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Abstract

:

Simple Summary


The ultimate need in cancer tissue is to adapt translation machinery to accelerated protein synthesis in a rapidly proliferating environment. Our study was designed with the aim of integrating fundamental and clinical research to find new biomarkers for prostate cancer (PC) with clinical usefulness for the stratification prediction of healthy tissue transition into malignant phenotype. This study revealed: (i) an entirely novel mechanism of the regulatory influence of Poly(A) deadenylase in mRNAs translational activity and the 3′ mRNA untranslated region (3′UTR) length in cancer tissue and its regulation by the poly(A) decay; (ii) the RNASEL interrelationship with the inflammatory pattern of PC and corresponding tumor-adjacent and healthy tissue; and (iii) the sensitivity, specificity, and predictive value of these enzymes. The proposed manuscript is based on the use of specific biochemical and immunoassay methods with the principal research adapted for the use of tissue specimens.




Abstract


The post-transcriptional messenger RNA (mRNA) decay and turnover rate of the template-independent poly(A) tail, localized at the 3′-untranslated region (3′UTR) of mRNA, have been documented among subtle mechanisms of uncontrolled cancer tissue growth. The activity of Poly(A) deadenylase and the expression pattern of RNASEL have been examined. A total of 138 prostate tissue specimens from 46 PC patients (cancer specimens, corresponding adjacent surgically healthy tissues, and in their normal counterparts, at least 2 cm from carcinoma) were used. For the stratification prediction of healthy tissue transition into malignant phenotype, the enzyme activity of tumor-adjacent tissue was considered in relation to the presence of microfocal carcinoma. More than a four-times increase in specific enzyme activity (U/L g.prot) was registered in PC on account of both the dissociation of its inhibitor and genome reprogramming. The obtained ROC curve and Youden index showed that Poly(A) deadenylase identified PC with a sensitivity of 93.5% and a specificity of 94.6%. The RNASEL expression profile was raised significantly in PC, but the sensitivity was 40.5% and specificity was 86.9%. A significantly negative correlation between PC and control tissue counterparts with a higher expression pattern in lymphocyte-infiltrated samples were reported. In conclusion, significantly upregulated Poly(A) deadenylase activity may be a checkpoint for the transition of precancerous lesion to malignancy, while RNASEL may predict chronic inflammation.
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1. Introduction


Prostate cancer (PC) represents a leading cause of cancer-related deaths in men. Known contributing risk factors include old age (50+), race (African American), family history, diet (meat and dairy products), and chronic prostate infections. Different pathogen-associated molecular patterns (PAMP) and damage-associated molecular patterns (DAMP) may induce inflammation, such as bacterial infections, viruses, nutrients, hormones, urine reflux, or autoimmune reactions [1,2]. Along with the study of the subtle molecular mechanisms of carcinoma development, there have been efforts to develop early and reliable diagnostic markers [2,3].



Besides the excessive DNA replication, cancer growth is a consequence of transcriptional deregulation. It has been almost 30 years since Cox and Goding posed a promising hypothesis: “transcription-related research should soon yield major dividends for cancer patients” [4]. Afterwards, the mechanisms of RNA transcription, maturation, and turnover were documented and became mainstream, starting a new trend in cancer research.



The cell-cycle progression, mitotic division, meiotic maturation, embryogenesis, differentiation, and cell response to exposomic factors occur by the modulation of mRNA stability and protein translation machinery. The post-transcriptional messenger RNA (mRNA) maturation, decay, and turnover rate are regulated by the half-life of the template-independent poly(A) tail, localized at the 3′-end of the 3′-untranslated region (3′UTR) of mRNA. In normal cells, remaining in a non-proliferative state, it represents a highly conserved mechanism, a highway of mRNA degradation; afterwards, the mRNA can undergo decapping [5,6]. It is catalyzed by poly(A) deadenylases [7,8]. Minor pathways of decay may be the deadenylation-independent decapping and endoribonucleotidase-catalyzed degradation of mRNA. Besides this, mRNAs can be degraded by a nonsense-mediated decay, a type of accelerated degradation aimed to reduce potential errors in gene expression [9,10].



The most recent approaches that have changed previous paradigms about the decay of 3′UTR poly(A) tail include the following: shorter poly(A) nucleotide tracks and longer mRNA stability, specifically observed in malignant tissues; protein synthesis translated from the shorter mRNA is several times higher than that from the longer mRNA; shorter poly(A) tail mRNA isoforms are capable of producing several times more proteins than the longer ones; mutations resulting in longer poly(A) tracks reduced the protein synthesis rate and mRNA stability; 3′UTR shortening in the mRNAs of proto-oncogenes, which led to their transformation into oncogenic proteins, translated without repressive control of miRNAs [11,12,13]. In this way, the diminishing of the “polyadenylation code”, known as the “survival of the fittest”, represents a functional adaptation of malignant cells to escape translational control, by the malignant cell demand. A potential mechanism of their oncogene action has been explained through the loss of microRNA (miRNA) complementary binding sites on mRNAs, which are usually located in the 3′UTR region [14].



Concerning the compartmentation of PC inside of the gland, the peripheral zone (PZ) represents the typical localization for cancer and inflammation. That is why it is not surprising that chronic infection and inflammation very often coexist with cancer. Inflammation may induce tumor growth by causing DNA damage, usually associated with inadequate DNA repair. On the other hand, inflammation may induce the activation of immune defense cells, which may protect tissue from unwanted cells bearing damaged DNA [15,16]. Among diagnostic values, a systemic immune-inflammation index (SII) and neutrophil–lymphocyte ratio (NLR) have been documented [17]. Recent findings suggest that chemokines and cytokine-mediated signaling pathways are intensively involved in PC growth, angiogenesis, endothelial mesenchymal transition, leukocyte infiltration, and hormone resistance in advanced types of PC [18]. Recently, Ribonuclease-L (RNASEL, 2′,5′-oligoisoadenylate synthetase-dependent) has been the subject of intensive research, as the key RNase in a viral RNA decay and inflammation. It triggers the synthesis and secretion of inflammatory cytokines, particularly type I interferon (IFN) [19,20]. The role of RNASEL in hereditary prostate cancer 1 (HPC1) has an intriguing significance. Hereditary mutations in RNASEL may predispose an increased incidence of PC and may determine the aggressiveness of the disease [21,22,23,24,25]. Catalytic action of RNASEL may also produce small non-coding double-stranded RNAs (dsRNAs), important regulators of cell survival via autophagy, versus apoptosis [26]. The role of pleiotropy in PC makes it attractive and currently still mysterious.



