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Abstract

:

Testicular germ cell tumors (TGCTs) are the most common tumors in adolescent and young men. Recently, genome-wide studies have made it possible to progress in understanding the molecular mechanisms underlying the development of tumors. It is becoming increasingly clear that aberrant regulation of RNA metabolism can drive tumorigenesis and influence chemotherapeutic response. Notably, the expression of non-coding RNAs as well as specific splice variants is deeply deregulated in human cancers. Since these cancer-related RNA species are considered promising diagnostic, prognostic and therapeutic targets, understanding their function in cancer development is becoming a major challenge. Here, we summarize how the different expression of RNA species repertoire, including non-coding RNAs and protein-coding splicing variants, impacts on TGCTs’ onset and progression and sustains therapeutic resistance. Finally, the role of transcription-associated R-loop misregulation in the maintenance of genomic stability in TGCTs is also discussed.
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1. Introduction


Testicular germ cell tumors (TGCTs) are the most frequent solid tumors of adolescents and young adult men (between 15 and 35 years of age). They are a heterogeneous group of neoplasms that includes three types of tumors occurring at distinct ages: pre-pubertal TGCTs, comprising teratomas–yolk sac tumors in boys younger than 12 years of age (Type I), post-pubertal TGCTs, comprising seminomas and non-seminomas in young men between 15 and 40 years of age (Type II) and spermatocytic seminomas that generally are present in men older than 50 years of age (Type III) [1,2,3].



By far, the most prevalent subtype is Type II post-pubertal TGCT, with a lifetime risk of about 0.5–1% that in some countries has increased up to three-fold in the last five decades [2,4]. Type II TGCTs can be divided clinically and histologically into two main types: seminomas (SGCT), that are mainly homogeneous germ cell tumors composed of embryonic germ cells, and non-seminomas (NSGCT), the most aggressive heterogeneous group of tumors which arises at various stages of embryonic differentiation ranging from embryonal carcinoma (ECs), choriocarcinoma (CH) and yolk sac tumor (YST) to the more mature teratoma type [5].



All TGCTs are thought to originate from a common precursor, the germ cell neoplasia in situ (GCNIS) [6]. GCNIS cells stay quiescent during infancy followed by proliferation in puberty, probably due to hormonal stimulation, with subsequent progression into tumors. The biological causes of the initial malignant transformation from a precursor to GCNIS cells are still unclear. The initial transformation most likely takes place in utero during the early development of the germline and the target cells are most likely the embryonic germ cells, either primordial germ cells (PGCs) or gonocytes [7,8,9,10]. It is likely that multiple factors contribute to the development of TGCTs and that both genetic and environmental factors play a pivotal role in tumorigenesis. Beyond age, race, and family history of the disorder, strong risk factors are cryptorchidism [11], infertility [12] or genetic conditions such as Down’s syndrome [13], Klinefelter’s syndrome [14] or XY gonadal dysgenesis [15], suggesting that inherited factors or congenital genetic changes are associated to TCGTs.



Although several studies have tried to identify the molecular mechanisms underlying TGCT development, they are still poorly known. Multiple lines of evidence reported that altered RNA metabolism is one potential cause involved in the pathogenesis of several human tumors including TGCTs [16]. RNA metabolism includes regulation, modification and stability of transcripts and involves a broad class of RNA molecules with different functions, classified as coding and non-coding RNAs. Coding molecules are represented by messenger RNAs (mRNA), while non-coding molecules (ncRNA) include different other RNA species with regulatory functions. The production of functional mature messenger RNA (mRNA) is dependent on different regulatory processes involving non-coding RNAs and RNA binding proteins. In this context, RNA metabolism defects induce detrimental effects on physiological cellular processes, promoting pathological conditions. In this review, we present the state of art of aberrant RNA metabolism in the development of TGCTs.




2. Non-Coding RNA


Noncoding DNA covers 95% of DNA sequences in the human genome, most of which are transcribed into various non-coding RNAs (ncRNAs) species which play a role in regulating gene expression. Non-coding RNAs can be classified based on their size. Those having a size less than 200 bp are called small non-coding RNAs (sncRNAs) while those above 200 bp are called long non-coding RNAs (lncRNAs) [17]. Examples of sncRNAs include microRNA (miRNAs), small interfering RNAs (siRNAs), Piwi-interacting RNAs (piRNAs) and small nucleolar RNAs (snoRNAs). Figure 1 reports a list of ncRNAs involved in TGCTs and their biological functions.



Testes express large numbers of ncRNAs, mainly miRNAs, piRNAs and lncRNAs that play a role in the regulation of gene expression. They are expressed in a cell-specific manner during spermatogenesis, regulating gene expression at each step of male germ cell differentiation [18,19]. A large body of evidence indicates that deregulation of ncRNAs’ expression is potentially involved in testicular germ cell tumorigenesis. This hypothesis is also supported by the observation that many of the risk loci in TGCT are in the non-coding regions of the genome [20].



2.1. miRNA


MicroRNAs (miRNAs) are the most abundant class of sncRNAs, ranging between 18–24 nucleotides. They are generated from transcribed hairpin loop structures and regulate gene expression at transcriptional and post-transcriptional levels. They are involved in several biological processes, including cycle, proliferation, differentiation and apoptosis. MiRNAs are transcribed by RNA polymerase II and exert their function by targeting ~60% of the transcripts from the human genome. They bind to 3′-untranslated regions (UTRs) of mRNA targets in a sequence-specific manner, negatively regulating transcript stability and translation. A single miRNA can potentially interact with many mRNAs and a single mRNA can be bound by various miRNAs [21].



MiRNAs are frequently dysregulated in several human cancers and can act as oncogenes or tumor suppressor genes [22]. Several observations have highlighted the importance of miRNAs also in TGCT development. Aberrant miRNA expression profile has been well documented in TGCTs compared to normal testis [23,24] and, interestingly, miRNAs seem to vary in different histological subtypes of TGCTs. However, very few miRNAs have been functionally characterized in these tumors [25].



Genes encoding for miRNAs are located throughout the genome, and a large proportion are found organized within clusters comprising multiple miRNAs. Two clusters, miR-302/367 and miR-371-373, seem to be dysregulated consistently in TGCTs and their high expression indicates that they may act as oncogenes.



The miR-302/367 cluster consists of five pre-miRNAs: mir-302b, mir-302c, mir-302a, mir-302d (from the mir-302 family), and mir-367. This cluster plays a role in the maintenance of embryonic stem cells pluripotency and its overexpression promotes cellular reprogramming and maintains the stemness of human embryonic stem cells (hESCs) [26,27]. At the molecular level it has been demonstrated that miRNA-302/367 promotes proliferation and accelerates G1 to S transition of the cell cycle by targeting the Rb family and CDK1NA [28]. In EC cell lines NT2-D1 and 833 K, a high level of miR-302s positively associates with expression of SPRY4, a regulator of MAPK/ERK and PI3K/Akt signaling pathways. Interestingly, EC treatment with cisplatin induced a downregulation miR-302s and, concomitantly, a reduction in SPRY4 expression level. Furthermore, inhibition of miR-302b-3p and miR-302c-3p decreased phosphorylation of ERK1/2, suggesting that miR-302s may act as oncogene inducing the expression of SPRY4 and activating MAPK/ERK pathway in EC cell lines [29].



The miR-371-3 locus represents one of the main miRNA clusters involved in TGCT tumorigenesis. In a functional genetic screen, miR-372 and miR-373 have been shown to be upregulated in TGCT and to act as oncogenes promoting cell proliferation and tumor development. The underlying molecular mechanism relies on repression of tumor suppressor LArge Tumor Suppressor homolog 2 (LATS2). Indeed, binding of miR-372 and miR-373 to 3′UTR suppresses protein translation of LATS2 mRNA. LATS2 is a serine-threonine kinase whose deletion accelerates cellular proliferation and tumor development in flies [30] and mice [31]. In line with miR-372 and miR-373 activity, it has been reported that downregulation of LATS2 protein correlates with sustained activity of CDKs and uncontrolled cell proliferation [25].



Using published dataset miR-223-3p has been found upregulated in TGCT compared with normal testes. MiR-223-3p exerts oncogenic role in TGCT through repression of FBXW7, a substrate-recognition component of the SCF-ubiquitin-ligase complex, a tumor suppressor that targets multiple oncoproteins and oncogenic transcription factors for ubiquitination-mediated proteolysis [32]. Furthermore, miR-223-3p upregulation promotes cell proliferation and inhibits apoptosis. Notably, Liu et al. [33] reported an inverse correlation between miR-223-3p and FBXW7 mRNA expression in TGCT. High levels of miR-449a-b have been also found in normal testes, lung, and trachea while they are strongly downregulated in several cancer cells including testicular cancer. According with a putative tumor-suppressive role, miR-449a strongly promotes apoptosis and upregulates p53 activity, reducing cell proliferation. MiR-449a and miR-449b are highly upregulated by the transcription factor E2F1 that is essential for cell proliferation. MiR-449a can reduce the expression of cell cycle protein CDK6, thereby counteracting cell cycle progression. [34].



Downregulation of another cluster, miR-506~514, has been reported in seminomas and EC. In in vitro functional studies, Özata et al. [35] provided evidence that loss of miR-514a-3p in TGCT increases the expression of its target gene Paternally Expressed Gene 3 (PEG3). Since PEG3 activates the NF-κB pathway, protecting cells from apoptosis, it has been suggested that this molecular mechanism could be involved in TGCT development.



De Martino et al. [36] have demonstrated a potential role of Let-7a and miR-26a miRNAs in seminomas. By using the Cancer Genome Atlas database, Let-7a and miR-26a have been found to be downregulated and negatively correlated with HMGA1 expression levels in human seminoma. In functional studies using human seminoma cell line TCam-2, the authors also reported that Let-7a and miR-26a play a critical role in inhibiting seminoma cell growth and motility by directly regulating HMGA1 expression [36]. Recently, it has been suggested that miRNA dysfunction in tumor cells can also modulate the tumor microenvironment, such as angiogenesis, immune cell recruitment and metastasis [37,38,39]. It has been reported that miR-125b is downregulated in TGCT and that low levels are associated to increased production of tumor-derived chemokine CSF1 and CX3CL1, which are known to control the recruitment of macrophages to the neoplastic sites that in turn stimulate tumor growth [40].



Other miRNAs such as miR-99a, miR-100 and miR-145 are reported to be downregulated or upregulated, such as miR-512-3p, miR-515, miR-517~518 and miR-525, in TGCTs, but their functional role has not been still elucidated [41].



Recently, miRNAs have gained an important role in the diagnosis and treatment of cancer. Indeed, miRNAs are released into biological fluids by testicular cancer cells and can be detected in blood and serum from affected patients [42]. Their abundance in serum and the relative easiness of detection makes them suitable as potential tumor markers.




