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SUMMARY

PIWI proteins and PIWI-interacting RNAs (piRNAs)
mediate repression of transposons in the animal
gonads. Primary processing converts long single-
stranded RNAs into ~30-nt piRNAs, but their entry
into the biogenesis pathway is unknown. Here, we
demonstrate that an RNA element at the 5’ end of a
piRNA cluster—which we termed piRNA trigger
sequence (PTS)—can induce primary processing of
any downstream sequence. We propose that such
signals are triggers for the generation of the original
pool of piRNAs. We also demonstrate that endonu-
cleolytic cleavage of a transcript by a cytosolic
PIWI results in its entry into primary processing,
which triggers the generation of non-overlapping,
contiguous primary piRNAs in the 3’ direction from
the target transcript. These piRNAs are loaded into
a nuclear PIWI, thereby linking cytoplasmic post-
transcriptional silencing to nuclear transcriptional
repression.

INTRODUCTION

PIWI-interacting RNAs (piRNAs) are a class of 24- to 30-nt small
RNAs that are exclusively expressed in animal gonads and are
loaded into the PIWI clade members of the Argonaute protein
family (Ghildiyal and Zamore, 2009). Together, they have an
essential role in the suppression of mobile elements called trans-
posons in the germline genome, ensuring proper germ cell
development and fertility (Luteijn and Ketting, 2013). One major
question in the field is how piRNAs are made. A few hundred
genomic regions (50-100 kilobases [kb]), called piRNA clusters,
generate the majority of the small RNAs, while 3 UTRs of
numerous protein-coding transcripts and transposon se-
quences contribute the rest (Brennecke et al., 2007; Lau et al.,
2009). All these are transcribed by RNA polymerase Il (RNA
pol ll) into long single-stranded transcripts (Li et al., 2013) and
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exported to the cytoplasm for processing within perinuclear
granules called nuage (Lim and Kai, 2007).

Primary processing refers to a pathway by which these long
single-stranded transcripts are converted into thousands of
overlapping small RNAs that display a clear preference for hav-
ing a uridine (U) as the first residue (1U bias) (Brennecke et al.,
2007). How these RNA pol Il transcripts are distinguished from
others as substrates and which nucleases generate the 5’ and
3’ ends are not known (Luteijn and Ketting, 2013). There is
more clarity in secondary processing or the Ping-pong cycle
(Brennecke et al., 2007; Gunawardane et al., 2007), where piRNA
targets themselves become substrates for new piRNAs. Once a
target is sliced by PIWI endonuclease activity, the downstream
cleavage fragment is transferred to a new PIWI protein, where
it matures as a secondary piRNA (Nishida et al., 2015; Xiol
et al., 2014). Thus, PIWI slicing creates the 5’ end of the second-
ary piRNA; however, the mechanism of 3’ end formation is still
unclear, although a 3'-5' exonuclease activity (tentatively called
Trimmer) is implicated (Kawaoka et al., 2011).

Here, we used artificial reporters with unique sequences to track
piRNA biogenesis in insect cell lines and the Drosophila germline.
Our results reveal two distinct mechanisms for recruiting tran-
scripts into the primary processing pathway. First, reporter RNA
carrying a piRNA-trigger sequence (PTS) from the 5’ end of a fly
cluster transcript get processed in a directional manner into thou-
sands of overlapping primary piRNAs. Second, cytosolic PIWI
slicing of a target not only generates secondary piRNAs but also
results in further processing of the transcript into non-overlapping
primary piRNAs. These piRNAs are loaded into a nuclear PIWI,
thus establishing a link between cytosolic silencing and transcrip-
tional repression. Taken together, our results demonstrate that
RNA elements in precursor transcripts and PIWI slicing serve to
recruit the primary piRNA processing machinery.

