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            Abstract
PIWI-interacting RNAs (piRNAs) of between approximately 24 and 31 nucleotides in length guide PIWI proteins to silence transposons in animal gonads, thereby ensuring fertility1. In the biogenesis of piRNAs, PIWI proteins are first loaded with 5â€²-monophosphorylated RNA fragments called pre-pre-piRNAs, which then undergo endonucleolytic cleavage to produce pre-piRNAs1,2. Subsequently, the 3â€²-ends of pre-piRNAs are trimmed by the exonuclease Trimmer (PNLDC1 in mouse)3,4,5,6 and 2â€²-O-methylated by the methyltransferase Hen1 (HENMT1 in mouse)7,8,9, generating mature piRNAs. It is assumed that the endonuclease Zucchini (MitoPLD in mouse) is a major enzyme catalysing the cleavage of pre-pre-piRNAs into pre-piRNAs10,11,12,13. However, direct evidence for this model is lacking, and how pre-piRNAs are generated remains unclear. Here, to analyse pre-piRNA production, we established a Trimmer-knockout silkworm cell line and derived a cell-free system that faithfully recapitulates Zucchini-mediated cleavage of PIWI-loaded pre-pre-piRNAs. We found that pre-piRNAs are generated by parallel Zucchini-dependent and -independent mechanisms. Cleavage by Zucchini occurs at previously unrecognized consensus motifs on pre-pre-piRNAs, requires the RNA helicase Armitage, and is accompanied by 2â€²-O-methylation of pre-piRNAs. By contrast, slicing of pre-pre-piRNAs with weak Zucchini motifs is achieved by downstream complementary piRNAs, producing pre-piRNAs without 2â€²-O-methylation. Regardless of the endonucleolytic mechanism, pre-piRNAs are matured by Trimmer and Hen1. Our findings highlight multiplexed processing of piRNA precursors that supports robust and flexible piRNA biogenesis.
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                    Fig. 1: Two types of small RNAs accumulate in Tri-KO cells.[image: ]


Fig. 2: The 3â€² ends of type-E, but not type-N, pre-piRNAs are efficiently 2â€²-O-methylated.[image: ]


Fig. 3: BmZuc requires BmArmi, BmGPAT1 and BmGasz for cleavage of Siwi-loaded pre-pre-piRNAs in vitro.[image: ]


Fig. 4: Identification of BmZuc consensus motifs.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 The current model for the piRNA biogenesis initiated by the piRNA-guided PIWI-catalysed slicing in animal germ cells.
The ping-pong cycle produces pairs of piRNAs (â€˜initiatorâ€™ and â€˜responderâ€™ piRNAs) that show 10-nt overlapping at their 5â€² ends as well as multiple â€˜trailingâ€™ piRNAs downstream of the responder piRNAs (top)1. The ping-pong cycle is initiated by the slicing of a precursor transcript by an initiator piRNA-loaded PIWI protein. The PIWI-cleaved 5â€²-monophosphorylated fragment is handed over to a corresponding PIWI protein as a pre-pre-piRNA. Then, the PIWI-loaded pre-pre-piRNA is endonucleolytically cleaved at a downstream position1,2,12,13. The resultant 5â€² cleavage fragment, called a pre-piRNA, is further trimmed by the 3â€²-to-5â€² exonuclease Trimmer (PNLDC1 in mouse)3,4,5,6 to the mature length, 2â€²-O-methylated by the methyltransferase Hen1 (HENMT1 in mouse)7,8,9, and becomes a responder piRNA (left pathway). Hen1-mediated 2â€²-O-methylation protects mature piRNAs from degradation and tightens their binding to PIWI proteins7,44,45,46,47. The 3â€² endonucleolytic cleavage fragment of the pre-pre-piRNA is loaded into a next PIWI protein as a new pre-pre-piRNA and endonucleolytically cleaved again at a downstream position, producing a new PIWI-loaded pre-piRNA1,2,12,13. This pre-piRNA is then processed by Trimmer and Hen1 at the 3â€² end into a mature trailing piRNA (middle pathway). The 3â€² cleavage fragment of the second endonucleolytic cleavage is also loaded into a next PIWI protein, serving as a new pre-pre-piRNAs. As a result, a series of trailing piRNAs are consecutively produced downstream of the responder piRNA (right pathway)1,2,12,13,48,49. These two piRNA biogenesis pathways lead to target-dependent amplification of piRNAs (via the ping-pong cycle) and expansion of piRNA sequences (via trailing piRNA production).