2.2. piRNA


piRNAs are single-stranded RNAs which range from 23 to 32 nt. In mammals, these RNAs are expressed mostly in male germ cells, although also bovine oocytes express functional piRNAs [43,44]. Initially identified as repeat-associated siRNAs (rasiRNAs), piRNAs also match transposable elements and associate to Argonaute proteins that named them as pi-RNAs after PIWI, the founder of the PIWI-clade [45,46,47]. Genomic loci encoding for piRNAs are organized in clusters and harbour transposon fragments, providing a genetic record of past transposition events. PiRNA-associated proteins are expressed in male and female germ cells and their function is essential for maintaining the genomic integrity of the germline [43,44,48]. Hypermethylation of PIWI pathway genes and a concomitant decrease of their expression levels have been demonstrated in seminomas compared to healthy testes, suggesting a role of PIWI and piRNAs in TGCT tumorigenesis [49,50]. In agreement, deep sequencing data of small RNAs in GCNIS and TGCTs samples revealed that the loss of piRNAs is a hallmark of TGCT samples [51]. In the search of early biomarkers of testicular cancer, several classes of small non-coding RNAs have been reported to be present in seminal plasma from healthy donor males, including piRNAs. Attempts have been made to link the presence of specific piRNA classes to TGCTs in order to predict the occurrence of either TGCT or GCNIS. However, larger cohorts of samples are needed to validate the diagnostic potential of these RNAs in seminal plasma [52].




2.3. lncRNA


LncRNAs are conventionally defined as transcripts with lengths exceeding 200 nucleotides that are not translated into protein. LncRNAs function lies in their capacity to bind and regulate a molecular partner either via base-pair interactions or through their secondary structure. After binding their partners, lncRNAs can act as baits (molecular sponges), guides and scaffolds for the assembly of ribonucleoprotein complexes or can act as allosteric regulators [53,54]. LncRNAs have been implicated in diverse biological processes, and often they are found to be highly deregulated in tumors, in which they can act as either tumor suppressors or oncogenes [55]. Recently the possible role of lncRNAs in TGCT has started to emerge [56].



The first link between lncRNA and TGCTs was found for the transcript of the XIST gene, which was found to be expressed in TGCTs following the acquisition of supernumerical X chromosomes [57]. More recently, XIST expression and the XIST-promoter demethylation status have been proposed as tissue biomarkers for TGCTs, which could discriminate between seminomas and non-seminomatous tumors [58].



One of the best-characterized lncRNA associated to TGCTs is the transcript of the Testis Developmental-Related Gene 1 (TDRG1). TDRG1 was found to be upregulated in seminoma, in which promotes tumor growth, progression and chemoresistance to cisplatin [59,60,61,62].



The expression of lncRNA TDRG1 in TGCTs has been shown to be linked to the expression of another lncRNA, H19. This lncRNA is encoded by a paternally imprinted gene, which is normally expressed only by the maternal allele in males. H19 was found to be upregulated in TGTCs, probably due to loss of imprinting, which possibly reflects TGCT formation during early stages of embryogenesis, when biallelic expression of H19 normally occurs [63,64,65,66,67].



It has been proposed that that H19 promotes the expression of TDRG1 in the established cisplatin-resistant TCam-2 cell line by acting as a molecular sponge sequestering miRNA-106b-5p, which normally negatively regulates TDRG1, thus facilitating cell survival in cisplatin-based chemotherapeutic conditions [68].



SPRY4-IT1 is an lncRNA acting as a miRNA sponge that positively regulates several oncogenic signalling pathways in melanoma [69]. A recent paper showed that high expression levels of SPRY4-IT1 are detected in human TGCTs, and that transient knockdown of SPRY4-IT1 in two TGCT cell lines resulted in decreased cell growth, migration and invasion, concomitant to a significant reduction in the phosphorylation of Akt [70].



NLC1-C, also known as long intergenic non-protein-coding RNA162 (LINC00162), was found to be downregulated in the cytoplasm and accumulated in the nucleus of spermatogonia and primary spermatocytes in the testes of infertile men with mixed patterns of maturation arrest compared with normal controls. In the same paper, the authors show that accumulation of NLC1-C in the nucleus promoted proliferation of a testicular embryonal carcinoma cell line by binding to Nucleolin and thus repressing transcription of miR-320a and miR-383, two miRNAs with known oncosuppressive roles that, in turn, negatively regulate NLC1-C expression [71].



HOXA transcript at the distal tip (HOTTIP) is a 3764 nucleotide long non-coding RNA (lncRNA) encoded from a genomic region within 5′ of the HOXA locus, and it is considered as an oncogenic lncRNA and a potential biomarker and therapeutic target in almost all kinds of human cancers [72]. HOTTIP was found to be highly expressed in the testicular embryonal carcinoma cell line NT2, in which its knockdown impaired cell proliferation, whereas its overexpression promoted it. In the same paper, HOTTIP was proposed to act as a sponge for miR-128-3p, a miRNA with anti-proliferative action, thus positively modulating expression of the oncogenic transcription factor HOXA13 [73].




2.4. Ribosomal RNA (rRNA)


Ribosomes are very large ribonucleoprotein particles (RNPs) that in humans consist of at least 4 ncRNAs (18 S, 28S, 5S and 5.8S) and more than 80 associated proteins defined as ribosomal proteins (RPs), organized in two subunits. The small ribosomal subunit (40S) contains the 18S rRNA and 33 RPs, and the large subunit (60S) contains the 5S, 5.8S and 28S rRNAs and about 47 RPs.



Further complexity to the ribosomal system is added by the discovery that human cytosolic rRNA contains 14 distinct types of post-transcriptional modifications in 228 sites [74] that control the translational fidelity or the choice of translation initiation (i.e., CAP versus internal ribosome entry site (IRES)) of key tumor suppressor genes [75]. rRNA is the catalytic core of the complex and RPs are the structural units that help to organize its ribozyme activity [76]. DNA sequences encoding for rRNAs (rDNA) are distributed along the short arms of all human acrocentric chromosomes and form extended loops that define the nucleolar organizer regions (NORs) visible at the microscopic level as nucleoli. rDNAs are transcribed by RNA polymerase I (Pol I) to generate pre-rRNAs that, through several processing steps, produce mature 18S, 5.8S and 28S rRNAs. RNA Polymerase III directs 5.8S rRNA synthesis. The rDNA locus is the most highly transcribed region of the eukaryotic genome, and Pol I activity accounts for more than 60% of total cellular transcription, making Pol I activity essential for cell growth and proliferation [77].



Defects in rRNA production result in different human ribosomopathies and cancer transformation. In cancer cells, uncontrolled rRNA synthesis can occur by overactivity of oncogenes such as Myc or loss of tumor suppressors such as p53, Arf or pRb. [78,79,80,81] and such metabolic activity is linked to the increase of number and size of nucleoli, a typical feature of cancer cells. In this context, it has been observed that TGCTs as well as GCNIS are characterized by enlarged hyperchromatic nuclei, clumped chromatin and, often, prominent nucleoli. Ectopic NORs have been described in primary germ cell tumors and in teratocarcinoma cell lines that could have been originated by chromosomal rearrangement or by derepression of preexisting inactive NORs [82,83]. All together these features indicate that rRNA synthesis is a potential target process for anti-cancer therapy and that inhibition of Pol I represents an attractive therapeutic approach to block ribosome biogenesis [84]. Indeed, Pol I inhibition induces ribosomal stress and through p53 dependent and independent pathways causes cell death, cell cycle arrest or senescence. Recently, two promising specific inhibitors of Pol I activity (CX-5461 and BHM-21) have been developed [85,86] and one of them (CX-5461) has passed phase I clinical trial (NCT02719977 and NCT04890613). To this end, we identified a natural molecule, sempervirine, extracted from Gelsemium sempervirens and previously thought to act as an MDM2 inhibitor [87] that specifically targets Pol I in TGCTs [88]. We found that this molecule binds and disassembles nucleoli of tumor cells after few hours of culture and induces PolI degradation, leading TGCT cells, but not non-tumor cells, to p53 dependent and independent cell death.





3. RNA Splicing


The discontinuity of eukaryotic genome requires that introns are spliced out and exons joined to form a continuous RNA transcript. However, certain exons deviate from this regulation resulting alternatively included in the mature mRNA. This process, known as alternative splicing (AS), allows yielding multiple transcripts from the same gene expanding the proteome diversity and complexity of the genome. This process is catalysed by the spliceosome, a ribonucleoprotein complex, assisted by auxiliary splicing factors [89]. Genome-wide analyses have revealed how this process is highly coordinated during cell differentiation and tissue development [90], proving to be a powerful means to finely tune gene expression during fundamental biological processes. Among organs, AS is particularly widespread in testis relying on activation of specific RNA processing programs that contributes to temporally regulate expression of genes essential for proper development of male gametes [91,92,93,94,95]. This suggests that splicing abnormalities might contribute to the development of pathological conditions. Accordingly, aberrant expression of splicing factors, as SF1, QK1 and RBFOX RNA-binding proteins, influences TGCTs’ incidence [96,97,98]. Furthermore, genome-wide profiling of TGCT datasets retrieved from The Cancer Genome Atlas revealed that numerous AS events are significantly associated with risk of disease progression [99]. Collectively, these observations point out AS dysregulation as a potential key driver that could promotes acquisition of hallmark traits in TGCTs, underpinning specific oncogenic processes and/or contributing to adaptive resistance toward chemotherapeutic agents.