The primary focus of our research is the poly(A) decay as a potential checkpoint in PC development and progression. In order to employ the Poly (A) deadenylase as a possible marker of healthy tissue transition into malignant phenotype, it has been detected in carcinoma tissue, adjacent surgically healthy tissue, and in their normal counterparts, at least 2cm from carcinoma. In the present study, we also compared the expression level of RNASEL, in the same tissue specimens. Standard markers of the PC stage and progression (PSA, Gleason Score, and histopathological specimens) were also evaluated. Considering these enzymes as proteins with targeted non-coding RNA regions or non-coding RNAs as substrates, they may represent novel RNA–protein by-pass cellular biomarkers.




2. Patients and Methods


The Research Ethics Committee at the Faculty of Medicine Nis approved this prospective study protocol and waved informed consent (No12-8818-2/18 on 23 September 2020).



Patient selection: Our pilot study was conducted at University Clinical Center Nis, with 46 consecutive patients with prostate cancer (PC) who underwent radical prostatectomy. The diagnosis was verified by clinical symptoms, abnormal findings on digital rectal examination (DRE), and an increased age-specific reference range of PSA value.



Tissue preparation: After prostatectomy, the parts of the cancer tissue, adjacent surgically healthy tissue, and normal tissue counterpart, at least 2cm from carcinoma, were dissected. The samples obtained were homogenized on ice; 10% of the homogenates were prepared and frozen on −80 °C until the biochemical examinations were performed.



Enzyme assays: The protocol used for the determination of the activity of Poly(A) deadenylase was optimized in our laboratory, previously published for tissue and cell culture samples and for plasma specimens [27,28,29]. The method was based on spectrophotometric measurement of released acid-soluble nucleotides at 260 nm, from homopolynucleotide poly(A) as the substrate (purchased from Sigma-Aldrich, Darmstadt, Germany). Enzyme activity was expressed as the total (U/L homogenate) and specific enzyme activity (U/g protein of fresh tumor tissue). For the stratification method for the evaluation of poly(A) deadenylase as a predictive marker of healthy tissue transition into malignant phenotype, the enzyme activity of tumor-adjacent tissue was considered in relation to whether there was a microfocal carcinoma or not.



To evaluate the possible predictive ability of Poly(A) deadenylase-specific activity for identifying PC, we performed receiver operation curves (ROC) and then calculated the Youden index, to determine the optimal cutoff value of Poly (A) deadenylase-specific activity. We then calculated the sensitivity and specificity to predict prostate cancer.



Having in mind the importance of RNase inhibitors for limited cell RNase activity, the activity of latent, i.e., inhibitor-bound RNase, was estimated [30]. The dissociation of Poly(A)deadenylase/inhibitor complex was achieved by using sulfhydryl reagent (0.1mL of 10mM p-chloromercuribenzoate) prior to the determination of enzyme activity [31]. In this way, the enzyme activity was calculated as (i) total (free + inhibitor bound); (ii) free; and (iii) latent, i.e., inhibitor-bound.



The protocol for RNASEL (2′,5′-Oligoisoadenylate Synthetase-Dependent) was based on enzyme-linked immunosorbent assay (kits were purchased from Cloud-Clone Corp., Katy, TX, USA) with a detection range between15.625 and 1000 pg/mL. The specific enzyme expression was calculated according to the tissue protein content (ng/g proteins).



To evaluate the possible predictive ability of the RNASEL-specific expression pattern for identifying PC, we performed receiver operation curves (ROC) and then calculated the Youden index to determine the optimal cutoff value of RNASEL-specific expression. Then, we calculated the sensitivity and specificity to predict the presence of PC.



In order to distinguish enzyme activity in relation to inflammatory conditions, the enzyme activity was considered in relation to whether there was predominantly lymphocyte, macrophage–neutrophil inflammation, or only tissue hypertrophy.



The tissue protein content in homogenates was measured according to the Lowry procedure [32].



Statistical analyses: the results obtained are expressed as the mean ± standard deviation for continuous variables. Data analysis was performed using SPSS (one-way ANOVA) test. To determine the strength of a possible interaction and to quantify a possible association between two variables, a bivariate Pearson correlation coefficient was determined.




3. Results


Clinical characteristics of patients: The clinical characteristics of patients and the level of standard biomarkers are shown in Table 1.A prostate-specific antigen (PSA) test was used to diagnose PC, in which values above 4 ng/mL were suspicious for cancer.



Enzyme assays: Poly(A) deadenylase and RNASEL were measured in PC tissue, adjacent surgically healthy tissue, and in corresponding healthy counterparts, at least 2 cm from carcinoma. The corresponding samples were considered further in relation to a possible influence of tissue transition into malignant phenotype and inflammation; the samples were further subdivided in the corresponding groups.



Poly(A) deadenylase: More than a four-times increase in specific enzyme activity (U/L g.prot) was registered for Poly(A) deadenylase, followed by a more-than twofold increase in its activity in adjacent carcinoma tissue, compared to the control healthy tissue counterparts (Figure 1).



Our preliminary results showed no overlapping value between the PC and control samples, which maybe a prerequisite for considering sensitivity and specificity as well as the cutoff value in a larger series of samples. The enzyme activities for the corresponding prostate tissue specimens for each patient were evaluated with regard to their biomarker potential to distinguish cancer tissue, as a prognostic biomarker of cancer aggressiveness, and as potential predictive biomarkers for the stratification of transition of benign hyperplasia to the malignant process. Following the stratification of benign hyperplasia (BPH) and the appearance of microfocal cancer, apart from the main carcinoma tissue, the appearance of microfocal cancer was registered in 45.65 tumor-adjacent specimens. The enzyme activity was significantly higher in the adjacent tissue with microfocal carcinoma compared to tumor-adjacent tissue bearing only BPH and control specimens but was still significantly lower than that of PC specimens. Poly(A) deadenylase may be considered as an early marker for the transition of benign hyperplasia to a malignant one, when histopathological diagnosis is still insufficient. The evaluation of areas under the curves (AUCs) showed that Poly(A) deadenylase-specific activity (AUC = 0.97, 95% CI = 0.95–1.00, p < 0.0001) (Figure 2) predicted PC, and specific activity exhibited a significantly high performance. After determining the optimal cutoff values by Youden’s index, we calculated the sensitivity and specificity and found that Poly(A) deadenylase identified prostate cancer with a sensitivity of 93.5% and a specificity of 94.6%.



