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Abstract

:

piRNAs (PIWI-interacting RNAs) are small non-coding RNAs capable of regulation of transposon and gene expression. piRNAs utilise multiple mechanisms to affect gene expression, which makes them potentially more powerful regulators than microRNAs. The mechanisms by which piRNAs regulate transposon and gene expression include DNA methylation, histone modifications, and mRNA degradation. Genitourinary cancers (GC) are a large group of neoplasms that differ by their incidence, clinical course, biology, and prognosis for patients. Regardless of the GC type, metastatic disease remains a key therapeutic challenge, largely affecting patients’ survival rates. Recent studies indicate that piRNAs could serve as potentially useful biomarkers allowing for early cancer detection and therapeutic interventions at the stage of non-advanced tumour, improving patient’s outcomes. Furthermore, studies in prostate cancer show that piRNAs contribute to cancer progression by affecting key oncogenic pathways such as PI3K/AKT. Here, we discuss recent findings on biogenesis, mechanisms of action and the role of piRNAs and the associated PIWI proteins in GC. We also present tools that may be useful for studies on the functioning of piRNAs in cancers.
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1. Introduction


PIWI-interacting RNAs (piRNAs) are short (24–31 nt) ribonucleic acids belonging to the large family of non-coding RNAs (ncRNAs). Similarly to miRNAs, piRNAs are involved in the regulation of gene expression. However, they differ by length, number of encoding genes, biogenesis, as well as the range of regulatory actions (Table 1). piRNAs utilize a plethora of mechanisms affecting transposon and gene expression, including DNA methylation, histone modifications, and mRNA degradation.



piRNAs were discovered 20 years ago during studies on Drosophila [1]. Since then, their existence has been confirmed in multiple vertebrate and invertebrate species. Although the first studies in fly and mice were carried out in germline cells, later analyses demonstrated that piRNAs are expressed and function in somatic cells [2,3]. Mice studies revealed that compared with germline cell piRNAs, somatic piRNAs are shorter and show tissue-specific expression patterns, suggesting different roles played by both types of ncRNAs [4]. Multiple action modes of piRNAs enable them to act as crucial regulators of cell functioning. Remarkably, piRNAs show differences in expression, as well as genomic origin in tumour and normal cells [2], suggesting their cancer-specific roles. Indeed, recently published studies demonstrated that piRNAs can affect expression of oncogenes and tumour suppressors, contributing to cancer development and progression [5].



Genitourinary cancers (GC) are a large group of neoplasms, consisting 25% of all cancer types. They include common malignancies such as bladder and prostate cancer, as well as rare tumours such as penile cancer. The prognoses for GC patients largely differ, depending on cancer type and disease stage. Regardless of clinical differences between GC types, advanced, metastatic disease is always a therapeutic challenge and substantially worsens patients’ prognoses. Hence, early diagnosis, at the stage when tumour is localized, remains the best solution to improve cancer outcomes. This is best illustrated by the case of prostate cancer, the second most common malignancy in men. Introduction of PSA testing enabled early diagnosis and reduced prostate cancer mortality by nearly 50% [6]. However, for most GC types, clinically useful biomarkers allowing for early disease diagnosis are lacking. Similar difficulties are associated with detection of cancer recurrence. Remarkably, piRNAs offer several advantages as potential GC biomarkers due to their stability and easy detection in tumour tissues and plasma/serum [7,8]. Moreover, recent studies have demonstrated that piRNA expression profiles correlate with stage of disease and tumour aggressiveness, making them potentially useful prognostic biomarkers. Here, we comprehensively discuss the biogenesis and functioning of piRNAs in the context of genitourinary cancers.




2. Diagnosis and Prognosis of Genitourinary Cancers


Genitourinary cancers account for the fourth part of all cancers. They differ in biology, histology and hence clinical management and prognosis. Similarly, clinical diagnosis is usually associated with different clinical scenario. While most renal tumours are nowadays diagnosed incidentally at low stage with imaging, bladder tumours are still diagnosed in the face of haematuria, which can be associated with advanced disease. Prostate cancer is now usually diagnosed at an early stage thanks to active screening with PSA testing among men at risk, while once diagnosed, many cases do not need any treatment. Regarding rare penile and testicular cancers, they can be relatively easily diagnosed by self-examination, however, they both are still associated with a shame and fear of delaying medical intervention. As can be seen in these cases, difficulty in deciding to visit a doctor is universal and it concerns young men with testicle mass, as well as elderly men with penile lesions. Regarding prognostic factors in genitourinary cancers, they are not universal and are mainly based on pathological features, namely, cancer stage, cancer grade, variant histology, lymphovascular invasion.



2.1. Renal Cancer


There are more than 92,000 new cases of renal cancer in Europe yearly [9,10]. Renal cancer originating from the epithelium lining renal tubules is defined as renal cell carcinoma (RCC) and accounts for 90% of renal tumour cases. Main subtypes of RCC are clear cell (ccRCC), papillary (pRCC), and chromophobe (chRCC) [11]. They differ in genetics, a nephron part they originate from, histology, morphology, as well as prognosis. What stays universal are diagnostic tools and clinical management.



As stated above, nowadays, most renal cancer cases are diagnosed incidentally, at the stage of asymptomatic and clinically silent tumours [12]. This is because abdominal ultrasound became almost universally available and frequently used tool for imaging, also in patients without any abdominal symptoms. Imaging modality of choice to describe renal masses, as well as clinical staging of renal cancer is computed tomography (CT), alternatively magnetic resonance imaging (MRI) in complex cases or in the presence of contraindications to CT [13,14]. While surgical treatment consisting in removal of a tumour (partial nephrectomy) or a kidney (radical nephrectomy) remains the standard of care, the popularity of alternative management is increasing. In cases of small renal masses of <4 cm in elderly patients, renal tumour biopsy followed by active surveillance or tumour cryo- or radiofrequency ablation is more and more frequently adopted [15,16]. In cases of advanced cancer, systemic therapies with angiogenesis-targeted agents and/or checkpoint inhibitors offer high response rate and relatively long-term survival. In selected patients, also cytoreductive nephrectomy improves survival [17,18].



From a clinical point of view, prognosis in renal cancer patients is based mainly on disease stage at the time of initial treatment and histological features. In general, it is estimated that 49% of RCC patients are alive 5 years after diagnosis [19,20]. At the same time, the risk of death in patients with nodal and distant metastases is 16- and 33-fold higher, respectively, when compared to patients with localized tumours of <7 cm [21]. Moreover, the location of metastases does also play a prognostic role, with bone, liver, pleura, and brain metastases being associated with the shortest survival, not exceeding 18 months [22]. Another significant prognostic factor is histological type [23,24]. The longest overall survival rates are reported for pRCC followed by chRCC and ccRCC [25]. Rare carcinoma of the collecting ducts is associated with significantly shorter survival [26]. Finally, there are numerous proposed RNA and protein biomarkers, including multiple-biomarker models [27]. However, they are not used routinely in clinical practice [28].