In TGCTs, a large number of apoptosis- and cell cycle-related factors have been found to be regulated via AS [100,101]. The Ser/Thr-kinase NEK2 is a new key player regulating the interplay between splicing and cellular signalling [100,102]. In TGCTs, overexpression of NEK2 has been documented [103,104] and previous observations reported its activation during G2/M progression of male germ cells and its involvement in chromatin condensation during the meiotic divisions of mouse spermatocytes [105,106]. Recently, identification of NEK2 splicing isoforms allowed the identification of a novel function for this kinase, adding another layer of complexity with regard to its oncogenic activity [102]. NEK2 AS results in the differential expression of three isoforms. The canonical splice variant NEK2A results localized in the centrosome, and partially also in nucleus and cytoplasm, whereas NEK2B and NEK2C variants showed cytoplasmic and nuclear localization, respectively. In TGCTs, NEK2 was found enriched in the nucleus of several cancer cells, including testicular seminomas, where it interacts with and phosphorylates numerous splicing factors, including the oncogenic SR protein SRSF1. Notably, NEK2-mediated phosphorylation increases SRSF1 splicing activity toward its apoptotic target genes, promoting antiapoptotic variants of BCL-X, MKNK2 and BIN1. Accordingly, knockdown of NEK2 favoured pro-apoptotic splice variants, promoting apoptosis and sensitizing cells to chemotherapeutic treatment with cisplatin [102]. Besides NEK2, immunohistochemistry studies on seminomas and normal testis tissues also reported the cellular mis-localizzation of MAD2, a mitotic factor that act as a component of spindle assembly checkpoint (SAC) [107]. AS of MAD2 transcripts yields three isoforms, full length MAD2α, and MAD2β and MAD2γ, lacking exon 3 and exon 2 and 3, respectively. MAD2α was present in both the nucleus and the cytoplasm, while MAD2γ mainly localized to the nucleus and reduced mitotic arrest. Interestingly, in TGCTs patients, the overexpression of endogenous MAD2γ, but not MAD2α, was associated with resistance to cisplatin-based chemotherapy [108,109]. Since Nek2 interacts with MAD2 [110] and SAC has emerged as a promising target for cancer therapy [111], modulation of NEK2 activity and/or MAD2 AS could be exploited therapeutically in TGCTs patients displaying resistance to cisplatin-based chemotherapy. Accordingly, it has been shown that depletion of MAD2 induces apoptosis and restores sensitivity to cisplatin therapy in a cisplatin resistant lung cancer model [112]. Another gene that undergoes AS modulation, representing a valuable therapeutic target in cisplatin-resistant TGCTs, is the member of the inhibitor of apoptosis protein (IAP) family, Livin [100]. Although its expression in normal testicular tissue is still elusive [100,113,114], in a large cohort of TGCT patients the expression of both Livin α and Livin β splice variants was found to be strongly related to the histological subtype, resulting in frequently expressed seminoma [100]. Since Livin has been identified as a target for immune-mediated tumor destruction [115], clarifying the involvement of these isoforms in drug resistance might provide a therapeutic option for cisplatin-resistant patients.



In addition to evasion of apoptosis, metabolic adaptation, also known as aerobic glycolysis (or the Warburg effect), is an emerging hallmark of cancer [116]. Glycolytic key regulators have been found differentially expressed in TGCTs and associated with tumor aggressiveness [117,118], highlighting the potential role of metabolic adaptation among plausible causative processes of tumor progression. The contribution of AS to metabolism reprogramming has been reported in several tumors [119]. Notably, screening performed to find novel cancer-associated immunogenic gene products allowed the identification of four cancer-restricted splice variants of testis Lactate Dehydrogenase C (LDHC) in several cancers [117]. Three splice variants skip exons encoding NAD binding domains and/or L-lactate dehydrogenase active sites, thus yielding aberrant LDHC proteins devoid of specific enzymatic activity, whereas one isoform encodes for a fully active enzyme [117]. Lactate dehydrogenase catalyses the interconversion of lactate and pyruvate in the glycolytic pathway, and lactate has a pivotal role in spermatogenesis [120] and exerts an antiapoptotic effect [121]. Interestingly, a gene expression profile identified LDHC among genes differentially expressed in seminoma samples [122]. Although the impact of LDHC variants has not been investigated in TGCTs, these protein isoforms might exhibit different functional properties in terms of substrate specificity that may be beneficial for the metabolic adaptation, survival and proliferation of tumor germ cells.



R-Loop


R-loops are three-stranded nucleic acid structures characterised by a DNA:RNA hybrid and a displaced single-stranded DNA that frequently form in connection with transcription. Their programmed formation occurs physiologically, and it contributes to important cellular processes including transcription initiation and termination, immunoglobulin class switching, replication of mitochondrial DNA and epigenetic modifications [123,124,125]. Besides their role in normally replicating cells, a large body of evidence suggests that mis-regulated formation of R-loops occurs in cancer cells. Unscheduled formation of R-loops is associated with transcription elongation defects, hyper-recombination and DNA damage, all of which might contribute significantly to cancer-related genome instability [125]. New technology, including the application of the S9.6 antibody, has led to the identification of R-loops interactome and knowledge of genome-wide distribution of R-loops [126,127,128]. One such RNA:DNA hybrid binding protein is Senataxin [128], a putative RNA:DNA helicase whose mutation is responsible for rare neurological disorders [129]. As deduced from GEO expression data and experimental results in mouse [130], Senataxin is highly expressed in testis, and its mutation in humans [131] or deletion in mice [132] causes germ cell arrest at pachynema, and unscheduled formation of R-loops in spermatocytes, likely as consequence of a conflict between transcription and meiotic recombination intermediates [132]. R-loops also accumulate in proliferating cells of Setx-/- mice testes [130,132], indicating a role for the helicase in resolving R-loops that occur in the germ cell lineage, due to the collision of the replication fork and the transcriptional machinery, as previously described in mitotic somatic cells [132,133,134]. Notably, double strand breaks (DSBs) induced by topoisomerase I treatment augment R-loops accumulate in proliferating germ cells of the testis, in both wild type and Setx-/- mice [130]. Since R-loops normally occur at pause sites during transcription [135], this indicates that DNA lesions can stall the transcription machinery, which in turn causes R-loop accumulation. This is further confirmed by the accumulation of R-loops in mitotic germ cells of the testis in mice deleted for Atm or Tdp1, two DNA-damage response genes required for repair of DNA breaks [136,137,138]. In this regard, it has been also demonstrated that defects in the homologous recombination (HR) proteins BRCA1 and BRCA2 [139,140], in the nucleotide excision repair (NER) proteins XPG and XPF [141] and in the Fanconi anemia (FA) pathway [142,143,144], lead to R-loop accumulation, thus indicating that several DNA repair pathways contribute to R-loop regulation [145].



To date, there are no reports in literature investigating R-loop levels in testicular germ cell tumors. Thus, whether an alteration of formation, stabilization or resolution of R-loops associates with TGCTs development is unknown. According to the exquisite sensitivity of TGCTs to cisplatin-induced damage, we demonstrated that embryonal carcinoma TGCT cell lines that are sensitive to drug treatment have a reduced proficiency of DSBs repair by HR [146]. In addition, analysis of NER protein expression in TGCT-derived cell lines revealed that levels of XPA, ERCC1 and XPF DNA repair proteins are reduced with respect to somatic tumor cells [146,147], indicating that repair of DNA damage by NER might be compromised. Moreover, in a recent study from our laboratory, in which EC cell lines sensitive and resistant to cisplatin were compared, we demonstrated that cisplatin-sensitive cell lines have a reduced expression of FANCD2 with respect to cisplatin-resistant cell lines [148]. Collectively these observations suggest that often, TGCTs have a reduced recombinative efficacy, which is one of the mechanisms that have been proposed to account for their unique sensitivity to DNA damage [149]. Given the importance of HR, NER and FANC pathways’ deficiency in R-loop accumulation in mitotic cells, it is plausible that R-loops might arise in replicating germ-cell tumor cells, contributing to increase genome instability and tumor progression. In accordance with this hypothesis, studies on TGCT tissues aimed at evaluating the activation of the DNA-damage response (DDR) in TGCTs have shown that DDR is not activated in pre-invasive carcinoma in situ (CIS) lesions, while it was found to be activated in a subset of seminomas and in embryonal carcinomas at the invasive stage [150]. This suggests that, at least in a subset of tumors, R-loops might arise along with persistent replication-associated DNA damage. Their accumulation might contribute to increased genome instability [151] and perhaps tumor progression. Interestingly, by studying a series of nonseminomatous GCTs it has also been found that tumors resistant to cisplatin express low levels of the mammalian serine/arginine-rich protein-specific kinase 1 (SRPK1)[152]. The latter, by phosphorylating the splicing factor SRSF1 promotes its subcellular nuclear localization [153]. Given that inactivation of SRSF1 has been demonstrated to promote genome instability via formation of R-loops [154], one can speculate that low expression of SRPK1 in GCTs may favour genome instability, promoting genome rearrangements leading to the acquisition of resistance to cisplatin.



As the role of R-loops in tumorigenesis will advance in the years to come, and the interactome of DNA:RNA hybrid will expand, it will be interesting to investigate further their potential role in the pathogenesis of TGCTs.





4. Conclusions


In summary, numerous observations have showed that mis-regulation of RNA metabolism is implicated in TGCT onset, development and progression, as reported in Table 1. Expression of RNAs species, as sncRNA, influences mRNA stability and translation efficiency. Similarly, lncRNAs regulate gene expression by acting as a molecular sponge of miRNAs and molecular scaffold for protein interaction. Furthermore, increasing evidence has also reported that regulation of transcription-related processes, such as pre-mRNA processing and R-loop resolution, ensures proper gene expression and genome stability. Thus, it is not surprising that dysregulation of these RNAs species contributes to reprogram gene expression favouring TGCTs. Despite the extensive effort made over the course of the last decade to understand the contribution of aberrant regulation of RNA metabolism to TGCT pathogenesis, many molecular details remain poorly understood, thereby leaving many key issues unresolved. For instance, the impact and contribution of many cancer-related non-coding RNAs species to TGCT development is also unknown.



Numerous molecular and biochemical approaches have contributed to the identification of regulatory processes contributing to RNA dysregulation in TGCT. However, these conventional approaches should be flanked by high-throughput technologies allowing the reassessment of single molecule studies in a global cellular environment. Indeed, full sequencing of the whole transcriptome by RNA-sequencing might help to identify differentially expressed genes, novel splice variants and non-coding transcripts at higher resolution. Furthermore, we believe that transcriptome profiling during TGCT progression might help to identify the molecular changes between onset and the late phase of tumor development, providing new targets to develop innovative therapeutic approaches. Indeed, although these tumors show a very high curability, a fraction of treated patients develop drug resistance through molecular mechanisms that are still elusive and that could involve non-coding RNAs. Thus, understanding the functions of RNA molecules in tumors can open new avenues to the identification of novel diagnostic biomarkers or therapeutic targets for TGCTs.







Author Contributions


Conceptualization, S.D., P.G., M.B., P.B., P.R. Data curation and writing—original draft preparation, S.D., P.G., M.B., P.B., P.R. writing—review and editing P.G., P.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


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




Data Availability Statement


Not applicable.