In monitoring the potential specificity of enzyme activity with regard to inflammatory conditions, the histopathological findings of prostatitis caused by infiltration of the prostate tissue by immune cells (lymphocytes, macrophages, or neutrophils) did not have any influence on enzyme activity. It may exclude any inflammatory process as a confounding condition for the increased Poly(A) deadenylase activity.



The dissociation of Poly(A) deadenylase-inhibitor complex by p-chloromercuribenzoate indicated that the main part (59.16%) of Poly(A) deadenylase in control healthy tissue seems to be latent: the inhibitor-bound. No quantity of latent form was detected in PC. The free enzyme in PC specimens was still more than 50% (51.6) higher than the total activity in the control tissue, which may indicate that about 50% of enzyme activity was raised because of genome reprogramming and the consequent increased expression in malignant tissue. Unlike malignant tissue (PC specimens), in tumor-adjacent tissue, only a gradual dissociation of enzymes from its inhibitor complex was documented since the latent form was retained in 35.23% in tumor-adjacent tissue and only in 5.11% in tumor-adjacent tissue with microfocal cancer. Based on the results obtained, it can be assumed that the increased expression of the enzyme may be a checkpoint for the transition to a malignant phenotype (Figure 3).



RNASEL: A significant difference in RNASEL in investigated groups of samples, concerning the total and specific expression pattern, was observed (Figure 4). The statistical significance was reported in PC specimens only for the total enzyme activity. Since there was no difference in RNASEL concerning the presence of microfocal lesions, tumor-adjacent tissue was not stratified. Based on these results and the difference obtained between the RNASEL expression profile in PC in relation to the control tissue, it would not be considered as an early tumor marker.



Evaluation of areas under the curves (AUCs) showed that RNASEL specific expression (AUC = 0.64, 95% CI = 0.53–0.74, p = 0.013), (Figure 5) predicted PC. However, the predictive ability of RNASEL was only modest. After determining the optimal cutoff values by Youden’s index, we calculated the sensitivity and specificity, which were 40.5% and 86.9%, respectively.



The on–off switch negative correlation was reported between RNASEL in carcinoma specimens and healthy tissue, since high activity in healthy tissue was followed by a fall in carcinoma tissue, and vice versa (Figure 6), where the correlation coefficient was −0.5.



In monitoring the type of inflammation as the confounding condition for the RNASEL expression profile, the RNASEL was stratified according to the type of inflammation (predominantly chronic lymphocyte infiltration, macrophage/neutrophil infiltration, or the absence of inflammatory cells). Although lymphocytic infiltration tended to be associated with higher RNASEL, it was statistically significant only in control specimens, compared to macrophage/neutrophil infiltration or the absence of inflammatory cells (Figure 7).



The pie charts in Figure 5 explore the percentage influence of lymphocyte infiltration, macrophage/neutrophil infiltration, or the absence of inflammatory cells in different tissue specimens. By analyzing the tissue slices, it seems important to note that only 37% of control samples showed marked inflammation, which decreased in tumor-adjacent tissue to 30% but moderately increased in PC specimens to 54%.



Examples of tissue histopathological findings in the above-mentioned specimens are documented in Figure 8.




4. Discussion


In our study, the Poly(A) deadenylase and RNASEL were determined in PC tissue, adjacent surgically healthy tissue, and in corresponding healthy counterparts, at least 2 cm from carcinoma. The increase in poly(A) deadenylase-specific activity ranged from two to ten times, followed by a more-than twofold increase in its activity in adjacent carcinoma tissue, compared to the control healthy tissue counterparts (Figure 1). The preliminary results obtained may consider Poly(A) deadenylase as a potential surrogate marker for transition of hypertrophic tissue into malignant one, so it is worth paying attention to sensitivity and specificity as well as to cutoff value in a larger series of samples.



From the first understanding of PC development and progression, there has been a tendency to define and establish an ideal or at least an early tumor marker, which would have a key or profound impact on pathogenesis of prostate cancer, early diagnosis, and possible management [1,2]. To define a reliable prostate tumor marker, the National Institute of Standards and Technology (NIST), the American Cancer Society National Prostate Cancer Detection Project, and other relevant associations tried to define criteria for clinical and laboratory prostate tumor marker assessment. According to the biological structure, cancer biomarkers are currently classified as DNA-based, RNA-based, and protein-based. Apart from biochemical structure and cell function, to consider any biomarker for practical clinical use, it should have high diagnostic specificity for detection and for monitoring the stage and prognosis; to be reliable in clinical intervention, recurrence, and survival; to be easily measurable in biological fluids (plasma, urine);and to be inexpensive. So far, more than fifty biologically active molecules have been identified with more or less proper significance in cancer development, staging, and reaction to therapy and overall survival. To promote one biomolecule as a potential biomarker, the first step is laboratory validation of the method and correlation of clinical significance with standard biomarkers. As routine diagnostic tests for PC development and progression, a prostate-specific antigen (PSA) test and digital rectal examination (DRE) [33,34] are proposed. In the current literature, we did not find any report about Poly(A) deadenylase activity in PC cells at the time this article was prepared. The results obtained about a manifold increase in cancer tissue and in tumor-adjacent tissue may propose Poly(A) deadenylase as a new and potential tumor marker for PC and a possible diagnostic marker for the transition from normal prostate tissue to cancer growth (Figure 1). To evaluate the possible predictive ability of Poly(A) deadenylase-specific activity for identifying PC, the receiver operation curves (ROC) and the Youden index determined the optimal cutoff value. We found that Poly(A) deadenylase identified PC with a sensitivity of 93.5% and a specificity of 94.6% with no overlapping values (Figure 2). Gene reprogramming in cancer occurs through differential expression of cancer-related genes, which leads to differential quantity of specific proteins in cancer tissue. The difference obtained between inhibitory bound and free enzyme activity in PC specimens and control samples may highlight a significant protein reprogramming pattern in prostate carcinoma owing to Poly(A) deadenylase, responsible for at least 50% of its expression (Figure 3).