RESULTS

BmAgo3 Slicing Generates Primary piRNAs in the
Bombyx BmN4 Cells

The Bombyx mori (Silkworm) ovary-derived cell line BmN4 is
a useful cell culture model for studying piRNA biogenesis. It
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expresses two cytosolic PIWI proteins (Siwi and BmAgo3) that
bind piRNAs with sequence signatures indicative of biogenesis
via secondary processing (Kawaoka et al., 2009; Xiol et al.,
2012). We have previously used BmN4 cells to produce artificial
piRNAs (Xiol et al., 2014). Briefly, a reporter transcript was
targeted by Siwi-loaded endogenous piRNAs, resulting in its
cleavage by Siwi slicer activity and the transfer of one of the
cleavage fragments as a new artificial secondary piRNA into
BmAgo3. Notably, all reporter-derived piRNAs in BmAgo3
have their 5’ ends generated by Siwi slicing and so are of sec-
ondary origin (Figures S1A and S1B).

In this study, we made the reverse reporter construct: a
sequence that is targeted by multiple independent BmAgo3-
loaded endogenous piRNAs (Figure 1A; see the Supplemental
Experimental Procedures). The reporter was expressed from a
transfected plasmid in BmN4 cells, and 48 hr post-transfection,
PIWI-bound small RNAs were analyzed by deep sequencing.
Mapping of reads to the reporter sequence indicated the
presence of endogenous antisense targeting piRNAs that are
specifically enriched in BmAgo3 and map to the designated
binding sites on the reporter (Figure 1A). Then, we examined
the presence of reporter-derived artificial sequences (Figure 1B).
As expected from the Ping-pong cycle (Kawaoka et al., 2009),
abundant levels of artificial piRNAs are detected almost exclu-
sively in Siwi complexes (Figure 1B). The majority of these are
of secondary origin, as their 5 ends overlap by 10 nt with the
5 ends of the targeting BmAgo3-bound guides (peaks lying
within the gray-shaded regions in Figure 1C). Thus, slicing by
BmAgo3 generates 5 ends of these Siwi-bound secondary
piRNAs.

Unexpectedly, we also observed the presence of low levels
of reads that do not show such a 10-nt overlap signature with
any endogenous piRNA, indicating that the 5’ ends of these
are not generated by slicing (see the green arrowheads in Fig-
ure 1C). The majority of such piRNAs are loaded into Siwi com-
plexes, although some are also seen in BmAgo3 (Figure 1C).
All these reads display a 1U bias, and we consider them to
be true primary piRNAs. Curiously, their 5’ ends lie at a dis-
tance of ~30 nt from that of a secondary piRNA (Figure 1D).
This suggests a mechanism for 5’ end formation that is non-
random but linked to the initiation of secondary biogenesis
on a transcript. Closer examination of one such primary piRNA
read (near target site #7) reveals that its 5’ end is immediately
downstream of the 3’ end of the secondary piRNA (Figure 1D).
This suggests a scenario where generation of the 5’ end of the
primary piRNA by an unknown endonuclease simultaneously
generates the 3’ end of the secondary piRNA that is further
shortened by trimming (Kawaoka et al., 2011). However,
another primary piRNA (near target site #1) is generated from
the upstream cleavage fragment (Figure 1D), suggesting that
the primary processing machinery might be opportunistically
using both slicer cleavage fragments. Similar primary piRNAs
were generated from a second independent reporter targeted
by BmAgo3 (Figures S1C-S1E). These experiments demon-
strate that BmAgo3 slicing in Bombyx BmN4 cells not only
generates the expected secondary piRNA loaded into Siwi
but also unexpectedly triggers the biogenesis of primary
piRNAs.