Acknowledgments


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Houldsworth, J.; Korkola, J.E.; Bosl, G.J.; Chaganti, R.S. Biology and genetics of adult male germ cell tumors. J. Clin. Oncol. 2006, 24, 5512–5518. [Google Scholar] [CrossRef]

	



Huyghe, E.; Matsuda, T.; Thonneau, P. Increasing incidence of testicular cancer worldwide: A review. J. Urol. 2003, 170, 5–11. [Google Scholar] [CrossRef] [PubMed]

	



Looijenga, L.H.; Stoop, H.; Biermann, K. Testicular cancer: Biology and biomarkers. Virchows Arch. 2014, 464, 301–313. [Google Scholar] [CrossRef]

	



Dieckmann, K.P.; Pichlmeier, U. Bilateral testicular germ cell tumors in Turkey: Increase in incidence in last decade and evaluation of risk factors in 30 patients. J. Urol. 2007, 178, 2222–2223. [Google Scholar] [CrossRef] [PubMed]

	



De Felici, M.; Dolci, S. From testis to teratomas: A brief history of male germ cells in mammals. Int. J. Dev. Biol. 2013, 57, 115–121. [Google Scholar] [CrossRef] [PubMed]

	



Batool, A.; Karimi, N.; Wu, X.N.; Chen, S.R.; Liu, Y.X. Testicular germ cell tumor: A comprehensive review. Cell Mol. Life Sci. 2019, 76, 1713–1727. [Google Scholar] [CrossRef] [PubMed]

	



Skakkebaek, N.E.; Berthelsen, J.G.; Giwercman, A.; Muller, J. Carcinoma-in-situ of the testis: Possible origin from gonocytes and precursor of all types of germ cell tumours except spermatocytoma. Int. J. Androl. 1987, 10, 19–28. [Google Scholar] [CrossRef] [PubMed]

	



Rajpert-De Meyts, E.; Bartkova, J.; Samson, M.; Hoei-Hansen, C.E.; Frydelund-Larsen, L.; Bartek, J.; Skakkebaek, N.E. The emerging phenotype of the testicular carcinoma in situ germ cell. APMIS 2003, 111, 267–279. [Google Scholar] [CrossRef] [PubMed]

	



Rajpert-De Meyts, E.; Jacobsen, G.K.; Bartkova, J.; Aubry, F.; Samson, M.; Bartek, J.; Skakkebaek, N.E. The immunohistochemical expression pattern of Chk2, p53, p19INK4d, MAGE-A4 and other selected antigens provides new evidence for the premeiotic origin of spermatocytic seminoma. Histopathology 2003, 42, 217–226. [Google Scholar] [CrossRef]

	



Sesterhenn, I.A.; Davis, C.J., Jr. Pathology of germ cell tumors of the testis. Cancer Control 2004, 11, 374–387. [Google Scholar] [CrossRef] [PubMed]

	



Banks, K.; Tuazon, E.; Berhane, K.; Koh, C.J.; De Filippo, R.E.; Chang, A.; Kim, S.S.; Daneshmand, S.; Davis-Dao, C.; Lewinger, J.P.; et al. Cryptorchidism and testicular germ cell tumors: Comprehensive meta-analysis reveals that association between these conditions diminished over time and is modified by clinical characteristics. Front. Endocrinol. 2012, 3, 182. [Google Scholar] [CrossRef] [PubMed]

	



Petersen, P.M.; Giwercman, A.; Hansen, S.W.; Berthelsen, J.G.; Daugaard, G.; Rorth, M.; Skakkebaek, N.E. Impaired testicular function in patients with carcinoma-in-situ of the testis. J. Clin. Oncol. 1999, 17, 173–179. [Google Scholar] [CrossRef]

	



Cools, M.; Honecker, F.; Stoop, H.; Veltman, J.D.; de Krijger, R.R.; Steyerberg, E.; Wolffenbuttel, K.P.; Bokemeyer, C.; Lau, Y.F.; Drop, S.L.; et al. Maturation delay of germ cells in fetuses with trisomy 21 results in increased risk for the development of testicular germ cell tumors. Hum. Pathol. 2006, 37, 101–111. [Google Scholar] [CrossRef] [PubMed]

	



Hasle, H.; Mellemgaard, A.; Nielsen, J.; Hansen, J. Cancer incidence in men with Klinefelter syndrome. Br. J. Cancer 1995, 71, 416–420. [Google Scholar] [CrossRef] [PubMed]

	



Verp, M.S.; Simpson, J.L. Abnormal sexual differentiation and neoplasia. Cancer Genet. Cytogenet. 1987, 25, 191–218. [Google Scholar] [CrossRef]

	



Harries, L.W. RNA Biology Provides New Therapeutic Targets for Human Disease. Front. Genet. 2019, 10, 205. [Google Scholar] [CrossRef] [PubMed]

	



Guttman, M.; Rinn, J.L. Modular regulatory principles of large non-coding RNAs. Nature 2012, 482, 339–346. [Google Scholar] [CrossRef] [PubMed]

	



Kotaja, N. MicroRNAs and spermatogenesis. Fertil. Steril. 2014, 101, 1552–1562. [Google Scholar] [CrossRef]

	



Hong, S.H.; Kwon, J.T.; Kim, J.; Jeong, J.; Kim, J.; Lee, S.; Cho, C. Profiling of testis-specific long noncoding RNAs in mice. BMC Genom. 2018, 19, 539. [Google Scholar] [CrossRef] [PubMed]

	



Pyle, L.C.; Nathanson, K.L. Genetic changes associated with testicular cancer susceptibility. Semin. Oncol. 2016, 43, 575–581. [Google Scholar] [CrossRef] [PubMed]

	



Sood, P.; Krek, A.; Zavolan, M.; Macino, G.; Rajewsky, N. Cell-type-specific signatures of microRNAs on target mRNA expression. Proc. Natl. Acad. Sci. USA 2006, 103, 2746–2751. [Google Scholar] [CrossRef]

	



Esquela-Kerscher, A.; Slack, F.J. Oncomirs-microRNAs with a role in cancer. Nat. Rev. Cancer 2006, 6, 259–269. [Google Scholar] [CrossRef] [PubMed]

	



Palmer, R.D.; Murray, M.J.; Saini, H.K.; van Dongen, S.; Abreu-Goodger, C.; Muralidhar, B.; Pett, M.R.; Thornton, C.M.; Nicholson, J.C.; Enright, A.J.; et al. Malignant germ cell tumors display common microRNA profiles resulting in global changes in expression of messenger RNA targets. Cancer Res. 2010, 70, 2911–2923. [Google Scholar] [CrossRef] [PubMed]

	



Gillis, A.J.; Stoop, H.J.; Hersmus, R.; Oosterhuis, J.W.; Sun, Y.; Chen, C.; Guenther, S.; Sherlock, J.; Veltman, I.; Baeten, J.; et al. High-throughput microRNAome analysis in human germ cell tumours. J. Pathol. 2007, 213, 319–328. [Google Scholar] [CrossRef]

	



Voorhoeve, P.M.; le Sage, C.; Schrier, M.; Gillis, A.J.; Stoop, H.; Nagel, R.; Liu, Y.P.; van Duijse, J.; Drost, J.; Griekspoor, A.; et al. A genetic screen implicates miRNA-372 and miRNA-373 as oncogenes in testicular germ cell tumors. Cell 2006, 124, 1169–1181. [Google Scholar] [CrossRef] [PubMed]

	



Miyoshi, N.; Ishii, H.; Nagano, H.; Haraguchi, N.; Dewi, D.L.; Kano, Y.; Nishikawa, S.; Tanemura, M.; Mimori, K.; Tanaka, F.; et al. Reprogramming of mouse and human cells to pluripotency using mature microRNAs. Cell Stem Cell 2011, 8, 633–638. [Google Scholar] [CrossRef] [PubMed]

	



Laurent, L.C. MicroRNAs in embryonic stem cells and early embryonic development. J. Cell. Mol. Med. 2008, 12, 2181–2188. [Google Scholar] [CrossRef]

	



Wang, Y.; Melton, C.; Li, Y.P.; Shenoy, A.; Zhang, X.X.; Subramanyam, D.; Blelloch, R. miR-294/miR-302 promotes proliferation, suppresses G1-S restriction point, and inhibits ESC differentiation through separable mechanisms. Cell Rep. 2013, 4, 99–109. [Google Scholar] [CrossRef]

	



Das, M.K.; Evensen, H.S.F.; Furu, K.; Haugen, T.B. miRNA-302s may act as oncogenes in human testicular germ cell tumours. Sci. Rep. 2019, 9, 9189. [Google Scholar] [CrossRef] [PubMed]

	



Xu, T.; Wang, W.; Zhang, S.; Stewart, R.A.; Yu, W. Identifying tumor suppressors in genetic mosaics: The Drosophila lats gene encodes a putative protein kinase. Development 1995, 121, 1053–1063. [Google Scholar] [CrossRef] [PubMed]

	



McPherson, J.P.; Tamblyn, L.; Elia, A.; Migon, E.; Shehabeldin, A.; Matysiak-Zablocki, E.; Lemmers, B.; Salmena, L.; Hakem, A.; Fish, J.; et al. Lats2/Kpm is required for embryonic development, proliferation control and genomic integrity. EMBO J. 2004, 23, 3677–3688. [Google Scholar] [CrossRef] [PubMed]

	



Shimizu, K.; Nihira, N.T.; Inuzuka, H.; Wei, W. Physiological functions of FBW7 in cancer and metabolism. Cell Signal 2018, 46, 15–22. [Google Scholar] [CrossRef]

	



Liu, J.; Shi, H.; Li, X.; Chen, G.; Larsson, C.; Lui, W.O. miR2233p regulates cell growth and apoptosis via FBXW7 suggesting an oncogenic role in human testicular germ cell tumors. Int. J. Oncol. 2017, 50, 356–364. [Google Scholar] [CrossRef] [PubMed]

	



Lize, M.; Pilarski, S.; Dobbelstein, M. E2F1-inducible microRNA 449a/b suppresses cell proliferation and promotes apoptosis. Cell Death Differ. 2010, 17, 452–458. [Google Scholar] [CrossRef] [PubMed]

	



Ozata, D.M.; Li, X.; Lee, L.; Liu, J.; Warsito, D.; Hajeri, P.; Hultman, I.; Fotouhi, O.; Marklund, S.; Ahrlund-Richter, L.; et al. Loss of miR-514a-3p regulation of PEG3 activates the NF-kappa B pathway in human testicular germ cell tumors. Cell Death Dis. 2017, 8, e2759. [Google Scholar] [CrossRef] [PubMed]

	



De Martino, M.; Esposito, F.; Pellecchia, S.; Cortez Cardoso Penha, R.; Botti, G.; Fusco, A.; Chieffi, P. HMGA1-Regulating microRNAs Let-7a and miR-26a are Downregulated in Human Seminomas. Int. J. Mol. Sci. 2020, 21, 3014. [Google Scholar] [CrossRef] [PubMed]

	



Ma, L.; Young, J.; Prabhala, H.; Pan, E.; Mestdagh, P.; Muth, D.; Teruya-Feldstein, J.; Reinhardt, F.; Onder, T.T.; Valastyan, S.; et al. miR-9, a MYC/MYCN-activated microRNA, regulates E-cadherin and cancer metastasis. Nat. Cell Biol. 2010, 12, 247–256. [Google Scholar] [CrossRef]