There are universal nomograms predicting survival of patients with localized renal tumours. They are routinely used postoperatively to predict the risk of relapse and personalize follow-up. These models incorporate tumour stage, grade, and patient performance status or age [29,30]. There are also specific prognostic factors associated with histology type, i.e., tumour necrosis in ccRCC cases [25], tumour thrombus in pRCC cases [31], or fat invasion and sarcomatoid differentiation in chRCC [32]. In cases of metastatic renal cancer, there are well-established biochemical and clinical prognostic factors, including serum calcium, lactate dehydrogenase, haemoglobin levels, neutrophil and platelet count, patient general status according to Karnofsky performance status, and time interval from diagnosis to treatment. They are incorporated into two universal prognostic models, namely, MSKCC (Memorial Sloan Kettering Cancer Center) and IMDC (International Metastatic Renal Cancer Database Consortium) models [33,34]. They both stratify an individual patient into one of three risk categories. Median overall survival in favourable-risk patients reaches 30–43 months, while in poor-risk patients, it does not exceed 5–8 months [33,34]. In addition to clinical factors, there is an increasing body of evidence behind molecular prognostic factors, including genomic, transcriptomic, and proteomic factors [35].




2.2. Bladder Cancer


Bladder cancer is the most common malignancy of the urinary tract. It is also the seventh the most common cancer in men [36]. From a clinical perspective, there are two types of bladder cancer, namely, non-muscle-invasive bladder cancer (NMIBC) and muscle-invasive bladder cancer (MIBC). They differ substantially not only in stage but also in genetics, biology, clinical management, and prognosis [37]. The clear majority of cases are diagnosed in face of painless haematuria. Cystoscopy is the preferred method to confirm the bladder tumour presence, while MRI and CT are used for local and distant staging, respectively. An initial step in the treatment is transurethral resection of the tumour, enabling staging and guiding further treatment. Standard histological prognostic factors are not only stage and grade, but also the presence of variant histology and lymphovascular invasion [38,39,40].



In NMIBC cases, treatment consists of endoscopic resection followed by intravesical chemo- or immunotherapy. Despite adjuvant therapies, the risk of recurrence is relatively high. The most important prognostic factors are presented in EORTC and CUETO nomograms. They include tumour stage, grade, presence of carcinoma in situ foci, number of tumours, tumour size, previous recurrence rate, age, gender [41,42]. Depending on these parameters, 5-year risk of progression is >1% in low-risk group and 40–44% in high-risk group [43]. The risk of disease progression is strongly associated with disease stage and cancer grade [44].



In MIBC cases, the standard of care in non-metastatic patients is neoadjuvant chemotherapy and radical cystectomy [45]. Aggressive ablative surgery is followed by urinary diversion. The surgery itself is associated with 2–8% mortality rate and 50% risk of surgical complications [46,47,48,49,50]. Negative postoperative prognostic factors include advanced disease stage, especially extravesical extension and lymph node involvement [51], presence of the tumour in prostatic urethra [52], and high neutrophil-to-lymphocyte ratio [53]. Moreover, there are five molecular bladder cancer subtypes with different genetic profiles and clinical prognoses, grouped into two main molecular groups, namely luminal and basal-squamous [54]. Although they are well described, they are still not routinely used in clinical practice.



In metastatic bladder cancer systemic chemotherapy, cisplatin-based whenever possible is the standard of care. Unfortunately, the response rates, as well as survival rates, are unsatisfactory. Median survival in metastatic patients treated with first-line chemotherapy is 12–14 months [37]. Classical poor prognostic factors are Karnofsky performance status <80% and presence of visceral metastases [55]. Newer models incorporate additional data on location and extent of metastases, as well as laboratory findings, including leukocyte count, albumin, and haemoglobin levels [56,57]. Checkpoint inhibitors are a new treatment option in a second-line or in patients unfit for cisplatin. In these cases, the response rate is 21–29% and median survival is 8–16 months depending on clinical indications and tested agent [58]. Among prognostic factors of treatment outcome, one can consider PD-L1 expression, tumour mutation burden, tumour-infiltrating lymphocytes and gene expression profiles and others [59].




2.3. Prostate Cancer


Prostate cancer is the second most common malignancy in men [60]. The diagnosis of prostate cancer has been revolutionized with the implementation of PSA testing and multiparametric MRI. The first did improve diagnosis and increase the rate of cases diagnosed at early stage [61], the latter did decrease the rate of clinically insignificant cancers [62]. Apart from physical examination, PSA and MRI, there is a great number of blood-, urine- or tissue-based biomarkers that assess the risk of prostate cancer [63]. They are routinely used to decide whether an individual patient should undergo a prostate biopsy. Clinical diagnosis of prostate cancer is based on prostate biopsy, usually triggered by suspicious MRI image in patients with abnormal digital rectal examination or elevated PSA [64]. Apart from cancer grade, there are several histological poor prognostic factors that can be diagnosed at this point, including lymphovascular invasion, extraprostatic extension, presence of cribriform pattern or intraductal carcinoma [65,66]. Moreover, there are multiple-protein or multiple-gene-based commercial tests of significant prognostic value [67].



Treatment choice is guided by several clinical factors, including life expectancy, disease stage, cancer grade, PSA level, patient’s preference, etc. In cases of localized disease, standard treatment options are active surveillance, watchful waiting, radical prostatectomy, or radiation therapy with or without adjuvant androgen deprivation therapy (ADT). The risk of post-treatment recurrence depends mainly on local cancer stage, tumour grade and PSA level [68] detailed models incorporate also nodal status, percentage of positive cores at biopsy and age [69]. In patients treated surgically, a status of surgical margin also plays a prognostic role [70]. The risk of progression can also be assessed with dedicated molecular tools, i.e., the Decipher gene signature [71].



Biochemical recurrence of prostate cancer after radical treatment affects 27–53% of patients [64]. They can benefit from salvage surgery or radiotherapy, as well as androgen deprivation therapy. However, intervention is not needed in many cases, as clinical manifestation of disease recurrence may never occur [72]. Poor prognostic factors in these patients include PSA doubling time <1 year, high-grade cancer, time interval to biochemical recurrence <18 months [73].