Cytoplasmic Slicing by Ago3 Triggers 30-nt Steps of
Primary piRNAs Entering Nuclear Piwi

The piRNA pathway in the Bombyx BmN4 cell culture model
mirrors the Ping-pong relationship seen between cytosolic
Drosophila PIWI proteins Aubergine (Aub) and Ago3 in the fly
ovarian germline (Brennecke et al., 2007; Kawaoka et al,
2009), so we wanted to determine whether PIWI slicing might
trigger primary piRNAs in the fly germline. To this end, we pre-
pared transgenic flies driving germline-specific expression of a
noncoding reporter targeted by multiple independent endoge-
nous piRNAs. The 5 segment of the reporter was targeted by
Aub-enriched piRNAs, while the 3’ segment was targeted by
those present in Ago3 (Figure 2A; Supplemental Experimental
Procedures). Working with two independent transgenic fly lines,
we prepared deep-sequencing libraries from total ovarian small
RNAs (15-28 nt) (Figure S2A). Their analysis demonstrates the
expected targeting of the reporter transcript by endogenous
antisense piRNAs (Figure 2A) and generation of reporter-derived
(sense-oriented) piRNAs (Figure 2B). Many of these artificial
piRNAs display the expected 10-nt overlap signature (peak at
position —10), indicating that their 5’ ends are generated by
PIWI slicing (Figures 2C and S2B-S2E). This was further
confirmed by the sequencing of small RNAs from immunopre-
cipitated PIWI complexes (Figures 2E and S2A). Aub contained
the targeting antisense piRNAs (Figure 2A), while Ago3 bound
the reporter-derived secondary piRNAs generated by Aub slicing
(Figure 2B), and vice versa. In fact, the majority of artificial
piRNAs present in Aub (Figure 2F) and Ago3 (Figure S2D) are
secondary piRNAs, as their 5’ ends are generated by reciprocal
slicing.

Nuclear Piwi is the third PIWI clade member expressed in the
fly germline, whose piRNAs we also examined (Figure 2E). Piwi
libraries contained reporter-derived piRNAs distributed along
the entire length of the reporter sequence, but with a majority
arising from the segment targeted by Ago3 (Figure 2B). Intrigu-
ingly, the Piwi-bound reads did not map precisely within the re-
gion of the reporter targeted by endogenous piRNAs, as seen for
artificial secondary piRNAs in Aub and Ago3 (gray-shaded re-
gionin Figure 2B). To examine their origins in detail, we first map-
ped their 5’ ends on the reporter sequence (Figure 2G). Only a
minority of the 5’ ends of Piwi piRNAs are generated by direct
Ago3 slicing (peak at position —10). Instead, a strong cluster of
5’ ends (at positions 17-23; site #1) is observed, which corre-
sponds to a distance of ~30 nt downstream of the 5 end of
the Aub-bound secondary piRNA. Another cluster of 5’ ends
(at positions 43-48; site #2) is detected a further ~30 nt down-
stream. The produced Piwi and Aub piRNAs exhibit strong
5 U bias (Figure 2D). However, the starting nucleotides of Aub
piRNAs are influenced by reporter design (as the selected
Ago3 guides have a tenth position A). This is not the case for
Piwi-loaded piRNAs, whose 5’ U bias is a consequence of the
biogenesis process. Such 1U-containing Piwi-bound artificial
piRNAs are true primary piRNAs, as their 5’ ends are not directly
generated by Ago3 slicing but by an unknown nuclease that is re-
cruited downstream after Ago3 slicer action on the reporter.

Itis interesting that mapping of the mature 3’ ends of all the re-
porter-derived piRNAs (Figures 2F and 2G) suggests a piRNA
processing mechanism where the same endonuclease that
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generates the 5’ end of Piwi piRNAs also creates the 3’ end of the
preceding piRNA. For example, endonucleolytic cleavages
creating the 5’ ends of Piwi piRNAs at site #1 also creates the
3’ ends of the preceding Aub-bound piRNA, which undergoes
further trimming to their mature size. Likewise, cleavages
creating the 5 ends of Piwi piRNAs at site #2 creates the 3’
ends of the preceding Piwi piRNA (with the 5’ end at site #1),
but we are unable to infer the level of 3’ trimming involved in
this case. Our reporter design (presence of multiple Ago3 cleav-
age sites and lack of sequences downstream) does not allow ex-
amination of further 5'/3’ end generations downstream, but it is
expected to follow a pattern where Piwi is the recipient of these
1U-containing piRNAs (Figure 2D). Taken together, our data
show that cytoplasmic slicing by Ago3 in the fly germline can
not only trigger biogenesis of secondary piRNAs present in
Aub but also launch waves of non-overlapping primary piRNAs
from downstream sequences that load nuclear Piwi (Figure 2H).
Note that Aub slicing also triggers generation of Piwi-bound pri-
mary piRNAs downstream (Figures S2D-S2G), but at much
lower levels (Figure 2B).

