of Prostate Cancer. Urol. Oncol. Semin. Orig. Investig. 2022, 40, 105.e1–105.e10. [Google Scholar] [CrossRef] [PubMed]

	



Lin, H.-M.; Mahon, K.L.; Spielman, C.; Gurney, H.; Mallesara, G.; Stockler, M.R.; Bastick, P.; Briscoe, K.; Marx, G.; Swarbrick, A.; et al. Phase 2 Study of Circulating MicroRNA Biomarkers in Castration-Resistant Prostate Cancer. Br. J. Cancer 2017, 116, 1002–1011. [Google Scholar] [CrossRef] [PubMed]

	



Arance, E.; Ramírez, V.; Rubio-Roldan, A.; Ocaña-Peinado, F.M.; Romero-Cachinero, C.; Jódar-Reyes, A.B.; Vazquez-Alonso, F.; Martinez-Gonzalez, L.J.; Alvarez-Cubero, M.J. Determination of Exosome Mitochondrial DNA as a Biomarker of Renal Cancer Aggressiveness. Cancers 2021, 14, 199. [Google Scholar] [CrossRef] [PubMed]

	



Khoo, A.; Liu, L.Y.; Nyalwidhe, J.O.; Semmes, O.J.; Vesprini, D.; Downes, M.R.; Boutros, P.C.; Liu, S.K.; Kislinger, T. Proteomic Discovery of Non-Invasive Biomarkers of Localized Prostate Cancer Using Mass Spectrometry. Nat. Rev. Urol. 2021, 18, 707–724. [Google Scholar] [CrossRef]

	



Ganaie, A.A.; Mansini, A.P.; Hussain, T.; Rao, A.; Siddique, H.R.; Shabaneh, A.; Ferrari, M.G.; Murugan, P.; Klingelhöfer, J.; Wang, J.; et al. Anti-S100A4 Antibody Therapy Is Efficient in Treating Aggressive Prostate Cancer and Reversing Immunosuppression: Serum and Biopsy S100A4 as a Clinical Predictor. Mol. Cancer Ther. 2020, 19, 2598–2611. [Google Scholar] [CrossRef]

	



Boerrigter, E.; Benoist, G.E.; van Oort, I.M.; Verhaegh, G.W.; de Haan, A.F.J.; van Hooij, O.; Groen, L.; Smit, F.; Oving, I.M.; de Mol, P.; et al. RNA Biomarkers as a Response Measure for Survival in Patients with Metastatic Castration-Resistant Prostate Cancer. Cancers 2021, 13, 6279. [Google Scholar] [CrossRef]

	



Caley, M.P.; King, H.; Shah, N.; Wang, K.; Rodriguez-Teja, M.; Gronau, J.H.; Waxman, J.; Sturge, J. Tumor-Associated Endo180 Requires Stromal-Derived LOX to Promote Metastatic Prostate Cancer Cell Migration on Human ECM Surfaces. Clin. Exp. Metastasis 2016, 33, 151–165. [Google Scholar] [CrossRef]

	



Maestroni, U.; Cavalieri, D.M.; Campobasso, D.; Guarino, G.; Ziglioli, F. PSA-IgM and IXip in the Diagnosis and Management of Prostate Cancer: Clinical Relevance and Future Potential. A Review. Acta Biomed. 2022, 92, e2021344. [Google Scholar] [CrossRef]

	



Safran, M.; Rosen, N.; Twik, M.; BarShir, R.; Stein, T.I.; Dahary, D.; Fishilevich, S.; Lancet, D. The GeneCards Suite. In Practical Guide to Life Science Databases; Springer: Singapore, 2021; pp. 27–56. [Google Scholar]

	



Salameh, A.; Lee, A.K.; Cardó-Vila, M.; Nunes, D.N.; Efstathiou, E.; Staquicini, F.I.; Dobroff, A.S.; Marchiò, S.; Navone, N.M.; Hosoya, H.; et al. PRUNE2 Is a Human Prostate Cancer Suppressor Regulated by the Intronic Long Noncoding RNA PCA3. Proc. Natl. Acad. Sci. USA 2015, 112, 8403–8408. [Google Scholar] [CrossRef]

	



Melander, M.C.; Jürgensen, H.J.; Madsen, D.H.; Engelholm, L.H.; Behrendt, N. The Collagen Receptor UPARAP/Endo180 in Tissue Degradation and Cancer. Int. J. Oncol. 2015, 47, 1177–1188. [Google Scholar] [CrossRef]

	



Fei, F.; Qu, J.; Zhang, M.; Li, Y.; Zhang, S. S100A4 in Cancer Progression and Metastasis: A Systematic Review. Oncotarget 2017, 8, 73219–73239. [Google Scholar] [CrossRef] [PubMed]