In metastatic patients, standard treatment is ADT and systemic docetaxel chemotherapy. Median survival of 42 months is reported [74], however, it varies significantly between individual patients. There are several clinical prognostic factors, including PSA response at seven months of ADT [75], volume of disease [76], presence of visceral metastases, cancer grade, patient performance status, and others [77,78].




2.4. Testicular Cancer


Testicular cancer typically affects men in their third or fourth life decade [79]. Palpable testicle mass can be easily confirmed by the ultrasound, while distant staging requires chest and abdominal CT [80]. Standard treatment is radical surgery, namely orchiectomy, which in most cases is followed by systemic chemotherapy or radiation therapy [79]. There are numerous prognostic factors in patients with testicular cancer. The postoperative risk of relapse is increased in patients with tumour size of >4 cm and invasion of the rete testis in cases of seminoma and lymphovascular invasion in peri-tumoral tissue in cases of non-seminoma tumours [81,82,83].



In patients with metastatic disease, cytoreductive surgery followed by systemic chemotherapy is a standard of care. According to typical protocol, patients receive bleomycin, etoposide, and cisplatin [79]. The prognosis in metastatic patients can be assessed based on a system developed by The International Germ Cell Cancer Collaborative Group, which includes location of metastases and serum levels of three testicular cancer biomarkers: alpha-fetoprotein, human chorionic gonadotrophin, lactate dehydrogenase. Patients are stratified into three risk groups with different prognoses. Five-year progression-free survival is 89 and 90% in the good-prognosis group and decreases to 54% and 79% in the poor-prognosis group among patients with non-seminoma and seminoma tumours, respectively [84,85].




2.5. Penile Cancer


Penile cancer is a rare tumour, that usually arises from inner prepuce or glans penis. A visible and/or palpable lesion requires a biopsy, which is followed by treatment. Clinical staging bases on palpation of both groins to exclude metastatic inguinal lymph nodes, in positive cases followed by computed tomography imaging to exclude distant metastases [86]. Depending on disease stage, management can be local treatment with topical agents, CO2 or ND:Yag laser, surgery (circumcision, glans resurfacing, glansectomy, partial or radical penectomy) or radiation therapy [87]. Together with local surgery, patients at high risk of nodal metastases can undergo invasive inguinal nodal staging, while those with clinically enlarged lymph nodes warrant inguinal lymphadenectomy [88]. Penile cancer is a chemosensitive neoplasm. Systemic treatment with cisplatin and 5-fluorouracil with or without taxane is an option of adjuvant treatment in operated patients with lymph node metastases, as well as it remains a standard palliative therapy for patients with metastatic disease [89].



Among prognostic factors, one should list disease stage, pathological subtype, and cancer grade. While the clear majority of cases are squamous cell carcinomas, basaloid and sarcomatoid variants are associated with significantly higher cancer specific mortality [86]. Moreover, the presence of lymphovascular invasion, perineural invasion, and depth of invasion are other factors of prognostic significance [90,91].





3. Biogenesis of piRNAs and the Mechanism of Their Action in Mammalian Cells


Historically, the first piRNAs were identified in 2001 during the study of the role of small RNAs in spermatogenesis in Drosophila testes [92]. Initially, they were described as rasiRNAs (Repeat Associated RNAs) and their name was changed to piRNAs after the discovery of their interactions with PIWI proteins [93,94]. The first mammalian piRNAs were identified in 2006 in mouse testes during seeking of PIWI-interacting ncRNAs by four independent research teams [1,95,96,97]. The biogenesis and function of piRNAs in Drosophila and other lower organisms have been fully described elsewhere [98,99]. Here, we focus on mammalian piRNAs.



Deep-sequencing followed by computational analyses revealed that piRNA-coding sequences are grouped in clusters at the defined loci (≤200 kb) throughout the genome. In the mouse genome, over 96% of piRNAs are clustered at a few hundred sites [100,101]. The location of mouse piRNA clusters is mainly euchromatic, while in humans, most piRNAs clusters are located in intergeneric regions, and only a few in transposons, suggesting that transposable elements silencing is not a major role for piRNAs [102].



Transcription of piRNAs is catalyzed by Polymerase II (RNAPol II) which produces long single-stranded RNA precursors instead of stem-loop precursors (Table 1) and resembles canonical mRNA transcription. The piRNAs clusters harbour repressive histone 3 lysine 9 trimethylation (H3K9me3) marks at transcription start sites (TSS), which play a pivotal role in recruiting transcription initiation factors [103]. In mouse spermatocytes during the pachytene stage of meiosis transcription of these clusters is also regulated by transcription factors such as A-MYB. Similarly, in humans, A-MYB was shown to coordinate the transcription of about 55% of pachytene piRNAs and about 30% of genes encoding piRNAs biogenesis proteins [104].



The exact mechanism of pre-piRNA export to the cytoplasm still needs to be elucidated. In mice, piRNA precursors are bound by Maelstrom (MAEL), a conserved HMG box domain protein with RNA-binding activity, which facilitates their export to the cytoplasm [105].



Biogenesis of piRNAs is a complex process, classically divided into two collaborating routes. The first stage, synthesis of primary piRNAs, starts with transcription of piRNA-coding sequences in the nucleus, followed by posttranscriptional modifications leading to the maturation of piRNAs [106,107]. Primary piRNAs are generated from long single-stranded precursors of piRNAs by endonuclease MitoPLD/Zucchini (Zuc), with the following resolving of their secondary structure by the RNA helicase MOV10L1. Then, the precursors are processed by Zuc anchored to the outer membrane of mitochondria (OMM) into 25–40 nt intermediates. [108,109,110,111]. Although precise mechanisms and factors that determine Zuc cleavage still require further investigation, it was reported that PIWI proteins participate in this process. PIWI binds to the long piRNA precursor transcripts and determines the site of their endonucleolytic cleavage, which defines the characteristic length of mature piRNAs [108]. Loading of piRNAs precursors into PIWI requires Heat shock protein (Hsp 90) with cofactor-Shutdown (Shu) [112]. All piRNAs produced by Zuc cleavage revealed bias for uridine at their 5′end (1U bias) [113,114,115]. However, this feature of piRNAs is a result of PIWI PAZ domain preferential binding of piRNA intermediates beginning with U and probably is not connected with the selectivity of Zuc cleavage [116].