The active mRNA transcript synthesis occurs through the final structuring of the proper poly(A) tail length. The proper poly(A) tail allows nuclear processing of mRNA and translation initiation after binding to poly(A)-binding protein (PABP). From the other side, the shorter 3′UTR poly(A) tail may diminish the posttranscriptional gene regulation, because they are targets for translational inhibition and mRNA destabilization, assembling into RNA-induced silencing complex (RISC). The rapid deadenylation process may represent a defense system against an aberrant or “unfavorable” mRNAs persistence, which have been found in cancerous tissue [12,13]. Experimental knockout of poly(A) deadenylase gene in a culture of gastric cancer cells resulted in the cell-cycle arrest of G0/G1 phase, followed by the accumulation of p21 tumor suppressor protein [35]. A high expression pattern of Poly(A) deadenylase has been documented in acute leukemias [36]. With regard to specific families, two main families of poly(A) deadenylases were isolated: the DEED types and the exonuclease–endonuclease–phosphatases (EEP) types. The Poly(A)-specific ribonuclease (PARN), POP2 endonuclease, CAF1Z and PAN2 members belong to the DEED family, while CCR4, Nocturinin, ANGEL and 2′ phosphodiesterase (2′PDE) belong to the EEP family [37,38,39,40]. Recently, only PARN has been proposed as a potential target of experimental cancer treatment [41]. Trascriptomic analysis of Poly(A) deadenylase expression in squamous cell lung carcinoma referred only PARN and Nocturnin(NOC) type of Poly(A) deadenylase family, significantly over-expressed, with a significant prognostic value in specific subtypes [42]. In this way, Poly(A) deadenylase may represent an integrative part of the cell cycle and survival control checkpoint in tumorigenesis. Aberrant synthesis of many functional “checkpoint” proteins necessary for cell proliferation, together with the synthesis of mutant forms of tumor suppressor proteins, has been documented in cancer pathogenesis [43]. In highlighting the specific role of Poly (A)-specific ribonucleases in reproductive tissues, a specific function in male spermatogenesis, female oogenesis, and fertility was documented [44,45]. Mice with the loss of PARN-regulatory protein (Cnot7-knockout mice), besides compromised deadenylation, suffer from sterility because of oligo-astheno-teratozoospermia and defective maturation of spermatids [46]. These data may point to the crucial importance of the poly(A) tail deadenylation regulation in the reproductive system and prostatic gland function.



In our study, the dissociation of Poly(A)deadenylase-inhibitor complex indicated that the main part (59.16%) of Poly(A) deadenylase in control healthy tissue seemed to be latent: the inhibitor-bound. Since the total activity of enzyme in PC specimens was 51.6% higher than the total activity in the control tissue, it may be calculated that about 50% of enzyme activity was raised because of genome reprogramming and increased expression in malignant tissue. At the same time, it is important to note that the tumor-adjacent tissue may behave like tissue at the crossroads between healthy and malignant phenotype. The appearance of microfocal carcinoma is followed by gradual liberation of the enzyme from its inhibitor complex (from 35.2 to 5.11% of inhibitor-bound enzyme) but still appears to have no effect on tissue reprogramming (Figure 3). The mechanism of enzyme–inhibitor binding has been documented in detail. RNases may make the noncovalent complexes with its natural protein inhibitor in the cell. The proposed roles of RNase inhibitor are the protection, control, and termination of cellular RNA degradation, hence the name “RNAguard”. RNase inhibitor proteins are ubiquitous, meaning that they usually follow RNase localization. Regarding the primary structure of inhibitor, it contains highly repetitive leucine-rich amino acid sequences and about 30 reduced cysteine residues of the 32 available. Regarding the tertiary structure, it is made of α-helix and β-strand. Its tertiary horseshoe-like structure, rich in leucine residues, may allow for the tight equimolar interaction with the enzyme [47,48]. The importance of inhibitors in the germinal organs of men is evidenced in the fact that, besides the brain and liver, the testicular germ cells are very rich in RNase inhibitor [49,50,51,52]. Due to a large quantity of reduced cysteine, the RNase inhibitor can be inactivated by SH group-modifying reagents, such as PCMB (p-chloromercuriobenzoate), which induces the dissociation of free enzyme and inactive inhibitor [50]. In our earlier results, we documented the influence of steroid hormones on RNase-inhibitor dissociation [53]. Decreased binding of RNase inhibitor was documented in leukemia [54]. In order to explain the potential mechanism of latent enzyme release from the inhibitory complex in PC, we have considered our recent results in relation to the increased generation of free radicals in prostate carcinogenesis, presumably owing to the increased xanthine oxidase/dehydrogenase ratio [55]. Liberated free radicals may oxidize cysteine SH groups in the protein inhibitor, which play a structural and functional role in inhibitor function. Their oxidation can induce conformational changes of inhibitor and can induce the dissociation of enzyme-inhibitor complex [47]; the oxidation of SH groups is a mechanism of in vitro dissociation of latent (inhibitor-bound) enzyme in order to measure latent enzyme.