	



Palmieri, C.; Caley, M.P.; Purshouse, K.; Fonseca, A.-V.; Rodriguez-Teja, M.; Kogianni, G.; Woodley, L.; Odendaal, J.; Elliott, K.; Waxman, J.; et al. Endo180 Modulation by Bisphosphonates and Diagnostic Accuracy in Metastatic Breast Cancer. Br. J. Cancer 2013, 108, 163–169. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 00547 g001 550] 





Figure 1. Design and methodological patterns of the present study. It shows how several methodologies and determinations were conducted to validate the results. (A) digital PCR analysis in tumor tissues and confirmed by a pathologist in healthy tissue; (B) MRC2 proteins analysis in plasma; (C) microvesicles selection and dyeing in MRC2 and S100A4 for visualizing in cytometry; (D) immunofluorescence in cell lines and tissues for MRC2 and S100A4; (E) immunohistochemistry in PC tissue (MRC2 and S100A4). Previously, markers were selected by NGS analysis (2) by using filters obtained from different resources. 
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Figure 2. Image gallery of extracellular vesicles (EVs) from blood plasma of patients acquired by imaging flow cytometer. Brightfield (BF) images, Bodipy-labeled EVs (green), S100A4-AF594 (red), MRC2-Cy5 (magenta), and images corresponding to superimposed fluorescence channels (merged images) are shown. (A) Control; (B) moderate PC (ISUP ≤ 3); and (C) aggressive PC (ISUP > 3). 
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Figure 3. Characteristics of S100A4 as a biomarker in plasma. (A) ROC (Receiver operating characteristic) curves analysis in S100A4; (B) overall survival in days calculated to S100A4 optimal cut-point. 






Figure 3. Characteristics of S100A4 as a biomarker in plasma. (A) ROC (Receiver operating characteristic) curves analysis in S100A4; (B) overall survival in days calculated to S100A4 optimal cut-point.



[image: Ijms 24 00547 g003]







[image: Table] 





Table 1. Clinical statistical analysis of present markers.
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Clinical Values

	
n (0)

	
n (1)

	
AUC

	
95% CI

	
PPV

	
NPV

	
Sensitivity

	
Specificity

	
p






	
MRC2 & S100A4

	
ISUP grade

	
20

	
31

	
0.648

	
0.491–0.804

	
74.07%

	
54.16%

	
64.52%

	
65.00%

	
0.039




	
PSA

	
26

	
25

	
0.6

	
0.443–0.557

	
100.00%

	
56.52%

	
20.00%

	
100.00%

	
0.016




	
Metastasis

	
12

	
34

	
0.669

	
0.494–0.845

	
86.95%

	
39.13%

	
58.82%

	
75.00%

	
0.044




	
PCA3 & S100A4

	
ISUP

	
22

	
37

	
0.561

	
0.410–0.713

	
69.23%

	
42.42%

	
48.65%

	
63.64%

	
0.358




	
PSA

	
27

	
29

	
0.601

	
0.452–0.750

	
80.00%

	
54.33%

	
27.58%

	
92.59%

	
0.049




	
Metastasis

	
16

	
38

	
0.681

	
0.519–0.842

	
82.35%

	
50.00%

	
73.68%

	
62.50%

	
0.012








n (0) corresponds to ISUP (1–2), PSA (<20), and no metastasis; n (1) corresponds to ISUP (3–5), PSA (>20), and presence of metastasis; AUC (area under the curve); CI (confidence interval); PPV (positive predictive values); NPV (negative predictive values).
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Table 2. ROC parameters for diagnosis of PC patients in serum biomarkers alone and combined.
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	Biomarker
	AUC
	95% CI
	PPV (%)
	NPV (%)
	Sensitivity (%)
	Specificity (%)





	MRC2
	0.622
	0.574–0.670
	59.26
	100
	100
	24.36



	PCA3
	0.644
	0.584–0.703
	63.63
	90.90
	97.47
	31.25



	S100A4
	0.735
	0.668–0.803
	87.5
	63.63
	56.76
	90.32



	MRC2-PCA3
	0.759
	0.692–0.826
	69.66
	94.28
	96.88
	55.00



	MRC2-S100A4
	0.747
	0.673–0.0820
	89.19
	66.21
	56.90
	92.45



	PCA3-S100A4
	0.745
	0.675–0.815
	92.31
	60.27
	55.38
	93.62



	MRC2-PCA3-S100A4
	0.761
	0.688–0.835
	93.75
	65.67
	56.60
	95.65
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