	



Zhang, Y.; Yang, P.; Sun, T.; Li, D.; Xu, X.; Rui, Y.; Li, C.; Chong, M.; Ibrahim, T.; Mercatali, L.; et al. miR-126 and miR-126* repress recruitment of mesenchymal stem cells and inflammatory monocytes to inhibit breast cancer metastasis. Nat. Cell Biol. 2013, 15, 284–294. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Yan, L.X.; Wu, Q.N.; Du, Z.M.; Chen, J.; Liao, D.Z.; Huang, M.Y.; Hou, J.H.; Wu, Q.L.; Zeng, M.S.; et al. miR-125b is methylated and functions as a tumor suppressor by regulating the ETS1 proto-oncogene in human invasive breast cancer. Cancer Res. 2011, 71, 3552–3562. [Google Scholar] [CrossRef]

	



Batool, A.; Wang, Y.Q.; Hao, X.X.; Chen, S.R.; Liu, Y.X. A miR-125b/CSF1-CX3CL1/tumor-associated macrophage recruitment axis controls testicular germ cell tumor growth. Cell Death Dis. 2018, 9, 962. [Google Scholar] [CrossRef] [PubMed]

	



Port, M.; Glaesener, S.; Ruf, C.; Riecke, A.; Bokemeyer, C.; Meineke, V.; Honecker, F.; Abend, M. Micro-RNA expression in cisplatin resistant germ cell tumor cell lines. Mol. Cancer 2011, 10, 52. [Google Scholar] [CrossRef] [PubMed]

	



Almstrup, K.; Lobo, J.; Morup, N.; Belge, G.; Rajpert-De Meyts, E.; Looijenga, L.H.J.; Dieckmann, K.P. Application of miRNAs in the diagnosis and monitoring of testicular germ cell tumours. Nat. Rev. Urol. 2020, 17, 201–213. [Google Scholar] [CrossRef] [PubMed]

	



Rosenkranz, D.; Han, C.T.; Roovers, E.F.; Zischler, H.; Ketting, R.F. Piwi proteins and piRNAs in mammalian oocytes and early embryos: From sample to sequence. Genom. Data 2015, 5, 309–313. [Google Scholar] [CrossRef]

	



Roovers, E.F.; Rosenkranz, D.; Mahdipour, M.; Han, C.T.; He, N.; Chuva de Sousa Lopes, S.M.; van der Westerlaken, L.A.; Zischler, H.; Butter, F.; Roelen, B.A.; et al. Piwi proteins and piRNAs in mammalian oocytes and early embryos. Cell Rep. 2015, 10, 2069–2082. [Google Scholar] [CrossRef]

	



Akkouche, A.; Mugat, B.; Barckmann, B.; Varela-Chavez, C.; Li, B.; Raffel, R.; Pelisson, A.; Chambeyron, S. Piwi Is Required during Drosophila Embryogenesis to License Dual-Strand piRNA Clusters for Transposon Repression in Adult Ovaries. Mol. Cell 2017, 66, 411–419. [Google Scholar] [CrossRef] [PubMed]

	



Andersen, P.R.; Tirian, L.; Vunjak, M.; Brennecke, J. A heterochromatin-dependent transcription machinery drives piRNA expression. Nature 2017, 549, 54–59. [Google Scholar] [CrossRef] [PubMed]

	



Aravin, A.A.; Hannon, G.J.; Brennecke, J. The Piwi-piRNA pathway provides an adaptive defense in the transposon arms race. Science 2007, 318, 761–764. [Google Scholar] [CrossRef] [PubMed]

	



Czech, B.; Munafo, M.; Ciabrelli, F.; Eastwood, E.L.; Fabry, M.H.; Kneuss, E.; Hannon, G.J. piRNA-Guided Genome Defense: From Biogenesis to Silencing. Annu. Rev. Genet. 2018, 52, 131–157. [Google Scholar] [CrossRef]

	



Ferreira, H.J.; Heyn, H.; Garcia del Muro, X.; Vidal, A.; Larriba, S.; Munoz, C.; Villanueva, A.; Esteller, M. Epigenetic loss of the PIWI/piRNA machinery in human testicular tumorigenesis. Epigenetics 2014, 9, 113–118. [Google Scholar] [CrossRef] [PubMed]

	



Heyn, H.; Ferreira, H.J.; Bassas, L.; Bonache, S.; Sayols, S.; Sandoval, J.; Esteller, M.; Larriba, S. Epigenetic disruption of the PIWI pathway in human spermatogenic disorders. PLoS ONE 2012, 7, e47892. [Google Scholar] [CrossRef]

	



Rounge, T.B.; Furu, K.; Skotheim, R.I.; Haugen, T.B.; Grotmol, T.; Enerly, E. Profiling of the small RNA populations in human testicular germ cell tumors shows global loss of piRNAs. Mol. Cancer 2015, 14, 153. [Google Scholar] [CrossRef] [PubMed]

	



Morup, N.; Stakaitis, R.; Golubickaite, I.; Riera, M.; Dalgaard, M.D.; Schierup, M.H.; Jorgensen, N.; Daugaard, G.; Juul, A.; Almstrup, K. Small RNAs in Seminal Plasma as Novel Biomarkers for Germ Cell Tumors. Cancers 2021, 13, 2346. [Google Scholar] [CrossRef] [PubMed]

	



Wang, K.C.; Chang, H.Y. Molecular mechanisms of long noncoding RNAs. Mol. Cell 2011, 43, 904–914. [Google Scholar] [CrossRef] [PubMed]

	



Schmitz, S.U.; Grote, P.; Herrmann, B.G. Mechanisms of long noncoding RNA function in development and disease. Cell Mol. Life Sci. 2016, 73, 2491–2509. [Google Scholar] [CrossRef]

	



Prensner, J.R.; Chinnaiyan, A.M. The emergence of lncRNAs in cancer biology. Cancer Discov. 2011, 1, 391–407. [Google Scholar] [CrossRef] [PubMed]

	



Bresesti, C.; Vezzoli, V.; Cangiano, B.; Bonomi, M. Long Non-Coding RNAs: Role in Testicular Cancers. Front. Oncol. 2021, 11, 605606. [Google Scholar] [CrossRef] [PubMed]

	



Looijenga, L.H.; Gillis, A.J.; van Gurp, R.J.; Verkerk, A.J.; Oosterhuis, J.W. X inactivation in human testicular tumors. XIST expression and androgen receptor methylation status. Am. J. Pathol. 1997, 151, 581–590. [Google Scholar] [PubMed]

	



Lobo, J.; Nunes, S.P.; Gillis, A.J.M.; Barros-Silva, D.; Miranda-Goncalves, V.; Berg, A.V.D.; Cantante, M.; Guimaraes, R.; Henrique, R.; Jeronimo, C.; et al. XIST-Promoter Demethylation as Tissue Biomarker for Testicular Germ Cell Tumors and Spermatogenesis Quality. Cancers 2019, 11, 1385. [Google Scholar] [CrossRef]

	



Wang, Y.; Gan, Y.; Tan, Z.; Zhou, J.; Kitazawa, R.; Jiang, X.; Tang, Y.; Yang, J. TDRG1 functions in testicular seminoma are dependent on the PI3K/Akt/mTOR signaling pathway. Onco Targets Ther. 2016, 9, 409–420. [Google Scholar] [CrossRef] [PubMed]

	



Peng, D.; Wei, J.; Gan, Y.; Yang, J.; Jiang, X.; Kitazawa, R.; Xiang, Y.; Dai, Y.; Tang, Y. Testis developmental related gene 1 regulates the chemosensitivity of seminoma TCam-2 cells to cisplatin via autophagy. J. Cell. Mol. Med. 2019, 23, 7773–7784. [Google Scholar] [CrossRef] [PubMed]

	



Gan, Y.; Wang, Y.; Tan, Z.; Zhou, J.; Kitazawa, R.; Jiang, X.; Tang, Y.; Yang, J. TDRG1 regulates chemosensitivity of seminoma TCam-2 cells to cisplatin via PI3K/Akt/mTOR signaling pathway and mitochondria-mediated apoptotic pathway. Cancer Biol. Ther. 2016, 17, 741–750. [Google Scholar] [CrossRef]

	



Gan, Y.U.; Yang, J.; Wang, Y.; Tan, Z.; Jiang, X.; Tang, Y. In vitro study on shRNA-mediated reduction of testis developmental related gene 1 expression and its effects on the proliferation, invasion and apoptosis of NTERA-2 cells. Oncol. Lett. 2015, 10, 61–66. [Google Scholar] [CrossRef]

	



Nonomura, N.; Miki, T.; Nishimura, K.; Kanno, N.; Kojima, Y.; Okuyama, A. Altered imprinting of the H19 and insulin-like growth factor II genes in testicular tumors. J. Urol. 1997, 157, 1977–1979. [Google Scholar] [CrossRef]

	



Mishina, M.; Ogawa, O.; Kinoshita, H.; Oka, H.; Okumura, K.; Mitsumori, K.; Kakehi, Y.; Reeve, A.E.; Yoshida, O. Equivalent parental distribution of frequently lost alleles and biallelic expression of the H19 gene in human testicular germ cell tumors. Jpn. J. Cancer Res. 1996, 87, 816–823. [Google Scholar] [CrossRef]

	



Kawakami, T.; Zhang, C.; Okada, Y.; Okamoto, K. Erasure of methylation imprint at the promoter and CTCF-binding site upstream of H19 in human testicular germ cell tumors of adolescents indicate their fetal germ cell origin. Oncogene 2006, 25, 3225–3236. [Google Scholar] [CrossRef] [PubMed]

	



Sievers, S.; Alemazkour, K.; Zahn, S.; Perlman, E.J.; Gillis, A.J.; Looijenga, L.H.; Gobel, U.; Schneider, D.T. IGF2/H19 imprinting analysis of human germ cell tumors (GCTs) using the methylation-sensitive single-nucleotide primer extension method reflects the origin of GCTs in different stages of primordial germ cell development. Genes Chromosomes Cancer 2005, 44, 256–264. [Google Scholar] [CrossRef] [PubMed]

	



Verkerk, A.J.; Ariel, I.; Dekker, M.C.; Schneider, T.; van Gurp, R.J.; de Groot, N.; Gillis, A.J.; Oosterhuis, J.W.; Hochberg, A.A.; Looijenga, L.H. Unique expression patterns of H19 in human testicular cancers of different etiology. Oncogene 1997, 14, 95–107. [Google Scholar] [CrossRef] [PubMed]