The mean values of RNASEL in tumor samples were significantly raised, as shown in Figure 4. Evaluation of areas under the curves (AUCs) showed that RNASEL-specific expression may predict PC, but with a low sensitivity of 40.5% and a specificity of 86.9% (Figure 5). A highly negative correlation in cancer vs. corresponding healthy tissue is documented (Figure 6). The possible reason why RNASEL expression was highly negatively correlated in carcinoma tissue to its normal counterpart may be found in the immune-suppressive properties of RNASEL. Besides viral RNAs, RNASEL may initiate the cleavage of other cellular RNAs, which may promote cell apoptosis [20,24,26,56]. Because of apoptotic properties, RNASEL has been proposed as a tumor-suppressor molecule [57,58]. Immunosuppressive properties as the result of increased RNASEL in cancer tissue may be explained as a possible immune-escaping mechanism of cancer tissue, which stands in opposition to more pronounced inflammation. Inflammation as an epigenetic factor may have an influence on DNA damage or the aberrant expression of cell-cycle control proteins [15,16,17,18]. It was documented that the type of infiltrates made of inflammatory, innate immune cells and CD4+ T-lymphocyte, may predict cancer progression. The cells of innate immunity, such as macrophages and immune suppressor cells, may predict prostate cancer progression, while surrounding with adaptive immunity cells may act as tumor suppressive cells [56,57,58]. RNASEL represents a specific type of “housekeeper enzyme”, the key switching anti-infective mechanism activated immediately after viral attack, or interferon-receptor binding, through the short 5′-phosphorylated, 2′,5′-linked oligoadenylate, known as the 2-5 oligoadenylate system (2-5A). Once activated by 2-5A, the inactive monomeric RNASEL makes a complex 2-5A/RNASEL system, which is responsible for the cleavage of single-stranded regions of RNA, located near the UpUp or UpAp dinucleotides, or double-stranded RNAs, which are typical viral PAMP molecules (pathogen-associated molecular pattern) [59]. The hypothesis has been corroborated by the specific location of the RNASEL gene at the chromosome region 1q25, specifically susceptible to rearrangement in some cancer types. Missense point mutations of RNASEL gene resulting in aberrant RNASEL structure (arginine to glutamine substitution at position 462) followed by defective function were documented in some families with hereditary prostate cancer [23,24,25,26]. The specific Q variant of RNASEL with an almost threefold lower catalytic activity has been registered in about 13% of patients with carcinoma of the prostate, which may be accounted for by the increased risk of prostate cancer in about 50% in the case of heterozygous mutation, while its appearance in a homozygous form may increase the prostate cancer risk two times. Besides a genetic variant, the epigenetic alteration of RNASEL catalytic activity influenced by different inflammatory or infective agents would not be excluded in prostate cancer [19,21,22,23,24,25]. In our study, the statistical significance was reported in PC specimens only for total RNASEL. In monitoring the type of inflammation as the confounding condition for RNASEL expression profile, the RNASEL was stratified according to the type of inflammation (predominantly chronic lymphocyte infiltration, macrophage/neutrophil infiltration or the absence of inflammatory cells). Although lymphocytic infiltration tended to be associated with higher RNASEL, it was statistically significant only in control specimens, compared to macrophage/neutrophil infiltration or the absence of inflammatory cells (Figure 7). The percentage contribution and profile of immune cells infiltration is also shown in Figure 7 in the pie charts. Only 37% of control samples showed marked inflammation, which decreased in tumor-adjacent tissue by 30% but moderately increased in PC specimens by 54%. By comparing the type of immune cells (macrophage, lymphocyte, neutrophil ratio), RNASEL was significantly expressed only in control healthy specimens associated with lymphocyte infiltration.



The study performed has some limitations, the main being a limited number of samples. However, even on the presented number of samples, the consistent conclusions, with regard to sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), false-negative rate, and cutoff values, for Poly(A) deadenylase will be drawn. The analysis of enzyme activity in plasma and urine and in liquid biopsies will answer whether there would be any interest for possible noninvasive diagnostic utility and screening.




5. Conclusions


In conclusion, significantly upregulated Poly(A) deadenylase activity in PC tissue and tumor-adjacent tissue associated with microfocal carcinoma highlighted it as a promising RNA–protein bypass biomarker of prostate cancer development. RNASEL may predict lymphocyte infiltration and chronic inflammation of the prostate.







Author Contributions


G.K.: conceptualization, original article preparation; J.H.-D.: supervision of PC cancer patients and biobank validation; A.V.: biochemical methods validation; L.J.-V.: pathohistological diagnostics of PC; S.R.: article proofreading and editing and preparation of statistical analyses; A.Š.: checking analytical methods, final supervision and final text editing. All authors have read and agreed to the published version of the manuscript.




Funding


This work is financed by Science Fund of the Republic of Serbia (IDEAS), project number: 7750154 (NPATPETTMPCB).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by Ethics Committee of Medical Faculty University of Nis (N12-8818-2/18) approved by Ethical Committee on 29 September 2020 for studies involving humans.




Informed Consent Statement


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




Data Availability Statement


All data are available in the personal files of BIOBANK patients and results, completed according to the project “IDEAS” needs.




Acknowledgments


The authors are grateful to Basic D for offering PC tissue specimens. The authors are also grateful to Serbian Academy of Science (Branch Nis) for promotion and advancement of our research by current internal projects: O-06-17 (Coordinator M. Colic) and O-28-22 (Coordinator J. Hadzi-Djokic).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics. CA Cancer J. Clin. 2016, 66, 7–30. [Google Scholar] [CrossRef] [PubMed]

	



Serrano, N.A.; Anscher, M.S. Favorable vs. Unfavorable Intermediate-Risk Prostate Cancer: A Review of the New Classification System and Its Impact on Treatment Recommendations. Oncology 2016, 30, 229–236. [Google Scholar] [PubMed]

	



Kretschmer, A.; Tilki, D. Biomarkers in prostate cancer—Current clinical utility and future perspectives. Crit. Rev. Oncol. Hematol. 2017, 120, 180–193. [Google Scholar] [CrossRef] [PubMed]

	



Cox, P.M.; Goding, C.R. Transcription and cancer. Br. J. Cancer 1991, 63, 651–662. [Google Scholar] [CrossRef]

	



Garneau, N.L.; Wilusz, J.; Wilusz, C.J. The highways and byways of mRNA decay. Nat. Rev. Mol. Cell Biol. 2007, 8, 113–126. [Google Scholar] [CrossRef]

	



Parker, R.; Song, H. The enzymes and control of eukaryotic mRNA turnover. Nat. Struct. Mol. Biol. 2004, 11, 121–127. [Google Scholar] [CrossRef]

	



Chen, C.Y.; Shyu, A.B. Mechanisms of deadenylation-dependent decay. Wiley Interdiscip. Rev. RNA 2011, 2, 167–183. [Google Scholar] [CrossRef]

	



Goldstrohm, A.C.; Wickens, M. Multifunctional deadenylase complexes diversify mRNA control. Nat. Rev. Mol. Cell Biol. 2008, 9, 337–344. [Google Scholar] [CrossRef]

	