Finally, the 3′ ends of piRNAs are formed by Zuc in a process termed phasing or inch worming, by cleavages in Ping-Pong cycle, or by exonucleolytic trimming. Fragmentation of long piRNA precursor bound by PIWI proteins catalyzed by Zuc in 5′-3′ direction, leads to the production of a subset of tail-to-head, phased piRNA precursor [106]. Exonucleolytic trimming in 3′-to-5′ direction by TDRKH in mouse shortens a longer precursor formed by Zuc-mediated cleavage to produce mature piRNAs of the final length. The length of the trimmed, mature piRNAs depends on the specific PIWI protein to which the piRNAs was bound [111,117,118,119].



The last step in the maturation of piRNAs is the methylation of the 2′ hydrosyl at 3′ end of piRNAs by the S-adenosylmethionine-dependent methyltransferase HENMT1 in mouse which increases the stability of piRNAs [120,121].



Secondary piRNAs are produced by the Ping-Pong cycle also referred to as the amplification loop [122]. In mice, the Ping-Pong mechanism of piRNAs biogenesis is mainly processed by MILI and MIWI2, while in humans by HILI1 and HIWI2 [5]. This mechanism is triggered by pre-existing, maternal piRNAs or Zuc-mediated piRNAs generated from transposon regulatory regions of heterochromatin. These piRNAs loaded into MILI are cut between 10 nt and 11 nt at their 5′ ends, which results in piRNAs intermediates containing an adenine residues. Next, these intermediates are processed by MIWIL2 and their 3′ end is trimmed [123,124].



3.1. The Mechanism of Regulation of Genes and Transposons Expression via piRNA/PIWI Proteins


Initial piRNA studies were focused mainly on the mechanisms of piRNAs-dependent regulation of transposons expression. Nowadays, it is also known that piRNAs interact with the PIWI proteins and form a piRISC complex, which participates in transcriptional or posttranscriptional genes silencing (TGS and PTGS, respectively) or transcriptional or posttranscriptional activation (TGA and PTGA, respectively). piRNAs are also involved in posttranslational regulation of proteins stability.




3.2. Transposon Silencing


The most important and best-understood function of piRNAs is silencing of transposable elements (TEs). Tes are able to move from one location to another through cutting and reintegration mechanism. This leads to inhibition of gene expression or genomic DNA rearrangements (such as deletion, duplication, or inversion), and consequently may cause genome instability [125]. Therefore, silencing of transposons is crucial for maintaining genome integrity. The key role of piRNAs/PIWI proteins in this process was confirmed in the experiments with MILI/MIWI2 knockout mice. It was shown that loss of these proteins leads to increased TEs activity [126].



The expression of transposons can be inhibited by transcriptional and post-transcriptional mechanisms. In mice, transcriptional piRNA-mediated silencing of TEs is mainly accomplished by methylation of DNA. Binding of piRNA-MIWI2 complex recruits TDRD9, DNMT3L, DNMT3a, and DNMT3a2 proteins which catalyse DNA methylation [127]. Recently, it was demonstrated that interaction of MIWI2 with SPOCD1 protein is required for methylation and silencing of TEs [128].



In contrast, posttranscriptional inhibition occurs in the cytoplasm and is mediated by MIWI and MILI in mice, as well as PIWIL1 and PIWIL2 in humans, These PIWI-piRNA complexes, by binding to transposons transcripts govern their degradations through the “Ping-Pong“ mechanism [129].




3.3. Transcriptional Silencing or Activation of Genes Expression (TGS or TGA)


PIWI/piRNA complex participate not only in TEs inhibition but also in the regulation of genes expression, in a mechanism similar to that observed for TEs. There are many examples of TGS in mammals’ somatic cells. For instance, in monocytes, modification of H3K9me in the promoter region of CD1A leads to the binding of HP1a and inhibition of this transcript expression. Methylation of H3K9 is induced by PIWIL4 interacting with SUV39H1 or SETDB1 proteins [130]. The role of piRNAs in the regulation of histones and DNA methylation was described for the CDKN2B gene in leukaemias. piR_014637 and piR_011186 stimulated K3K9 and H3K27 methylation and CpG methylation in the promoter region of CDKN2B through interaction with DNMT1, HMTs Suv39H1, and EZH2 [131]. piRNA-mediated regulation of DNA methylation resulting in downregulation of CREB2 expression was in turn, described in Aplasia neurons [132]. In breast cancer, piR_021285 inhibited ARHGAP11A expression through stimulation of methylation at CpG sites within the 5′UTR/first exon of these transcripts. ARHGAP11A is a known proapoptotic regulator, thus, a decrease in its expression results in inhibition of apoptosis [133]. It was also shown that piRNA_823 enhances global DNA methylation in multiple myeloma (MM) through induction of DNMT3A and DNMT3B methyltransferases, which leads to inhibition of p16INK4A (tumour suppressor) expression [134]. Moreover, in prostate cancer (see Section 5.3), PIWIL4/piR_31470 complex participates in silencing of GSTP1 expression through stimulation of DNA methylation which promotes cancer progression [135].



Interestingly, piRNAs-mediated regulation of histones modifications can also lead to activation of gene expression. In particular, He et al. demonstrated in breast cancer that piR_sno75 derived from GAS5 (a tumour-suppressive lncRNA) upregulates the expression of TRAIL (tumour necrosis factor (TNF)-related apoptosis-inducing ligand) through simultaneous stimulation of H3K4 methylation and H3K27 demethylation. In this regulation, PIWIL1/4 proteins interact with WDR5 which subsequently recruit MLL3 and UTX proteins [136].



The above-mentioned studies illustrate the diversity of action of different piRNA/PIWI complexes in the regulation of genes expression through chromatin modification.




3.4. Posttranscriptional Silencing of Genes Expression (PTGS) via mRNA Degradation


Cytoplasmic piRNAs may also inhibit the expression of genes through direct mRNA binding followed by PIWI-mediated transcript degradation. This mechanism is similar to that of miRNAs. piRNAs target lncRNAs (long non-coding RNAs), pseudogenes, and mRNAs. In this interaction, the complementary base pairing between 2–11 nt at the 5′-end of piRNAs and 3′UTR of transcripts is essential for RNA degradation [120]. Such regulation was presented, inter alia, by Peng et al., who found that piR_55490 by binding to 3′UTR of mTOR mRNA, stimulates its degradation. In lung cancer, downregulation of this piRNA was observed, which results in mTOR overexpression and activation of cancer cells proliferation rates [137]. Similarly, piR_30188 inhibits expression of miR-367 sponge–lncRNA OIP5-AS1. A decrease in this piRNA expression observed in glioma malignant cells caused upregulation in OIP-AS1. This leads to the sponging of miR-367 and overexpression of its target gene, TRAF4, which stimulates cancer progression [138]. Interestingly, piRNA/PIWI binding sites were also identified in 5′UTRs of transcripts [139]. Importantly, piRNA/PIWI complex is also able to facilitate RNA decay by binding CCR4-NOT (carbon catabolite-repressed 4-negative on TATA-less) as well as SMG (Smaug) proteins and forming piRISC complex, which promotes its imperfect base-pairing with RNA and results in its degradation via miRNA-like mechanism [140].