	



Wei, J.; Gan, Y.; Peng, D.; Jiang, X.; Kitazawa, R.; Xiang, Y.; Dai, Y.; Tang, Y.; Yang, J. Long non-coding RNA H19 promotes TDRG1 expression and cisplatin resistance by sequestering miRNA-106b-5p in seminoma. Cancer Med. 2018, 7, 6247–6257. [Google Scholar] [CrossRef] [PubMed]

	



Mazar, J.; Zhao, W.; Khalil, A.M.; Lee, B.; Shelley, J.; Govindarajan, S.S.; Yamamoto, F.; Ratnam, M.; Aftab, M.N.; Collins, S.; et al. The functional characterization of long noncoding RNA SPRY4-IT1 in human melanoma cells. Oncotarget 2014, 5, 8959–8969. [Google Scholar] [CrossRef]

	



Das, M.K.; Furu, K.; Evensen, H.F.; Haugen, O.P.; Haugen, T.B. Knockdown of SPRY4 and SPRY4-IT1 inhibits cell growth and phosphorylation of Akt in human testicular germ cell tumours. Sci. Rep. 2018, 8, 2462. [Google Scholar] [CrossRef] [PubMed]

	



Lu, M.; Tian, H.; Cao, Y.X.; He, X.; Chen, L.; Song, X.; Ping, P.; Huang, H.; Sun, F. Downregulation of miR-320a/383-sponge-like long non-coding RNA NLC1-C (narcolepsy candidate-region 1 genes) is associated with male infertility and promotes testicular embryonal carcinoma cell proliferation. Cell Death Dis. 2015, 6, e1960. [Google Scholar] [CrossRef]

	



Ghafouri-Fard, S.; Dashti, S.; Taheri, M. The HOTTIP (HOXA transcript at the distal tip) lncRNA: Review of oncogenic roles in human. Biomed. Pharmacother. 2020, 127, 110158. [Google Scholar] [CrossRef] [PubMed]

	



Su, Y.; Zhou, L.L.; Zhang, Y.Q.; Ni, L.Y. Long noncoding RNA HOTTIP is associated with male infertility and promotes testicular embryonal carcinoma cell proliferation. Mol. Genet. Genom. Med. 2019, 7, e870. [Google Scholar] [CrossRef]

	



Taoka, M.; Nobe, Y.; Yamaki, Y.; Sato, K.; Ishikawa, H.; Izumikawa, K.; Yamauchi, Y.; Hirota, K.; Nakayama, H.; Takahashi, N.; et al. Landscape of the complete RNA chemical modifications in the human 80S ribosome. Nucleic Acids Res. 2018, 46, 9289–9298. [Google Scholar] [CrossRef] [PubMed]

	



Ruggero, D. Translational control in cancer etiology. Cold Spring Harb Perspect. Biol. 2013, 5. [Google Scholar] [CrossRef] [PubMed]

	



Ban, N.; Nissen, P.; Hansen, J.; Moore, P.B.; Steitz, T.A. The complete atomic structure of the large ribosomal subunit at 2.4 A resolution. Science 2000, 289, 905–920. [Google Scholar] [CrossRef] [PubMed]

	



McStay, B. Nucleolar organizer regions: Genomic ‘dark matter’ requiring illumination. Genes Dev. 2016, 30, 1598–1610. [Google Scholar] [CrossRef] [PubMed]

	



Arabi, A.; Wu, S.; Ridderstrale, K.; Bierhoff, H.; Shiue, C.; Fatyol, K.; Fahlen, S.; Hydbring, P.; Soderberg, O.; Grummt, I.; et al. c-Myc associates with ribosomal DNA and activates RNA polymerase I transcription. Nat. Cell Biol. 2005, 7, 303–310. [Google Scholar] [CrossRef] [PubMed]

	



Budde, A.; Grummt, I. p53 represses ribosomal gene transcription. Oncogene 1999, 18, 1119–1124. [Google Scholar] [CrossRef] [PubMed]

	



Sugimoto, M.; Kuo, M.L.; Roussel, M.F.; Sherr, C.J. Nucleolar Arf tumor suppressor inhibits ribosomal RNA processing. Mol. Cell 2003, 11, 415–424. [Google Scholar] [CrossRef]

	



Cavanaugh, A.H.; Hempel, W.M.; Taylor, L.J.; Rogalsky, V.; Todorov, G.; Rothblum, L.I. Activity of RNA polymerase I transcription factor UBF blocked by Rb gene product. Nature 1995, 374, 177–180. [Google Scholar] [CrossRef]

	



Neerman-Arbez, M.; DeLozier-Blanchet, C.D.; Bolle, J.F.; Rondez, R.; Morris, M. High incidence of ectopic nucleolar organizer regions in human testicular tumors. Cancer Genet. Cytogenet. 1993, 65, 58–63. [Google Scholar] [CrossRef]

	



DeLozier-Blanchet, C.D.; Walt, H.; Engel, E. Ectopic nucleolus organizer regions (NORs) in human testicular tumors. Cytogenet. Genome Res. 1986, 41, 107–113. [Google Scholar] [CrossRef]

	



Truitt, M.L.; Ruggero, D. New frontiers in translational control of the cancer genome. Nat. Rev. Cancer 2016, 16, 288–304. [Google Scholar] [CrossRef]

	



Drygin, D.; Lin, A.; Bliesath, J.; Ho, C.B.; O’Brien, S.E.; Proffitt, C.; Omori, M.; Haddach, M.; Schwaebe, M.K.; Siddiqui-Jain, A.; et al. Targeting RNA polymerase I with an oral small molecule CX-5461 inhibits ribosomal RNA synthesis and solid tumor growth. Cancer Res. 2011, 71, 1418–1430. [Google Scholar] [CrossRef]

	



Peltonen, K.; Colis, L.; Liu, H.; Jaamaa, S.; Moore, H.M.; Enback, J.; Laakkonen, P.; Vaahtokari, A.; Jones, R.J.; af Hallstrom, T.M.; et al. Identification of novel p53 pathway activating small-molecule compounds reveals unexpected similarities with known therapeutic agents. PLoS ONE 2010, 5, e12996. [Google Scholar] [CrossRef] [PubMed]

	



Sasiela, C.A.; Stewart, D.H.; Kitagaki, J.; Safiran, Y.J.; Yang, Y.; Weissman, A.M.; Oberoi, P.; Davydov, I.V.; Goncharova, E.; Beutler, J.A.; et al. Identification of inhibitors for MDM2 ubiquitin ligase activity from natural product extracts by a novel high-throughput electrochemiluminescent screen. J. Biomol. Screen. 2008, 13, 229–237. [Google Scholar] [CrossRef] [PubMed]

	



Caggiano, C.; Guida, E.; Todaro, F.; Bielli, P.; Mori, M.; Ghirga, F.; Quaglio, D.; Botta, B.; Moretti, F.; Grimaldi, P.; et al. Sempervirine inhibits RNA polymerase I transcription independently from p53 in tumor cells. Cell Death Discov. 2020, 6, 111. [Google Scholar] [CrossRef] [PubMed]

	



Dvinge, H. Regulation of alternative mRNA splicing: Old players and new perspectives. FEBS Lett. 2018, 592, 2987–3006. [Google Scholar] [CrossRef]

	



Baralle, F.E.; Giudice, J. Alternative splicing as a regulator of development and tissue identity. Nat. Rev. Mol. Cell Biol. 2017, 18, 437–451. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Park, J.Y.; Zheng, D.; Hoque, M.; Yehia, G.; Tian, B. Alternative cleavage and polyadenylation in spermatogenesis connects chromatin regulation with post-transcriptional control. BMC Biol. 2016, 14, 6. [Google Scholar] [CrossRef] [PubMed]

	



Naro, C.; Pellegrini, L.; Jolly, A.; Farini, D.; Cesari, E.; Bielli, P.; de la Grange, P.; Sette, C. Functional Interaction between U1snRNP and Sam68 Insures Proper 3’ End Pre-mRNA Processing during Germ Cell Differentiation. Cell Rep. 2019, 26, 2929–2941. [Google Scholar] [CrossRef] [PubMed]

	



Naro, C.; Jolly, A.; Di Persio, S.; Bielli, P.; Setterblad, N.; Alberdi, A.J.; Vicini, E.; Geremia, R.; De la Grange, P.; Sette, C. An Orchestrated Intron Retention Program in Meiosis Controls Timely Usage of Transcripts during Germ Cell Differentiation. Dev. Cell 2017, 41, 82–93. [Google Scholar] [CrossRef] [PubMed]

	



Mazin, P.V.; Khaitovich, P.; Cardoso-Moreira, M.; Kaessmann, H. Alternative splicing during mammalian organ development. Nat. Genet. 2021, 53, 925–934. [Google Scholar] [CrossRef] [PubMed]

	



Naro, C.; Cesari, E.; Sette, C. Splicing regulation in brain and testis: Common themes for highly specialized organs. Cell Cycle 2021, 20, 480–489. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, R.; Heaney, J.; Nadeau, J.H.; Ali, S.; Matin, A. Deficiency of splicing factor 1 suppresses the occurrence of testicular germ cell tumors. Cancer Res. 2010, 70, 7264–7272. [Google Scholar] [CrossRef]

	



Novikov, L.; Park, J.W.; Chen, H.; Klerman, H.; Jalloh, A.S.; Gamble, M.J. QKI-mediated alternative splicing of the histone variant MacroH2A1 regulates cancer cell proliferation. Mol. Cell Biol. 2011, 31, 4244–4255. [Google Scholar] [CrossRef]

	



Wang, Y.; Gray, D.R.; Robbins, A.K.; Crowgey, E.L.; Chanock, S.J.; Greene, M.H.; McGlynn, K.A.; Nathanson, K.; Turnbull, C.; Wang, Z.; et al. Subphenotype meta-analysis of testicular cancer genome-wide association study data suggests a role for RBFOX family genes in cryptorchidism susceptibility. Hum. Reprod. 2018, 33, 967–977. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.J.; Li, Z.T.; Shen, K.J.; Chen, L.; Xu, D.F.; Gao, Y. Characterization of progression-related alternative splicing events in testicular germ cell tumors. Asian J. Androl. 2021, 23, 259–265. [Google Scholar] [CrossRef] [PubMed]

	



Kempkensteffen, C.; Hinz, S.; Krause, H.; Jager, T.; Kollermann, J.; Weikert, S.; Christoph, F.; Schostak, M.; Miller, K.; Schrader, M. Expression of splicing variants of the inhibitor of apoptosis livin in testicular germ cell tumors. Tumour Biol. 2008, 29, 76–82. [Google Scholar] [CrossRef]

	