Arafat, M.; Sperling, R.A. Quality Control Mechanism of Splice Site Selection Abrogated under Stress and in Cancer. Cancers 2022, 14, 1750. [Google Scholar] [CrossRef]

	



Lejeune, F. Nonsense-mediated mRNA decay at the crossroads of many cellular pathways. BMB Rep. 2017, 50, 175–185. [Google Scholar] [CrossRef]

	



Sandberg, R.; Neilson, J.R.; Sarma, A.; Sharp, P.A.; Burge, C.B. Proliferating cells express mRNAs with shortened 3′ untranslated regions and fewer microRNA target sites. Science 2008, 320, 1643–1647. [Google Scholar] [CrossRef] [PubMed]

	



Morris, A.R.; Bos, A.; Diosdado, B.; Rooijers, K.; Elkon, R.; Bolijn, A.S.; Carvalho, B.; Meijer, G.A.; Agami, R. Alternative cleavage and polyadenylation during colorectal cancer development. Clin. Cancer Res. 2012, 18, 5256–5266. [Google Scholar] [CrossRef] [PubMed]

	



Mayr, C.; Bartel, D.P. Widespread shortening of 3′ UTRs by alternative cleavage and polyadenylation activates oncogenes in cancer cells. Cell 2009, 138, 673–684. [Google Scholar] [CrossRef] [PubMed]

	



Davis, R.; Shi, Y. The polyadenylation code: A unified model for the regulation of mRNA alternative polyadenylation. J. Zhejiang Univ. Sci. B 2014, 15, 429–437. [Google Scholar] [CrossRef] [PubMed]

	



Sciarra, A.; Gentilucci, A.; Salciccia, S.; Pierella, F.; Del Bianco, F.; Gentile, V.; Silvestri, I.; Cattarino, S. Prognostic value of inflammation in prostate cancer progression and response to therapeutic: A critical review. J. Inflamm. 2016, 13, 35. [Google Scholar] [CrossRef]

	



Gandaglia, G.; Briganti, A.; Gontero, P.; Mondaini, N.; Novara, G.; Salonia, A.; Sciarra, A.; Montorsi, F. The role of chronic prostatic inflammation in the pathogenesis and progression of benign prostatic hyperplasia. BJU Int. 2013, 112, 432–441. [Google Scholar] [CrossRef]

	



Wang, S.; Ji, Y.; Chen, Y.; Du, P.; Cao, Y.; Yang, X.; Ma, J.; Yu, Z.; Yang, Y. The Values of Systemic Immune-Inflammation Index and Neutrophil-Lymphocyte Ratio in the Localized Prostate Cancer and Benign Prostate Hyperplasia: A Retrospective Clinical Study. Front. Oncol. 2022, 11, 812319. [Google Scholar] [CrossRef]

	



Mughees, M.; Kaushal, J.B.; Sharma, G.; Wajid, S.; Batra, S.K.; Siddiqui, J.A. Chemokines and Cytokines: Axis and Allies in Prostate Cancer Pathogenesis. Semin. Cancer Biol. 2022. [Google Scholar] [CrossRef]

	



Silverman, R.H. Implications for RNase L in prostate cancer biology. Biochemistry 2003, 42, 1805–1812. [Google Scholar] [CrossRef]

	



Silverman, R.H. A scientific journey through the 2-5A/RNase L system. Cytokine Growth Factor Rev. 2007, 18, 381–388. [Google Scholar] [CrossRef]

	



Casey, G.; Neville, P.J.; Plummer, S.J.; Xiang, Y.; Krumroy, L.M.; Klein, E.A.; Catalona, W.J.; Nupponen, N.; Carpten, J.D.; Trent, J.M.; et al. RNASEL Arg462Gln variant is implicated in up to 13% of prostate cancer cases. Nat. Genet. 2002, 32, 581–583. [Google Scholar] [CrossRef] [PubMed]

	



Rokman, A.; Ikonen, T.; Seppala, E.H.; Nupponen, N.; Autio, V.; Mononen, N.; Bailey-Wilson, J.; Trent, J.; Carpten, J.; Matikainen, M.P.; et al. Germline alterations of the RNASEL gene, a candidate HPC1 gene at 1q25, in patients and families with prostate cancer. Am. J. Hum. Genet. 2002, 70, 1299–1304. [Google Scholar] [CrossRef] [PubMed]

	



Wiklund, F.; Jonsson, B.A.; Brookes, A.J.; Stromqvist, L.; Adolfsson, J.; Emanuelsson, M.; Adami, H.O.; Augustsson-Balter, K.; Gronberg, H. Genetic analysis of the RNASEL gene in hereditary, familial, and sporadic prostate cancer. Clin. Cancer Res. 2004, 10, 7150–7156. [Google Scholar] [CrossRef]

	



Maier, C.; Haeusler, J.; Herkommer, K.; Vesovic, Z.; Hoegel, J.; Vogel, W.; Paiss, T. Mutation screening and association study of RNASEL as a prostate cancer susceptibility gene. Br. J. Cancer 2005, 92, 1159–1164. [Google Scholar] [CrossRef]

	



Xia, J.; Sun, R. Evidence from 40 Studies that 2 Common Single-Nucleotide Polymorphisms (SNPs) of RNASEL Gene Affect Prostate Cancer Susceptibility: A Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)-Compliant Meta-Analysis. Med. Sci. Monit. 2019, 25, 8315–8325. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, Y.; Wang, Z.; Murakami, J.; Plummer, S.; Klein, E.A.; Carpten, J.D.; Trent, J.M.; Isaacs, W.B.; Casey, G.; Silverman, R.H. Effects of RNase L mutations associated with prostate cancer on apoptosis induced by 2′,5′-oligoadenylates. Cancer Res. 2003, 63, 6795–6801. [Google Scholar] [PubMed]

	



Kocic, G.; Bjelakovic, G.; Pavlovic, D.; Jevtovic, T.; Pavlovic, V.; Sokolovic, D.; Basic, J.; Cekic, S.; Cvetkovic, T.; Kocic, R.; et al. Protective effect of interferon-alpha on the DNA- and RNA-degrading pathway in anti-Fas-antibody induced apoptosis. Hepatol. Res. 2007, 37, 637–646. [Google Scholar] [CrossRef]