Extended Data Fig. 2 Generation and characterization of Trimmer-knockout cells.
a, Schematic representation of the domain structure of Trimmer and the position of the sgRNA target site for CRISPRâ€“Cas9. b, Genomic PCR of a region including the sgRNA target site. In addition to the main PCR product (ii), two additional PCR products (i and iii) were detected only in Tri-KO#4 cells. Detailed genome sequences are shown in c. c, Genome sequences around the sgRNA target site in naive or Tri-KO#4 BmN4 cells. Genomic sequencing revealed various mutations at the sgRNA target site, suggesting a polyploid nature of the trimmer locus and/or imperfect cell cloning. d, Western blot analysis of Trimmer in two different Tri-KO cell lines (#4 and #6). Tri-KO line #4 was used in this study. e, Western blot analysis of whole-cell lysate from naive or Tri-KO#4 BmN4 cells. f, In vitro trimming assay for Siwi-loaded 1U50 RNA using 1,000g ppt. from naive or two different Tri-KO cell lines.Â ppt., pellet. g, SYBR Gold staining of total RNAs from naive or three different Tri-KO cell lines (#3, #4 and #6). h, Total RNAs extracted from Tri-KO #4 cells overexpressing wild-type Trimmer (WT) or its catalytic mutant E30A (EA) were 5â€² radiolabelled and detected by phosphor imaging. Mock indicates transfection of a control plasmid. Trimmer expression was analysed by western blotting (upper). i, Length distribution of small RNAs mapped to 3,236 piRNA loci in NaIO4-treated small RNA library from naive or Tri-KO BmN4 cells. j, Relative fraction of 2â€²-O-methylated Tri-KO small RNAs in each length. k, Peak length distribution of piRNAs mapped to 3,236 piRNA loci in the NaIO4-treated library from naive BmN4 cells. l, Changes by the depletion of BmZuc in the length distribution of Type-N (lower) or Type-E (upper) NaIO4-treated small RNAs in Tri-KO cells.


Extended Data Fig. 3 BmZuc is required to produce type-E pre-piRNAs for both Siwi and BmAgo3, whereas trailing piRNA production is largely restricted to Siwi.
a, Scatter plot showing normalized piRNA abundance co-immunoprecipitated with Siwi or BmAgo3 from naive BmN4 cells for each piRNA loci. Green dots, Siwi-dominant piRNA loci (nÂ =Â 1,946); purple dots, BmAgo3-dominant piRNA loci (nÂ =Â 1,259). b, Peak length frequency of Tri-KO small RNAs for Siwi-dominant (left) or BmAgo3-dominant (right) piRNA loci. c, Length distribution of Tri-KO small RNAs bearing the peak length of 35 or 36Â nt (type-E) for Siwi-dominant (upper) or BmAgo3-dominant (lower) piRNA loci. BmZuc knockdown abolished small RNAs with the peak lengths. ZnÂ denotesÂ theÂ z score at position n (c, e).Â d, Siwi-dominant type-E pre-piRNAs show a stronger +1U preference than BmAgo3-dominant ones. e, Siwi-dominant type-E pre-piRNAs show a greater tendency to have downstream trailing piRNAs than BmAgo3-dominant ones. f, The 5â€² ends of piRNAs mapped to 20âˆ’100Â nt downstream of type-N (top) or type-E (bottom) Tri-KO small RNAs were mapped on the antisense strand, separately for Siwi-dominant (left) and BmAgo3-dominant (right) piRNA loci. Type-N piRNAs have more antisense piRNAs at ~41âˆ’52Â nt from the 5â€² ends than type-E piRNAs, regardless of which PIWI protein they bind (two-sided Wilcoxon signed rank test, nÂ =Â 12). g, Four representative type-E (piRNA-1528 and 66) and type-N (piRNA-2986 and 304) piRNA loci and their downstream genomic regions were mapped with the 5â€² ends of sense (grey) and antisense (red) piRNAs. h, Distribution of type-E and type-N piRNAs mapped to a transposon called MER85. i, An example of mixed modes of pre-piRNA production. Pre-pre-piRNA-1249 contains a BmZuc cleavage site and a slicing site by an antisense piRNA-loaded PIWI protein. The ~35 nt BmZuc cleavage product, but not the 59 nt slicing product, is 2â€²-O-methylated. An unmethylated ~75 nt fragment, which is possibly produced by another antisense piRNA-guided slicing, locates in an unannotated genomic region and cannot be assigned.