Gainetdinov, I.V.; Skvortsova, Y.V.; Stukacheva, E.A.; Bychenko, O.S.; Kondratieva, S.A.; Zinovieva, M.V.; Azhikina, T.L. Expression profiles of PIWIL2 short isoforms differ in testicular germ cell tumors of various differentiation subtypes. PLoS ONE 2014, 9, e112528. [Google Scholar] [CrossRef]

	



Naro, C.; Barbagallo, F.; Chieffi, P.; Bourgeois, C.F.; Paronetto, M.P.; Sette, C. The centrosomal kinase NEK2 is a novel splicing factor kinase involved in cell survival. Nucleic Acids Res. 2014, 42, 3218–3227. [Google Scholar] [CrossRef] [PubMed]

	



Rhee, K.; Wolgemuth, D.J. The NIMA-related kinase 2, Nek2, is expressed in specific stages of the meiotic cell cycle and associates with meiotic chromosomes. Development 1997, 124, 2167–2177. [Google Scholar] [CrossRef]

	



Barbagallo, F.; Paronetto, M.P.; Franco, R.; Chieffi, P.; Dolci, S.; Fry, A.M.; Geremia, R.; Sette, C. Increased expression and nuclear localization of the centrosomal kinase Nek2 in human testicular seminomas. J. Pathol. 2009, 217, 431–441. [Google Scholar] [CrossRef] [PubMed]

	



Di Agostino, S.; Rossi, P.; Geremia, R.; Sette, C. The MAPK pathway triggers activation of Nek2 during chromosome condensation in mouse spermatocytes. Development 2002, 129, 1715–1727. [Google Scholar] [CrossRef] [PubMed]

	



Di Agostino, S.; Fedele, M.; Chieffi, P.; Fusco, A.; Rossi, P.; Geremia, R.; Sette, C. Phosphorylation of high-mobility group protein A2 by Nek2 kinase during the first meiotic division in mouse spermatocytes. Mol. Biol. Cell 2004, 15, 1224–1232. [Google Scholar] [CrossRef] [PubMed]

	



Fung, M.K.; Cheung, H.W.; Wong, H.L.; Yuen, H.F.; Ling, M.T.; Chan, K.W.; Wong, Y.C.; Cheung, A.L.; Wang, X. MAD2 expression and its significance in mitotic checkpoint control in testicular germ cell tumour. Biochim. Biophys. Acta (BBA) Mol. Cell Res. 2007, 1773, 821–832. [Google Scholar] [CrossRef] [PubMed]

	



Yin, F.; Du, Y.; Hu, W.; Qiao, T.; Ding, J.; Wu, K.; Liu, Z.; Fan, D. Mad2beta, an alternative variant of Mad2 reducing mitotic arrest and apoptosis induced by adriamycin in gastric cancer cells. Life Sci. 2006, 78, 1277–1286. [Google Scholar] [CrossRef]

	



Lopez-Saavedra, A.; Ramirez-Otero, M.; Diaz-Chavez, J.; Caceres-Gutierrez, R.; Justo-Garrido, M.; Andonegui, M.A.; Mendoza, J.; Downie-Ruiz, A.; Cortes-Gonzalez, C.; Reynoso, N.; et al. MAD2gamma, a novel MAD2 isoform, reduces mitotic arrest and is associated with resistance in testicular germ cell tumors. Cell Cycle 2016, 15, 2066–2076. [Google Scholar] [CrossRef]

	



Liu, Q.; Hirohashi, Y.; Du, X.; Greene, M.I.; Wang, Q. Nek2 targets the mitotic checkpoint proteins Mad2 and Cdc20: A mechanism for aneuploidy in cancer. Exp. Mol. Pathol. 2010, 88, 225–233. [Google Scholar] [CrossRef] [PubMed]

	



Bates, M.; Furlong, F.; Gallagher, M.F.; Spillane, C.D.; McCann, A.; O’Toole, S.; O’Leary, J.J. Too MAD or not MAD enough: The duplicitous role of the spindle assembly checkpoint protein MAD2 in cancer. Cancer Lett. 2020, 469, 11–21. [Google Scholar] [CrossRef] [PubMed]

	



Nascimento, A.V.; Singh, A.; Bousbaa, H.; Ferreira, D.; Sarmento, B.; Amiji, M.M. Overcoming cisplatin resistance in non-small cell lung cancer with Mad2 silencing siRNA delivered systemically using EGFR-targeted chitosan nanoparticles. Acta Biomater. 2017, 47, 71–80. [Google Scholar] [CrossRef] [PubMed]

	



Vucic, D.; Stennicke, H.R.; Pisabarro, M.T.; Salvesen, G.S.; Dixit, V.M. ML-IAP, a novel inhibitor of apoptosis that is preferentially expressed in human melanomas. Curr. Biol. 2000, 10, 1359–1366. [Google Scholar] [CrossRef]

	



Ashhab, Y.; Alian, A.; Polliack, A.; Panet, A.; Ben Yehuda, D. Two splicing variants of a new inhibitor of apoptosis gene with different biological properties and tissue distribution pattern. FEBS Lett. 2001, 495, 56–60. [Google Scholar] [CrossRef]

	



Schmollinger, J.C.; Dranoff, G. Targeting melanoma inhibitor of apoptosis protein with cancer immunotherapy. Apoptosis 2004, 9, 309–313. [Google Scholar] [CrossRef] [PubMed]

	



Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef] [PubMed]

	



Koslowski, M.; Tureci, O.; Bell, C.; Krause, P.; Lehr, H.A.; Brunner, J.; Seitz, G.; Nestle, F.O.; Huber, C.; Sahin, U. Multiple splice variants of lactate dehydrogenase C selectively expressed in human cancer. Cancer Res. 2002, 62, 6750–6755. [Google Scholar] [PubMed]

	



Bonatelli, M.; Silva, E.C.A.; Carcano, F.M.; Zaia, M.G.; Lopes, L.F.; Scapulatempo-Neto, C.; Pinheiro, C. The Warburg Effect Is Associated With Tumor Aggressiveness in Testicular Germ Cell Tumors. Front. Endocrinol. 2019, 10, 417. [Google Scholar] [CrossRef]

	



Kozlovski, I.; Siegfried, Z.; Amar-Schwartz, A.; Karni, R. The role of RNA alternative splicing in regulating cancer metabolism. Hum. Genet. 2017, 136, 1113–1127. [Google Scholar] [CrossRef]

	



Courtens, J.L.; Ploen, L. Improvement of spermatogenesis in adult cryptorchid rat testis by intratesticular infusion of lactate. Biol. Reprod. 1999, 61, 154–161. [Google Scholar] [CrossRef] [PubMed]

	



Erkkila, K.; Aito, H.; Aalto, K.; Pentikainen, V.; Dunkel, L. Lactate inhibits germ cell apoptosis in the human testis. Mol. Hum. Reprod. 2002, 8, 109–117. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.H.; Lin, T.T.; Wu, Y.P.; Li, X.D.; Chen, S.H.; Xue, X.Y.; Wei, Y.; Zheng, Q.S.; Huang, J.B.; Xu, N. Identification of key genes and pathways in seminoma by bioinformatics analysis. Onco Targets Ther. 2019, 12, 3683–3693. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Muse, T.; Aguilera, A. R Loops: From Physiological to Pathological Roles. Cell 2019, 179, 604–618. [Google Scholar] [CrossRef]

	



Brambati, A.; Zardoni, L.; Nardini, E.; Pellicioli, A.; Liberi, G. The dark side of RNA:DNA hybrids. Mutat. Res. Rev. Mutat. Res. 2020, 784, 108300. [Google Scholar] [CrossRef] [PubMed]

	



Niehrs, C.; Luke, B. Regulatory R-loops as facilitators of gene expression and genome stability. Nat. Rev. Mol. Cell Biol. 2020, 21, 167–178. [Google Scholar] [CrossRef] [PubMed]

	



Sanz, L.A.; Chedin, F. High-resolution, strand-specific R-loop mapping via S9.6-based DNA-RNA immunoprecipitation and high-throughput sequencing. Nat. Protoc. 2019, 14, 1734–1755. [Google Scholar] [CrossRef] [PubMed]

	



Wang, I.X.; Grunseich, C.; Fox, J.; Burdick, J.; Zhu, Z.; Ravazian, N.; Hafner, M.; Cheung, V.G. Human proteins that interact with RNA/DNA hybrids. Genome Res. 2018, 28, 1405–1414. [Google Scholar] [CrossRef] [PubMed]

	



Boros-Olah, B.; Dobos, N.; Hornyak, L.; Szabo, Z.; Karanyi, Z.; Halmos, G.; Roszik, J.; Szekvolgyi, L. Drugging the R-loop interactome: RNA-DNA hybrid binding proteins as targets for cancer therapy. DNA Repair 2019, 84, 102642. [Google Scholar] [CrossRef] [PubMed]

	



Groh, M.; Albulescu, L.O.; Cristini, A.; Gromak, N. Senataxin: Genome Guardian at the Interface of Transcription and Neurodegeneration. J. Mol. Biol. 2017, 429, 3181–3195. [Google Scholar] [CrossRef] [PubMed]

	



Yeo, A.J.; Becherel, O.J.; Luff, J.E.; Cullen, J.K.; Wongsurawat, T.; Jenjaroenpun, P.; Kuznetsov, V.A.; McKinnon, P.J.; Lavin, M.F. R-loops in proliferating cells but not in the brain: Implications for AOA2 and other autosomal recessive ataxias. PLoS ONE 2014, 9, e90219. [Google Scholar] [CrossRef] [PubMed]

	



Catford, S.R.; O’Bryan, M.K.; McLachlan, R.I.; Delatycki, M.B.; Rombauts, L. Germ cell arrest associated with aSETX mutation in ataxia oculomotor apraxia type 2. Reprod. Biomed. Online 2019, 38, 961–965. [Google Scholar] [CrossRef] [PubMed]

	



Becherel, O.J.; Yeo, A.J.; Stellati, A.; Heng, E.Y.; Luff, J.; Suraweera, A.M.; Woods, R.; Fleming, J.; Carrie, D.; McKinney, K.; et al. Senataxin plays an essential role with DNA damage response proteins in meiotic recombination and gene silencing. PLoS Genet. 2013, 9, e1003435. [Google Scholar] [CrossRef]

	



Yuce, O.; West, S.C. Senataxin, defective in the neurodegenerative disorder ataxia with oculomotor apraxia 2, lies at the interface of transcription and the DNA damage response. Mol. Cell Biol. 2013, 33, 406–417. [Google Scholar] [CrossRef]

	