	



Kocic, G.; Veljkovic, A.; Kocic, H.; Colic, M.; Mihajlovic, D.; Tomovic, K.; Stojanovic, S.; Smelcerovic, A. Depurinized milk downregulates rat thymus MyD88/Akt/p38 function, NF-κB-mediated inflammation, caspase-1 activity but not the endonuclease pathway:in vitro/in vivo study. Sci. Rep. 2017, 7, 41971. [Google Scholar] [CrossRef]

	



Kocic, G.; Pavlovic, R.; Nikolic, G.; Veljkovic, A.; Panseri, S.; Chiesa, L.M.; Andjelkovic, T.; Jevtovic-Stoimenov, T.; Sokolovic, D.; Cvetkovic, T.; et al. Effect of commercial or depurinized milk on rat liver growth-regulatory kinases, nuclear factor-kappa B, and endonuclease in experimental hyperuricemia: Comparison with allopurinol therapy. J. Dairy Sci. 2014, 97, 4029–4042. [Google Scholar] [CrossRef]

	



Dickson, K.A.; Haigis, M.C.; Raines, R.T. Ribonuclease inhibitor: Structure and function. Prog. Nucleic Acid Res. Mol. Biol. 2005, 80, 349–374. [Google Scholar]

	



Cho, S.W.; Joshi, J.G. Ribonuclease inhibitor from pig brain: Purification, characterization, and direct spectrophotometric assay. Anal. Biochem. 1989, 176, 175–179. [Google Scholar] [CrossRef]

	



Lowry, O.H.; Rosenbrough, N.J.; Farr, A.J.; Randall, R.J. Protein measurement with the pholin phenol reagent. J. Biol. Chem. 1951, 193, 265–275. [Google Scholar] [CrossRef]

	



Hartwell, L.; Mankoff, D.; Paulovich, A.; Ramsey, S.; Swisher, E.M. Cancer biomarkers: A systems approach. Nat. Biotechnol. 2006, 24, 905–908. [Google Scholar] [CrossRef] [PubMed]

	



Madu, C.O.; Lu, Y. Novel diagnostic biomarkers for prostate cancer. J. Cancer 2010, 1, 150–177. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.N.; Yan, Y.B. Depletion of poly(A)-specific ribonuclease (PARN) inhibits proliferation of human gastric cancer cells by blocking cell cycle progression. Biochim. Biophys. Acta 2015, 1853, 522–534. [Google Scholar] [CrossRef] [PubMed]

	



Maragozidis, P.; Karangeli, M.; Labrou, M.; Dimoulou, G.; Papaspyrou, K.; Salataj, E.; Pournaras, S.; Matsouka, P.; Gourgoulianis, K.I.; Balatsos, N. Alterations of deadenylase expression in acute leukemias: Evidence for poly(a)-specific ribonuclease as a potential biomarker. Acta Haematol. 2012, 128, 39–46. [Google Scholar] [CrossRef]

	



Pavlopoulou, A.; Vlachakis, D.; Balatsos, N.A.; Kossida, S. A comprehensive phylogenetic analysis of deadenylases. Evol. Bioinform. Online 2013, 9, 491–497. [Google Scholar] [CrossRef]

	



Virtanen, A.; Henriksson, N.; Nilsson, P.; Nissbeck, M. Poly(A)-specific ribonuclease (PARN): An allosterically regulated, processive and mRNA cap-interacting deadenylase. Crit. Rev. Biochem. Mol. Biol. 2013, 48, 192–209. [Google Scholar] [CrossRef]

	



Godwin, A.R.; Kojima, S.; Green, C.B.; Wilusz, J. Kiss your tail goodbye: The role of PARN, Nocturnin, and Angel deadenylases in mRNA biology. Biochim. Biophys. Acta 2013, 1829, 571–579. [Google Scholar] [CrossRef]

	



Balatsos, N.A.; Maragozidis, P.; Anastasakis, D.; Stathopoulos, C. Modulation of poly(A)-specific ribonuclease (PARN): Current knowledge and perspectives. Curr. Med. Chem. 2012, 19, 4838–4849. [Google Scholar] [CrossRef]

	



Balatsos, N.A.; Nilsson, P.; Mazza, C.; Cusack, S.; Virtanen, A. Inhibition of mRNA deadenylation by the nuclear cap binding complex (CBC). J. Biol. Chem. 2006, 281, 4517–4522. [Google Scholar] [CrossRef] [PubMed]

	



Maragozidis, P.; Papanastasi, E.; Scutelnic, D.; Totomi, A.; Kokkori, I.; Zarogiannis, S.G.; Kerenidi, T.; Gourgoulianis, K.I.; Balatsos, N.A.A. Poly(A)-specific ribonuclease and Nocturnin in squamous cell lung cancer: Prognostic value and impact on gene expression. Mol. Cancer 2015, 14, 187. [Google Scholar] [CrossRef] [PubMed]

	



Pandolfi, P.P. Aberrant mRNA translation in cancer pathogenesis: An old concept revisited comes finally of age. Oncogene 2004, 23, 3134–3137. [Google Scholar] [CrossRef] [PubMed]

	



Morris, J.Z.; Hong, A.; Lilly, M.A.; Lehmann, R. Twin, a CCR4 homolog, regulates cyclin poly(A) tail length to permit Drosophila oogenesis. Development 2005, 132, 1165–1174. [Google Scholar] [CrossRef]

	



Berthet, C.; Morera, A.-M.; Asensio, M.-J.; Chauvin, M.-A.; Morel, A.-P.; Dijoud, F.; Magaud, J.-P.; Durand, P.; Rouault, J.-P. CCR4-associated factor CAF1 is an essential factor for spermatogenesis. Mol. Cell. Biol. 2004, 24, 5808–5820. [Google Scholar] [CrossRef]

	



Nakamura, T.; Yao, R.; Ogawa, T.; Suzuki, T.; Ito, C.; Tsunekawa, N.; Inoue, K.; Ajima, R.; Miyasaka, T.; Yoshida, Y.; et al. Oligo-astheno-teratozoospermia in mice lacking CNOT7, a regulator of retinoid X receptor β. Nat. Genet. 2004, 36, 528–533. [Google Scholar] [CrossRef]

	