A PTS Directs Primary Processing

In the aforementioned experiments, a transcript becomes a sub-
strate for primary biogenesis when it is a target for PIWI slicing in
the fly ovarian germline, and this mechanism involves multiple
PIWI clade members. A much simpler piRNA pathway exists in
the ovarian somatic follicle cells that surround the germline in
the fly ovaries, where nuclear Piwi is the only PIWI clade member
expressed (Li et al., 2009; Malone et al., 2009), so we wanted to
examine how primary piRNAs are made in the soma, especially
when Piwi slicer activity is shown to be dispensable for piRNA
biogenesis (Darricarrére et al., 2013).

For these studies, we used the ovarian somatic cell (OSC)
culture system, which is representative of the fly ovarian soma
(Saito et al., 2009). The follicle cells express piRNAs from a variety
of sources, including the major piRNA cluster flamenco (flam) and
3’ UTRs of select protein-coding transcripts (Brennecke et al.,
2007; Saito et al., 2009). It is known that the flam transcript is alter-
natively spliced, with the exon 1 being present in every spliced
variant detected in fly ovaries (Goriaux et al., 2014). To examine
any potential importance of this sequence, we fused a fragment
consisting of the flam promoter and the flam transcript region
(1-718 nt) encompassing exon 1 to the firefly luciferase coding
sequence. After transfection into OSC, endogenous Piwi com-

plexes were isolated, and associated small RNAs were analyzed
by deep sequencing (Figure 3A). Notably, piRNAs originating
from the reporter sequence are detected, with sequences map-
ping to the very 5’ end of the transcript, i.e., from the flam element,
extending into the luciferase sequence, stopping around the site
of polyadenylation (Figure 3B). Since the same pattern is seen
when expression was driven from fly actin promoter (Figure 3C),
we conclude that the flam transcript fragment alone can trigger
primary piRNA biogenesis from the reporter.

The piRNAs mapping to the flam element are likely to be a
mixture of those arising from the endogenous flam cluster locus
and those generated from the reporter transcript (Figure S3B).
The pattern of piRNA production is not random but appears to
be the consequence of a processive machinery that cleaves
almost every nucleotide within the entire length of the transcript
(Figure S3C). In fact, the piRNAs with 5’ ends starting in the flam
fragment overflow seamlessly into the 5’ part of the luciferase
region (Figure S3C). The artificial piRNAs so generated display
a strong 1U bias, a signature feature of primary processing
(Figure 3B). Hereinafter, we refer to the flam fragment (1-718
nt) as the PTS.

However, the situation is not that simple, as our control lucif-
erase reporter expressed in the absence of the PTS also pro-
duced a low level of 1U-containing sequences in Piwi complexes
(Figures 3B-3C). We do not consider these to be random degra-
dation products, as they are not uniformly distributed over the
entire reporter but start abruptly from the middle of the transcript
and proceed until the 3’ end, leaving the 5’ end devoid of any
such reads. Note that the 5’ end of the reporter is converted to
piRNAs only in the presence of the upstream flam PTS. We do
not find evidence for any chance complementarity with an
endogenous piRNA being the trigger to initiate this processing
(Figure S3D). Furthermore, insertion of a perfectly complemen-
tary binding site for a Piwi-bound piRNA within the luciferase re-
porter did not initiate primary processing in the OSC system
(data not shown). We consider that the luciferase reporter
sequence has an unknown signal that allows it to recruit the pri-
mary processing machinery at an internal location, perhaps very
similar to that seen for protein-coding transcripts that enter the
pathway (Robine et al., 2009).