Skourti-Stathaki, K.; Proudfoot, N.J.; Gromak, N. Human senataxin resolves RNA/DNA hybrids formed at transcriptional pause sites to promote Xrn2-dependent termination. Mol. Cell 2011, 42, 794–805. [Google Scholar] [CrossRef] [PubMed]

	



Gromak, N.; West, S.; Proudfoot, N.J. Pause sites promote transcriptional termination of mammalian RNA polymerase II. Mol. Cell Biol. 2006, 26, 3986–3996. [Google Scholar] [CrossRef] [PubMed]

	



Barlow, C.; Liyanage, M.; Moens, P.B.; Tarsounas, M.; Nagashima, K.; Brown, K.; Rottinghaus, S.; Jackson, S.P.; Tagle, D.; Ried, T.; et al. Atm deficiency results in severe meiotic disruption as early as leptonema of prophase I. Development 1998, 125, 4007–4017. [Google Scholar] [CrossRef] [PubMed]

	



Barchi, M.; Roig, I.; Di Giacomo, M.; de Rooij, D.G.; Keeney, S.; Jasin, M. ATM promotes the obligate XY crossover and both crossover control and chromosome axis integrity on autosomes. PLoS Genet. 2008, 4, e1000076. [Google Scholar] [CrossRef]

	



Katyal, S.; el-Khamisy, S.F.; Russell, H.R.; Li, Y.; Ju, L.; Caldecott, K.W.; McKinnon, P.J. TDP1 facilitates chromosomal single-strand break repair in neurons and is neuroprotective in vivo. EMBO J. 2007, 26, 4720–4731. [Google Scholar] [CrossRef] [PubMed]

	



Bhatia, V.; Barroso, S.I.; Garcia-Rubio, M.L.; Tumini, E.; Herrera-Moyano, E.; Aguilera, A. BRCA2 prevents R-loop accumulation and associates with TREX-2 mRNA export factor PCID2. Nature 2014, 511, 362–365. [Google Scholar] [CrossRef] [PubMed]

	



Hatchi, E.; Skourti-Stathaki, K.; Ventz, S.; Pinello, L.; Yen, A.; Kamieniarz-Gdula, K.; Dimitrov, S.; Pathania, S.; McKinney, K.M.; Eaton, M.L.; et al. BRCA1 recruitment to transcriptional pause sites is required for R-loop-driven DNA damage repair. Mol. Cell 2015, 57, 636–647. [Google Scholar] [CrossRef] [PubMed]

	



Sollier, J.; Stork, C.T.; Garcia-Rubio, M.L.; Paulsen, R.D.; Aguilera, A.; Cimprich, K.A. Transcription-coupled nucleotide excision repair factors promote R-loop-induced genome instability. Mol. Cell 2014, 56, 777–785. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Rubio, M.L.; Perez-Calero, C.; Barroso, S.I.; Tumini, E.; Herrera-Moyano, E.; Rosado, I.V.; Aguilera, A. The Fanconi Anemia Pathway Protects Genome Integrity from R-loops. PLoS Genet. 2015, 11, e1005674. [Google Scholar] [CrossRef] [PubMed]

	



Schwab, R.A.; Nieminuszczy, J.; Shah, F.; Langton, J.; Lopez Martinez, D.; Liang, C.C.; Cohn, M.A.; Gibbons, R.J.; Deans, A.J.; Niedzwiedz, W. The Fanconi Anemia Pathway Maintains Genome Stability by Coordinating Replication and Transcription. Mol. Cell 2015, 60, 351–361. [Google Scholar] [CrossRef] [PubMed]

	



Bhatia, V.; Herrera-Moyano, E.; Aguilera, A.; Gomez-Gonzalez, B. The Role of Replication-Associated Repair Factors on R-Loops. Genes 2017, 8, 171. [Google Scholar] [CrossRef] [PubMed]

	



Rinaldi, C.; Pizzul, P.; Longhese, M.P.; Bonetti, D. Sensing R-Loop-Associated DNA Damage to Safeguard Genome Stability. Front. Cell Dev. Biol. 2020, 8, 618157. [Google Scholar] [CrossRef] [PubMed]

	



Cavallo, F.; Graziani, G.; Antinozzi, C.; Feldman, D.R.; Houldsworth, J.; Bosl, G.J.; Chaganti, R.S.; Moynahan, M.E.; Jasin, M.; Barchi, M. Reduced proficiency in homologous recombination underlies the high sensitivity of embryonal carcinoma testicular germ cell tumors to Cisplatin and poly (adp-ribose) polymerase inhibition. PLoS ONE 2012, 7, e51563. [Google Scholar] [CrossRef]

	



Welsh, C.; Day, R.; McGurk, C.; Masters, J.R.; Wood, R.D.; Koberle, B. Reduced levels of XPA, ERCC1 and XPF DNA repair proteins in testis tumor cell lines. Int. J. Cancer 2004, 110, 352–361. [Google Scholar] [CrossRef]

	



Caggiano, C.; Cavallo, F.; Giannattasio, T.; Cappelletti, G.; Rossi, P.; Grimaldi, P.; Feldman, D.R.; Jasin, M.; Barchi, M. Testicular Germ Cell Tumors Acquire Cisplatin Resistance by Rebalancing the Usage of DNA Repair Pathways. Cancers 2021, 13, 787. [Google Scholar] [CrossRef]

	



Cavallo, F.; Feldman, D.R.; Barchi, M. Revisiting DNA damage repair, p53-mediated apoptosis and cisplatin sensitivity in germ cell tumors. Int. J. Dev. Biol. 2013, 57, 273–280. [Google Scholar] [CrossRef] [PubMed]

	



Bartkova, J.; Rajpert-De Meyts, E.; Skakkebaek, N.E.; Lukas, J.; Bartek, J. DNA damage response in human testes and testicular germ cell tumours: Biology and implications for therapy. Int. J. Androl. 2007, 30, 282–291. [Google Scholar] [CrossRef]

	



Gan, W.; Guan, Z.; Liu, J.; Gui, T.; Shen, K.; Manley, J.L.; Li, X. R-loop-mediated genomic instability is caused by impairment of replication fork progression. Genes Dev. 2011, 25, 2041–2056. [Google Scholar] [CrossRef] [PubMed]

	



Schenk, P.W.; Stoop, H.; Bokemeyer, C.; Mayer, F.; Stoter, G.; Oosterhuis, J.W.; Wiemer, E.; Looijenga, L.H.; Nooter, K. Resistance to platinum-containing chemotherapy in testicular germ cell tumors is associated with downregulation of the protein kinase SRPK1. Neoplasia 2004, 6, 297–301. [Google Scholar] [CrossRef] [PubMed]

	



Koizumi, J.; Okamoto, Y.; Onogi, H.; Mayeda, A.; Krainer, A.R.; Hagiwara, M. The subcellular localization of SF2/ASF is regulated by direct interaction with SR protein kinases (SRPKs). J. Biol. Chem. 1999, 274, 11125–11131. [Google Scholar] [CrossRef]

	



Xu, X.; Yang, D.; Ding, J.H.; Wang, W.; Chu, P.H.; Dalton, N.D.; Wang, H.Y.; Bermingham, J.R., Jr.; Ye, Z.; Liu, F.; et al. ASF/SF2-regulated CaMKIIdelta alternative splicing temporally reprograms excitation-contraction coupling in cardiac muscle. Cell 2005, 120, 59–72. [Google Scholar] [CrossRef] [PubMed]








[image: Life 11 00736 g001 550] 





Figure 1. Schematic representation of non-coding RNAs and their biological functions. 
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Table 1. Altered ncRNAs expression in TGCTs.
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RNA Molecule

	
Expression Level

	
Function/s

	
References






	
miRNA




	
miR302/367

	
Upregulated

	
OncomiR

(upregulation of SPRY4 expression and MAPK/ERK pathway)

	
[29]




	
miR371/3

	
Upregulated

	
OncomiR

(downregulation of tumor suppressor LATS2)

	
[25]




	
miR223-3p

	
Upregulated

	
OncomiR

(downregulation of tumor suppressor FBXW7)

	
[33]




	
miR449a-b

	
Downregulated

	
Tumor suppressor

(upregulation of CDK6)

	
[34]




	
miR125b

	
Downregulated

	
Tumor suppressor

(upregulation of tumor-derived chemokine CSF1 and CX3CL1; macrophage recruitment)

	
[40]




	
miR506/14

	
Downregulated

	
Tumor suppressor

(upregulation of PEG and NF-kB pathway)

	
[35]




	
Let7/26a

	
Downregulated

	
Tumor suppressor

(HMGA1 upregulation)

	
[36]




	
piRNA




	
piRNAs

	
downregulated

	

	
[51]




	
lncRNA




	
XIST

	
Upregulated in seminoma

	

	
[58]




	
TDRG1

	
Upregulated in seminoma

	
Onco-lncRNA

	
[59,60,61,62]




	
H19

	
upregulated

	
Onco-lncRNA

	
[63,64,65,66,67]




	
SPRY4-IT1

	
upregulated

	
Onco-lncRNA

	
[70]




	
NLC1-C

	
accumulated in the nucleus

	
Onco-lncRNA

	
[71]




	
HOTTIP

	
upregulated

	
Onco-lncRNA

	
[73]




	
RNA splicing variant




	
MAD2β and MAD2γ

	
upregulated

	
Cell cycle progression

	
[108,109]




	
Livin α and β

	
Upregulated in seminoma

	
Cell survival and apoptosis

	
[100]

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  life-11-00736


  
    		
      life-11-00736
    


  




  





media/file0.png





media/file2.png
Long non-coding RNA

A~

>200 nt
Function:
miRNA sponge.
RNA binding protein interaction.

Scaffold for assembly of proteins.

miRNA
o~y T~
‘_‘-:'\-'
18-24 nt
Function:
mRNA degradation.

mRNA translation inhibition.

piRNA

&

25-32 nt

Function:
Transcriptional silencing.

ribosomal RNA (rRNA)

Function:
RNA component of ribosome.
Binding to mRNA and tRNA.

RNA splicing

Function:

Removal of introns.

Production of alternative splice
variants.

RNA loop

e

O
RNA-DNA
hybrid
Function:
Transcriptional regulation.
Epigenetic regulation.






media/file1.jpg
Long non-coding RNA

A~

s200m

Function:
miRNA sponge.

RNA binding protein interaction.
Scaffold for assembly o proteins,

miRNA
~~
~
18240t
Function
MRNA degradation.

MRNA transiation inhibiton.

PIRNA.

=

2s32m
Function
Transcrptional silencing.

ribosomal RNA (rRNA)

Function

RNA component of ibosome.
Binding to mANA and tRNA.

RNA splicing

Function

Removal ofntrons.
Production of alternative splice
variants.

ybrid
Function:

Trnscriptional regulation.
Epigenetic regulation.