piRNA/PIWI complexes induce degradation of RNAs by its deadenylation. In mouse elongating spermatids, piRISC complex interacts with CAF1 deadenylase, which stimulates deadenylation and decay of numerous RNAs, leading to nuclear condensation and cytoplasmic exclusion resulting in the formation of spermatozoa [141]. An example of such regulation in humans is downregulation of IL-4 (Interleukin-4) by piR_30840 in T lymphocytes. This piRNA in complex with PIWIL4 and Ago4 binds to the 3′UTR of IL-4 via sequence complementarity which induces degradation of IL-4 pre-mRNA through recruitment of Trf-Air2-Mtr4 polyadenylation complex (TRAMP) and shortening of poly-A tails of this transcript. This in turn leads to decay of IL-4 pre-mRNA via nuclear exosomes and inhibition of Th2 CD4+ T-lymphocytes development [142].




3.5. piRNA/PIWIs-Mediated Regulation of Posttranslational Modifications


piRNA/PIWI complexes regulate posttranslational modifications such as phosphorylation and ubiquitination. For instance, piR_823 binds HSF1 (transcription factor of heat shock proteins, HSPs) which stimulates its phosphorylation at Ser326 and increases its transcriptional activity, which results in induction of HSPs expression and stimulates proliferation rates of colorectal cancer cells (CRC) [143]. Moreover, interaction of piR_54265, another CRC-expressed piRNA, with PIWILI2 results in formation of PIWIL2/STAT3/phosphorylated-SRC (pSRC) complex which stimulates STAT3 phosphorylation. In turn, this results in activation of proliferation, metastasis, and chemoresistance of cancer cells [144]. Additionally, Li et al. demonstrated that PIWIL1 inhibits polymerization of microtubules and induces proliferation, migration, and invasion of tumour cells via upregulation of STMN1 (stathmin). PIWIL1 inhibited degradation of STMN1 by preventing its ubiquitination by ligase RLIM as well as reduced stathmin phosphorylation through suppression of the interaction between STMN1 and CaMKII (calmodulin-dependent protein kinase II) [145].





4. Methodology of piRNA Analyses


The rapidly growing interest in piRNAs contributed to the development of the methodology of their research, which seems to be similar to that used for microRNAs. snRNA-seq and microarrays are the most often used assays for piRNAs identification and quantification [146,147]. There are also some studies describing the use of crosslinking immunoprecipitation sequencing (CLIP-seq) and RNA immunoprecipitation sequencing (RIP-seq) for detection of piRNAs in complex with PIWI/Argonaute proteins [148,149]. These methods generate a large amount of data, therefore, computational programs for their analysis were required. Recently, numerous bioinformatic methods were developed for piRNAs identification, analysis of their functions, and searching for homologous piRNAs and piRNA clusters (Table 2). In order to experimentally verify the results of large-scale studies northern blotting, in situ hybridization as well as qRT-PCR (quantitative reverse transcription-polymerase chain reaction) are performed [150,151,152,153]. RNA22 version 2.0 (https://cm.jefferson.edu/rna22/; [154] last accessed on 19 January 2022), IntaRNA version 5.0.0 (http://rna.informatik.uni-freiburg.de/IntaRNA/Input.jsp; [155] last accessed on 19 January 2022) and RNAhybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid; [156] last accessed on 19 January 2022) algorithms are used to identify piRNAs targets, considering strict base pairing within 2–11 nt at 5′-end of piRNAs, as well as less rigorous base pairing within 12–21 nt and target mRNAs [120]. To confirm interactions of piRNAs with target mRNAs, cells are transfected with piRNA mimics or antisense inhibitors, then luciferase assays, Western blots, and qRT-PCRs are performed [157]. Additionally, in vitro, functional tests such as proliferation, migration, and invasion assays are done after transfection cells with piRNA mimics and inhibitors [144]. Moreover, these synthetic molecules are also used for in vivo studies in animal xenograft models to study their effects on tumour growth [158]. Interestingly, recently molecular beacons are used for visualization of piRNAs biogenesis and direct interaction with their target genes; this method can be of great importance in cancer therapy [139].




5. The Role of piRNAs in GC


5.1. Renal Cancer


In renal cancers, several studies have described the association of PIWI proteins and piRNAs expression with RCC diagnosis, prognosis, and treatment (Table 3). The expression of PIWIL1-4 genes was analysed in paired ccRCC-normal tissue samples, and higher expression of PIWIL4 in tumour tissue was observed. Moreover, ccRCC occurred earlier in patients with higher expression of PIWIL1 gene [179]. In contrast, downregulated expression of PIWIL1, PIWIL2, and PIWIL4 genes was observed in high-stage RCC tumour samples and was associated with worse overall survival (OS) of patients [180]. Immunohistochemical analysis revealed that PIWIL1 expression correlated with higher tumour grade and clinical staging, distant metastasis, and shorter CSS (cancer-specific survival), as well as high pre-operative CRP levels [181].



With regards to piRNAs, it was demonstrated that downregulation of mitochondrial piR_34536 and piR_51810 correlated with shorter disease-free survival (DFS) and OS [182], while decreased expression of another piRNA: piR_823 was related to a longer DFS of ccRCC patients [152]. Interestingly, the expression of piR_823 was significantly higher in blood, serum, and urine of ccRCC patients, but did not correlate with clinicopathological parameters of tumour [152]. Moreover, Busch et al. revealed reduced expression of piR_38756, piR_57125, and piR_30924 in non-metastatic primary RCC tumours compared with normal renal tissue. Interestingly, the expression of piR_57125 was decreased while piR_30924 and piR_38756 were increased in metastatic RCC samples and bone metastases. Additionally, the expression of piR_30924 and piR_38756 positively correlated with tumour grade and clinical stage [153]. Shorter CSS and a higher RCC stage and probability of metastasis were also associated with upregulated expression of piR_32051/piR_39894/piR_43607 cluster [183]. Considering the above, PIWI proteins and piRNAs appear to be useful biomarkers for RCC detection and treatment, however, their utility needs to be validated in independent studies.
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Table 3. Disturbances of piRNAs and PIWIL expression in genitourinary cancers.
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Cancer