Fominaya, J.M.; Hofsteenge, J. Inactivation of ribonuclease inhibitor by thiol–disulfide exchange. J. Biol. Chem. 1992, 267, 24655–24660. [Google Scholar] [CrossRef]

	



Hofsteenge, J.; Kieffer, B.; Matthies, R.; Hemmings, B.A.; Stone, S.R. Amino acid sequence of the ribonuclease inhibitor from porcine liver reveals the presence of leucine-rich repeats. Biochemistry 1988, 27, 8537–8544. [Google Scholar] [CrossRef]

	



Nadano, D.; Yasuda, T.; Takeshita, H.; Uchide, K.; Kishi, K. Purification and characterization of human brain ribonuclease inhibitor. Arch. Biochem. Biophys. 1994, 312, 421–428. [Google Scholar] [CrossRef]

	



Futami, J.; Tsushima, Y.; Murato, Y.; Tada, H.; Sasaki, J.; Seno, M.; Yamada, H. Tissue-specific expression of pancreatic-type RNases and RNase inhibitor in humans. DNA Cell Biol. 1997, 16, 413–419. [Google Scholar] [CrossRef]

	



Burton, L.E.; Fucci, N.P. Ribonuclease inhibitors from the liver of five mammalian species. Int. J. Pept. Protein Res. 1982, 19, 372–379. [Google Scholar] [CrossRef] [PubMed]

	



Ferreras, M.; Gavilanes, J.G.; Lopez-Otin, C.; Garcia-Segura, J.M. Thiol–disulfide exchange of ribonuclease inhibitor bound to ribonuclease A. Evidence of active inhibitor-bound ribonuclease. J. Biol. Chem. 1995, 270, 28570–28578. [Google Scholar] [CrossRef] [PubMed]

	



Bjelakovic, G.; Pavlovic, D.; Nikolic, J.; Kocic, G.; Stankovic, B.; Bjelakovic, B. Effect of pyridoxine on the alkaline ribonuclease activity in the liver of dexamethasone treated rats. Facta Univ. Ser. Med. Biol. 1997, 4, 17–20. [Google Scholar]

	



Kraft, N.; Shortman, K. The phylogeny of the ribonuclease-ribonuclease inhibitor system: Its distribution in tissues and its response during leukaemogenesis and aging. Aust. J. Biol. Sci. 1970, 23, 175–184. [Google Scholar] [CrossRef] [PubMed]

	



Veljković, A.; Hadži-Dokić, J.; Sokolović, D.; Bašić, D.; Veličković-Janković, L.; Stojanović, M.; Popović, D.; Kocić, G. Xanthine Oxidase/Dehydrogenase Activity as a Source of Oxidative Stress in Prostate Cancer Tissue. Diagnostics 2020, 10, 668. [Google Scholar] [CrossRef] [PubMed]

	



Karan, D.; Dubey, S. From Inflammation to Prostate Cancer: The Role of inflammasomes. Adv. Urol. 2016, 2016, 3140372. [Google Scholar] [CrossRef] [PubMed]

	



Ammirante, M.; Luo, J.L.; Grivennikov, S.; Nedospasov, S.; Karin, M. B-cell-derived lymphotoxin promotes castration-resistant prostate cancer. Nature 2010, 464, 302–305. [Google Scholar] [CrossRef] [PubMed]

	



Gurel, B.; Lucia, M.S.; Thompson, I.M.; Goodman, P.J., Jr.; Tangen, C.M.; Kristal, A.R.; Parnes, H.L.; Hoque, A.; Lippman, S.M.; Sutcliffe, S.; et al. Chronic inflammation in benign prostate tissue is associated with high-grade prostate cancer in the placebo arm of the prostate cancer prevention trial. Cancer Epidemiol. Biomark. Prev. 2014, 23, 847–856. [Google Scholar] [CrossRef]

	



Carpten, J.; Nupponen, N.; Isaacs, S.; Sood, R.; Robbins, C.; Xu, J.; Faruque, M.; Moses, T.; Ewing, C.; Gillanders, E.; et al. Germline mutations in the ribonuclease L gene in families showing linkage with HPC1. Nat. Genet. 2002, 30, 181–184. [Google Scholar] [CrossRef]








[image: Cancers 14 02239 g001 550] 





Figure 1. Poly(A) deadenylase specific enzyme activity (U/L g.prot) in PC, tumor adjacent with MC, tumor-adjacent and control healthy counterparts. 
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Figure 2. Receiver operating characteristic curve showing the performance of Poly(A) deadenylase specific activity in predicting prostate cancer. 
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Figure 3. Total, free, and inhibitor-bound (latent) Poly(A) deadenylaseactivity(U/L) in PC, tumor adjacent with MC, tumor-adjacent, and control healthy counterparts. 
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Figure 4. RNASEL total (ng/L) and specific (ng/g.prot) expression level in PC, tumor-adjacent, and control healthy counterparts. 
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Figure 5. Receiver operating characteristic curve showing the performance of RNASEL-specific expression in predicting prostate cancer. 
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Figure 6. RNASEL correlation between values in PC and corresponding control specimens of healthy tissue. 
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Figure 7. RNASEL in PC, tumor-adjacent and corresponding healthy tissues in relation to the presence and the type of inflammation. 
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Figure 8. Histological findings of PC, tumor-adjacent tissue with microfocal carcinoma, tumor-adjacent, and control healthy tissue specimens. 
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Table 1. The age and level of PSA, Gleason score, and tumor stage in investigated patients with PC.
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	Investigated Parameters
	n%





	Age
	



	<70
	28 (60.87%)



	>70
	18 (39.13%)



	Tumor stage
	



	II
	34 (73.91%)



	III
	12 (26.09%)



	pN—lymph node metastasis
	



	NO
	20 (43.48%)



	NX
	26 (56.52%)



	pM-distant metastasis
	



	MO
	22 (47.83%)



	MX
	24 (52.17%)



	Gleason score
	



	3 + 3
	15 (32.6%)



	3 + 4
	18 (39.13%)



	4 + 3
	9 (19.56%)



	3 + 5
	2 (4.35%)



	4 + 4
	2 (4.35%)



	PSA (ng/mL)
	



	<10
	28 (60.87%)



	>10
	18 (39.13%)
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