Extended Data Fig. 4 BmZuc-mediated cleavage of Siwi-loaded pre-pre-piRNAs in vitro.
a, Detailed protocol for in vitro recapitulation of BmZuc-mediated cleavage of Siwi-loaded pre-pre-piRNAs. b, Siwi-loaded 28â€“80U RNA was incubated with Tri-KO 1,000g ppt. overexpressing BmZuc WT or HN, with or without ATP and the ATP-regeneration system. Mock indicates transfection of a control plasmid. c, Siwi-loaded 111750 RNA was incubated with Tri-KO 1,000g ppt. depleted of the indicated protein by RNAi. Mock indicates RNAi against Renilla luciferase (in câˆ’e). d, Confocal images of BmN4 cells stably expressing GFP-tagged BmArmi in the presence or absence of BmGasz (scale bars, 10 Î¼m). e, Quantitative real-time PCR analysis of BmArmi and BmGPAT1. Tri-KO cells were depleted of BmGPAT1 or BmGasz by RNAi, and the mRNA levels for BmArmi or BmGPAT1 were analysed by real-time PCR. The graph shows the average of two independent experiments. f, Siwi-loaded 1U50 RNA was incubated with Tri-KO 1,000g ppt. overexpressing BmZuc and BmArmi, or BmZuc HN. Mock indicates transfection of a control plasmid. 1U50 RNA was cleaved multiple sites within a region that is devoid of U in a manner dependent on the BmZuc activity.Â ppt., pellet.


Extended Data Fig. 5 Calculation of BmZuc scores for Siwi or BmAgo3 based on the randomized sequence library analysis.
a, Peak length distribution of small RNAs derived from the randomized sequence library. b, RNA substrates used in c. The top 6 nucleotides in the BmZuc motif are shown in colour and their mutations are shown in black. c, Siwi-loaded 111750-derived RNAs were incubated with Tri-KO 1,000g ppt. overexpressing BmZuc and BmArmi, or BmZuc(HN). Each gel image was adjusted to equalize the loading signal. ppt., pellet.Â d, Schematic representation of the randomized sequence library analysis for Siwi- or BmAgo3-loaded pre-piRNAs cleaved by BmZuc. e, Peak length distribution of Siwi- or BmAgo3-bound 2â€²-O-methylated small RNAs derived from the corresponding randomized sequence library. For Siwi immunoprecipitation, the same plasmid library as in a was used. f, Nucleotide composition around the 3â€² ends of mature piRNAs in naive BmN4 cells (right) or type-E pre-piRNAs in Tri-KO cells (left), separately analysed for Siwi-dominant (top) and BmAgo3-dominant (bottom) piRNA loci. The 6 nucleotides in the BmZuc motif are highlighted. g, Schematic explanation for the weighted BmZuc motif (top) and the calculation of the BmZuc score in the 17-nt sliding window analysis (bottom). h, Similarity scores with the weighted BmZuc motif (BmZuc score) for Siwi were calculated for 111750 RNA and their mutant sequences in sliding windows and plotted as in c. i, Box plots show the maximum similarity scores with the weighted BmZuc motif for Siwi or BmAgo3 within the positions of 19âˆ’45Â nt of Siwi-dominant (top) or BmAgo3-dominant (bottom) type-N or type-E piRNA loci or the shuffled control sequences (a pool of 3,236 species of 27-nt scrambled sequences that have the average nucleotide composition of the silkworm genome). Type-E piRNA loci have significantly higher BmZuc scores than the shuffled control sequences for both Siwi- and BmAgo3-dominant piRNAs (Mannâ€“Whitney U test). Centre line, median; box limits, upper and lower quartiles; whiskers, 1.5Â Ã—Â interquartile range; points, outliers.


Extended Data Fig. 6 Nucleotide preference around the cleavage site by mouse MitoPLD.
a, Peak length distribution of 2â€²-O-methylated small RNAs in wild-type (WT) or Pnldc1âˆ’/âˆ’ mouse secondary spermatocytes. Data are from ref. 2. b, Nucleotide composition around the 3â€² end of small RNAs in WT (left) or Pnldc1âˆ’/âˆ’ mice. The 3â€² ends of pre-piRNAs in Pnldc1âˆ’/âˆ’mice exhibit strong +1U bias. In addition, âˆ’9A and âˆ’3C preferences, which are similar to the BmZuc motif (Fig. 4e), are observed in fully elongated 37â€“42Â nt pre-piRNAs in Pnldc1âˆ’/âˆ’mice (right). Data are from ref. 2.
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