	
Molecules

	
Sample Type

	
Expression

	
Function

	
References






	
Renal cancer

	
PIWIL1

	
Tissues

	
Up/Down

	
Prognosis

biomarker

	
[179,180,181]




	
PIWIL2

	
Tissues

	
Down

	
Prognosis

biomarker

	
[180]




	
PIWIL4

	
Tissues

	
Up/Down

	
Prognosis

biomarker

	
[179,180]




	
piR_32051

	
Tissues

	
Up

	
Diagnostic

biomarker

	
[183]




	
piR_39894

	
Tissues

	
Up

	
Diagnostic

biomarker




	
piR_43607

	
Tissues

	
Up

	
Prognosis

biomarker




	
piR_30924

	
Tissues

	
Down

	
Prognosis

biomarker

	
[153]




	
piR_38756

	
Tissues

	
Down

	
Prognosis

biomarker




	
piR_57125

	
Tissues

	
Down

	
Prognosis

biomarker




	
piR_34536

	
Tissues/serum

	
Down

	
Prognosis

biomarker

	
[182]




	
piR_51810

	
Tissues/serum

	
Down

	
Prognosis

biomarker




	
piR_823

	
Tissues/serum/urine

	
Down

	
Prognosis

biomarker

	
[152,180]




	
Penile

cancer

	
piR_35280

	
Tissues

	
Down

	
Diagnostic

biomarker

	
[184]




	
piR_43773

	
Tissues

	
Down

	
Diagnostic

biomarker




	
Testicular cancer

	
PIWIL1

	
Tissues

	
Up (only in seminomas)

	
Prognosis

biomarker

	
[185]




	
Tissues

	
Down

	
Diagnostic

biomarker

	
[186]




	
PIWIL2

	
Tissues

	
Up (only in seminomas)

	
Prognosis biomarker/role in the regulation of apoptosis and proliferation

	
[187]




	
Tissues

	
Down

	
Diagnostic biomarker

	
[186]




	
PIWIL4

	
Tissues

	
Down

	
Diagnostic biomarker

	
[186]




	
DQ598918

	
Tissues

	
Down

	
Diagnostic biomarker

	
[186]




	
DQ589977

	
Tissues

	
Down

	
Diagnostic biomarker




	
DQ601609

	
Tissues

	
Down

	
Diagnostic biomarker




	
piR_004172

	
Tissues

	
Down

	
Diagnostic biomarker

	
[188]




	
piR_006113

	
Tissues

	
Down

	
Diagnostic biomarker




	
piR_007509

	
Tissues

	
Down

	
Diagnostic biomarker




	
Bladder

cancer

	
PIWIL1

	
Tissues

	

	
Prognostic

biomarkers

	
[189]




	
PIWIL2

	
Tissues

	

	
Prognostic

biomarker

	
[189,190]




	
piR_DQ594040 (piRABC)

	
Tissues

	
Down

	
Diagnostic tool/target gene: TNFSF4

	
[191]




	
Prostate cancer

	
PIWIL2

	
Serum

	
Up

	
Prognostic biomarker

	
[192]




	
PIWIL2

	
Tissues/Cell lines

	
Up

	
Prognosis

biomarker/potential

treatment

target

	
[193]




	
piR_31470

	
Tissues

	
Up

	
Diagnostic biomarker/target gene: GSTP

	
[135]




	
piR_DQ722010

	
Mouse tissues

	
Down

	
Promotion of

prostate

hyperplasia activation PI3K/AKT signalling

	
[194]




	
piR_000627

	
Tissues

	
-

	
Prognosis

biomarker

	
[195]




	
piR_005553

	
Tissues

	
-

	
Prognosis

biomarker




	
piR_019346

	
Tissues

	
-

	
Prognosis

biomarker




	
piR_000312

	
Tissues

	
-

	
Prognosis

biomarker




	
piR_011079

	
Tissues

	
-

	
Prognosis

biomarker




	
piR_012366

	
Tissues

	
-

	
Prognosis

biomarker




	
piR_011389

	
Tissues

	
-

	
Prognosis

biomarker




	
piR_19004

	
Tissues

	
Up

	
Diagnostic

biomarker

	
[196]




	
piR_2878

	
Tissues

	
Up

	
Diagnostic

biomarker




	
piR_19166

	
Tissues

	
Down

	
Diagnostic

biomarker




	
piR_349843

	
Urine

	
UP

	
Diagnostic

biomarker

	
[197]




	
piR_382289

	
Urine

	
UP

	
Diagnostic

biomarker




	
piR_158533

	
Urine

	
UP

	
Diagnostic

biomarker




	
piR_002468

	
Urine

	
UP

	
Diagnostic

biomarker




	
piR_001773

	
Tissues

	
UP

	
Potential

molecular

target

	
[198]




	
piR_017184

	
Tissues

	
UP

	
Potential

molecular

target










5.2. Bladder Cancer


Up to date, only three studies described the role of PIWI proteins/piRNAs in bladder cancer (Table 3). A study based on evaluation of cytoplasmic or nuclear PIWIL2 expression by immunohistochemistry (IHC) in 202 tumour samples of chemotherapy-treated bladder cancer (BCa) demonstrated that a combination of weak cytoplasmic and lack of nuclear PIWIL2 expression correlates with poor prognosis for BCa patients [190]. In contrast, another study performed by the same team demonstrated that muscle-invasive bladder cancer (MIBC) patients with high PIWIL2 as well as PIWIL1 expression had poorer disease-specific survival (DSS) and recurrence-free survival (RFS). The authors indicated that one of the possible reasons for this difference could be the fact that the previous study was carried out on chemotherapy-treated patients, whereas in the second study, only 28% of patients received chemotherapy [189].



piRNAs expression was evaluated in only one study which identified 106 upregulated and 91 downregulated piRNAs in BCa. The top downregulated piRNA was piR_DQ594040 (piRABC). Its overexpression inhibited cell proliferation and colony formation, and promoted cell apoptosis in BCa cell line, indicating that piRABC contributes to cancerous transformation of the bladder [191].




5.3. Prostate Cancer


Several studies describe the disturbed expression of piRNAs and PIWI proteins as well as the association of piRNAs with PC diagnosis, prognosis, and treatment (Table 3). In particular, it was found that PIWIL2 expression was associated with the Gleason score and the TNM (Tumour Node Metastasis) stage. Knocked-down PIWIL2 decreased invasion and migration of prostate cancer-derived PC 3 cell line. This was associated with reduced expression of matrix metalloproteinase 9 (MMP9) and EMT markers. These results suggest that PIWIL2 could be a therapeutic target for the treatment of prostate cancer [193]. Furthermore, it was found that serum PIWIL2 was higher in patients with high ISUP grade groups indicating its association with more invasive and aggressive cancers. These data suggest that serum PIWIL2 could be a prognostic biomarker for advanced PCa stages [192].



Regarding the piRNAs, analysis of transcriptomic data from >100 PCa samples identified three piRNAs (piR_000627, piR_005553, and piR_019346) associated with PCa biochemical recurrence, suggesting their potential utility as prognostic biomarkers. Additionally, four piRNAs (piR_011389, piR_000312, piR_011079, and piR_012366) showed differential expression between PCa ISUP grade groups 2 and 3. This indicates that the four piRNAs could be helpful in clinical classification of PCa tumours [195]. Additionally, overexpression of piR_001773 and piR_017184 was found in prostate tumours compared with the adjacent normal tissue. Both of these piRNAs posttranscriptionally regulate PCDH9 tumour suppressor which acts as a negative regulator of PI3K/AKT pathway. Downregulation of PCDH9 by piR_001773 and piR_017184 in PCa cells resulted in an increase in AKT phosphorylation and activity. In contrast, downregulation of piR_001773 and piR_017184 inhibited tumour growth both in vitro and in vivo. This suggests that piR_001773 and piR_017184 represent potential molecular targets for PCa therapy [198]. Another study identified upregulation of piR_19004 and piR_2878 and down-regulation of piR_19166 in PCa tissues compared with normal prostate tissues. Cortactin (CTTN) was found as a direct target of piR_19166. Transfection of PCa cells by piR_19166 suppressed migration and metastasis via CTTN/matrix metalloproteinases (MMPs) pathway in PCa cells. Authors propose that piR_19166, through regulation of the oncogene CTTN, inhibits migration and distant metastasis of prostate cancer cells and may represent a new marker of diagnosis and treatment for PCa patients in early stages [196].



piRNAs may also be promising non-invasive PCa biomarkers. Specifically, increased expressions of piR_349843, piR_382289, piR_158533, and piR_002468 was detected in urinary EVs (extracellular vesicles) of PCa patients when compared with the control group. The analyses of AUC of these four piRs, as well as their combinations, indicated their specificity for PCa [197].



Interesting data were provided regarding the molecular effects of piRNA dysregulation in PCa. Studies performed on a murine model of chemically induced prostatic hyperplasia revealed that downregulation of piRNA_DQ722010 induces activation of PI3K/AKT pathway by upregulating the expression of PIK3R3. Increased PI3K/AKT signalling promotes prostate hyperplasia and is one of the most commonly activated pathways in prostate cancer [194]. Another mechanism involved in piRNA-mediated induction of cancer initiation and progression was proposed for piR_31470 of which expression is increased in PCa tumours. It was found that piR_31470 attenuates the expression of glutathione S-transferase π 1 (GSTP1), which plays a pivotal role in protecting cells from damage induced by oxidative stress. Specifically, piR_31470 complexed with PIWIL4 induces hypermethylation of GSTP1 promoter region, leading to downregulation of its expression. This in turn leads to increased oxidative stress and DNA damage in human prostate epithelial cells. These data are reflected in patient observations as GSTP1 hypermethylation is a common event during the initiation of prostate carcinogenesis [135].




5.4. Testicular Cancer


Despite the well-established role of PIWIL and piRNAs in spermatogenesis and function of normal human testis [102,199,200,201,202], little is known about their involvement in testicular cancer development and progression. Qiao et al. demonstrated that the expression of HIWI (PIWIL1) depends on differentiation stage of germ cells during spermatogenesis. Moreover, expression of PIWIL1 and PIWIL2 was upregulated in seminomas, but not in non-seminoma tumours [185]. Additionally, ROC curve analysis indicated that PIWIL2 could be used as a biomarker of testicular germ cell tumours (TGCTs) [203].



In contrast, Hempfling’s team found a decrease in PIWIL1 and PIWIL2 expression in samples from TGCTs biopsies compared with normal testis [204]. Downregulation of PIWIL1, PIWIL2, PIWIL4, and TDRD1 genes expression due to hypermethylation of their promoters was also observed in primary TGCTs (both seminomas and nonseminomas) in comparison to normal testicular tissues [186]. Decreased expression of these proteins attenuates expression of piRNAs (DQ598918, DQ589977, and DQ601609) and DNA methylation of LINE1 transposon [186].



PIWIL2 is expressed in TGCTs as two isoforms, 80 kDa (PL2L80A) and 60 kDa (PL2L60A), with predominant expression of the latter. This isoform lacks the catalytic centre (responsible for PIWIL2 slicing activity) and N-terminal domain (necessary for the formation of complexes with piRNAs) [205]. Interestingly, the expression of the short PIWIL2 isoform was high in undifferentiated seminomas and decreased in tumours with a greater degree of differentiation. Thus, PL2L60A might be used as a biomarker to distinguish between seminomas and non-seminoma tumours [206]. Moreover, it was shown that silencing of PL2L60A in TERA1 (TGCTs-derived) cell line results in posttranscriptional inhibition of transposons [207].



Gainetdinov et al. analysed the biogenesis and function of piRNAs in germ cells in four types of tissue samples: healthy adult testes, germ cells adjacent to TGCTs, GCNIS (germ cell neoplasia in situ) cells, and TGCT cells. They revealed downregulated expression of genes associated with piRNAs biogenesis in TGCTs and GCNIS samples, compared to control tissue [207]. Global inhibition of piRNAs expression (particularly piR_004172, piR_006113, and piR_007509) in TGCTs compared to the normal testis was also reported by Rounge and coworkers by sequencing of small RNAs [188].




5.5. Penile Cancer


Penile cancer is rarely diagnosed, therefore, its molecular basis, including the role of PIWI proteins and piRNAs, is poorly understood. In the work published in 2015, Zhang and coworkers showed that piR_49145, piR_34811, piR_49143, piR_36041, piR_33880, piR_49144, piR_35280, piR_43773, piR_33081, and piR_36173 are the most abundant piRNAs in penile cancers and matched adjacent normal penile tissues. piR_43773 and piR_35280 were downregulated in cancer samples compared with non-tumour controls, which may indicate their diagnostic potential (Table 3) [184].





6. Conclusions and Future Perspectives


piRNAs are novel small non-coding RNAs that show promise as potential diagnostic and prognostic biomarkers of genitourinary cancers. The studies on the role of PIWI proteins and piRNAs in GC are still in their infancy and multiple questions remained to be answered. In particular, there is a need for large-scale analyses of piRNAs expressed in tumour tissues as well as sera of patients with rare tumours, such as penile cancer. On the other hand, contradicting data regarding piRNA expression in more common cancers such as testicular cancer remain to be verified. Furthermore, a surprisingly small number of studies have been performed on bladder cancer, which is the fourth most common cancer in men. For all GC types, already obtained data on piRNAs as potential diagnostic and prognostic biomarkers require validation on independent cohorts of patients. Apart from their diagnostic potential, piRNAs emerge as crucial regulators of molecular pathways during cancer development and progression. Unfortunately, the data on the functional consequences of piRNA dysregulation in GC are scarce. Studies performed on prostate cancer cells indicate that piRNAs and PIWI proteins regulate key oncogenic pathways involving PI3K/AKT and EMT regulators. However, to the best of our knowledge, no such studies were published so far for renal, penile, testicular, and bladder cancers. Undoubtedly, future studies are needed to further explore the clinical and molecular significance of piRNAs and PIWI proteins in genitourinary cancers.
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Table 1. Differences between miRNAs and piRNAs.






Table 1. Differences between miRNAs and piRNAs.





	Characteristics
	miRNAs
	piRNAs





	Length
	18–25 nt
	24–31 nt



	Genomic localization
	Non-coding and coding gene regions
	Transposable elements, non-coding, and coding gene regions



	Precursor
	Double-stranded, hairpin RNA
	Single-stranded RNA



	Modification of 3′ end
	None
	2′-O-methylation



	Mechanism of biosynthesis
	Dependent on Dicer
	Independent of Dicer



	Function
	Induction of mRNA degradation and inhibition of translation
	mRNA and transposons repression, DNA methylation, histone modifications, protein interaction



	Targets
	Protein coding genes
	Transposons and protein coding genes










[image: Table] 





Table 2. Bioinformatic tools for analysis of piRNAs sequences and prediction of its targets.
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	Database
	Content
	Organisms
	Website (Last Accessed on 4 December 2021)
	Reference





	piRDisease v1.0
	Web service providing experimentally verified data about role of 4796 piRNAs in 28 diseases
	Humans
	http://www.piwirna2disease.org/index.php
	[159]



	piRNAQuest
	Web service providing information about piRNAs’ clusters, annotation, significant motifs, and expression of piRNAs in different tissues and developmental stages.
	Human, mouse, and rat
	http://bicresources.jcbose.ac.in/zhumur/pirnaquest/
	[160]



	piRBase V3.0
	Web service giving information about piRNAs function and annotation.
	Human, mouse, rat, D. melanogaster, C. elegans, zebrafish, chicken, silkworm, cow, pig, horse
	http://bigdata.ibp.ac.cn/piRBase/index.php
	[161]



	IsopiRBank
	Web service providing information about isoforms of piRNAs, their annotation, target prediction, and enrichment analysis.
	Human, mouse, D. rerio and D. melanogaster
	http://mcg.ustc.edu.cn/bsc/isopir/index.html
	[162]



	piRNA cluster

database
	Web service presenting extensive data on piRNAs clusters in various species, tissue, and developmental stages.
	Many species from Actinopterygii, Amphibia, Arechnidia, Ares, Bivalvia, Gastropoda, Insecta, Reptilia and Mammalia classes including human, mouse, or rat.
	http://www.smallrnagroup-mainz.de/piRNAclusterDB.html
	[163]



	piRNN
	Freely available user downloadable program for identification of piRNAs from small RNA sequencing data.
	Human, rat, C. elegans, D. melanogaster.
	https://github.com/bioinfolabmu/piRNN
	[164]



	IpiRId
	Web service for prediction of piRNAs
	Human, mouse, D. melanogaster
	https://evryrna.ibisc.univ-evry.fr/evryrna/IpiRId/ipirid_home
	[165]



	piRPred
	Web service for prediction of piRNAs
	Human, D. melanogaster
	https://evryrna.ibisc.univ-evry.fr/evryrna/piRPred/home
	[166]



	piRNABank
	Web service providing information about piRNAs annotations, piRNAs clusters and homologous piRNAs
	Human, mouse, rat, D. melanogaster
	http://pirnabank.ibab.ac.in/
	[167]



	piRNAdb
	Web service presenting data on piRNAs alignments, tissue expression, clusters, target genes, and ontology terms
	Human, mouse, rat, hamster
	https://www.pirnadb.org/index
	[168]



	pirnaPRE
	Web service providing potential targets mRNA for piRNAs
	Mouse
	http://www.regulatoryrna.org/software/piRNA/piRNA_target_mRNA/index.php
	[169]



	SEAweb
	Web database for investigation of small RNA (miRNAs, piRNAs, snoRNAs, snRNAs, and siRNAs) and pathogens based on results of sRNA sequencing datasets analyzed with Oasis 2 pipelines
	Human
	https://sea.ims.bio/
	[170]



	sRNAPrimerDB
	Comprehensive web service for design qPCR primers or probes for expression analysis of miRNAs, piRNAs, and siRNAs
	Human, mouse
	http://www.srnaprimerdb.com/
	[171]



	PingPongPro
	Freely available user down-loadable program for identification of piRNAs which are amplified through the “ping-pong cycle” in piRNA-Seq data
	Human, mouse, C. elegans, D. rerio, D. melanogaster
	https://github.com/suhrig/pingpongpro
	[172]



	piClust
	Web service identifying piRNAs clusters and transcripts from small RNA-seq data
	Human, mouse, rat, chicken, honeybee, Xenopus laevis, zebrafish
	http://epigenomics.snu.ac.kr/piclustweb/
	[173]



	2L-piRNA
	Web service identifying piRNAs and their function
	Mouse
	http://bioinformatics.hitsz.edu.cn/2L-piRNA/server
	[174]



	piPipes
	Freely available user down-loadable program for analysis piRNAs and other transposon-derived RNAs from high-throughput sequencing data
	Human, mouse, D. melanogaster
	https://github.com/bowhan/piPipes
	[175]



	proTRAC
	Freely available user down-loadable program for prediction of piRNAs genomic cluster
	Human, mouse, and diverse animal species
	https://www.smallrnagroup.uni-mainz.de/
	[176]



	unitas
	Freely available user down-loadable program for annotation of small RNAs including piRNAs
	Human, mouse, and diverse animal species
	https://www.smallrnagroup.uni-mainz.de/
	[177]



	PILFER
	Freely available user down-loadable program for prediction clusters in piRNAs sequences
	Human
	https://github.com/rishavray/PILFER
	[178]
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