PTS Can Function at an Internal Location in a Transcript
The flam PTS element when present in cis, was able to trigger
piRNA production of the entire transcript region downstream.

Figure 1. BmAgo3 Slicer Activity Triggers Primary Processing in the Bombyx BmN4 Cells

(A) Design of the artificial secondary piRNA precursor. The noncoding LacZ sequence has perfectly complementary binding sites for 14 piRNAs abundantly
present in endogenous Ago3 complexes in BmN4 cells. The density plot (reads per million; rpm) shows Siwi and Ago3 bound piRNAs complementary to the
artificial precursor. As designed, the transcript is targeted almost exclusively by Ago3 piRNAs. The shaded regions indicate the Ago3-piRNA-binding sites on the
reporter.

(B) Reporter-derived piRNAs produced from the precursor transcript is shown. As expected, most of these secondary piRNAs originate from the regions targeted
by Ago3 piRNAs and are preferentially loaded onto Siwi.

(C) The 5’ ends of produced artificial piRNAs are mapped along the precursor transcript. The y axis showing the piRNA abundance is scaled to show both low and
high abundant reads. Notably, besides the typical secondary piRNAs that start within the region complementary to Ago3 guides (gray shaded region), other
piRNAs are produced that do not show overlap with any targeting piRNAs (green arrowheads). However, such piRNAs are much less abundant. Length dis-
tributions of Siwi and Ago3 piRNAs are plotted at the bottom. IP, immunoprecipitation.

(D) Sequence-level detail of guiding and produced piRNAs around the first and seventh sites on the reporter transcript are shown. The transcript cleavage (red
arrowhead) creates the 5’ end of secondary piRNAs, while primary piRNAs are produced outside the targeted regions.

See also Figure S1.
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One possibility is that any transcript containing the PTS element
recruits the machinery to its 5’ end, which then proceeds in a
5-3' direction, converting the entire transcript into piRNAs.
Such a mechanism will have to involve decapping to remove
the 5’ protective cap structure to gain access to the body of
the transcript. To test this hypothesis, we moved the PTS to an
internal location.

Given that the aforementioned luciferase transcript that
was used has an inherent property to recruit the primary pro-
cessing machinery at an internal location, we searched for
“clean” reporter sequences. Noncoding EGFP and LacZ tran-
scripts, when expressed on their own from the actin pro-
moter, were not substrates for the piRNA pathway (Figure 4A).
Therefore, we placed the PTS between the EGFP and LacZ
sequences (Figure 4A). Analysis of Piwi-associated small
RNAs reveals that the PTS can function when present in an
internal location and in a directional manner, as the down-
stream LacZ sequences now become converted into 1U-con-
taining primary piRNAs. One way to interpret this result is by
considering that the PTS recruits an unknown endonuclease
to an internal location, perhaps within the PTS element, to
initiate piRNA production from any sequence downstream.
Structured sequences such as tRNA, when placed down-
stream of the PTS, also become processed into overlapping,
1U-containing piRNAs (Figures 4B and S3C), indicating that
the processing machinery harbors RNA helicase activities.
We find that RNA elements embedded within transcripts
direct their entry into primary processing, but the true identity
of such a non-sequence conserved PTS remains to be
determined.

Transcription Factor Binding Site in a Mouse Cluster
Promoter Is Not Essential for Primary Processing

So far, our experiments point to a role for RNA elements within
precursors in recruiting the insect primary processing machin-
ery, and this can be uncoupled from transcription driven by
piRNA cluster promoters. We wondered whether this is also

true for mouse clusters that generate piRNAs via primary pro-
cessing. Mouse male germ cells that enter the pachytene stage
of meiosis express abundant levels of piRNAs from a set of 100
pachytene clusters that contain mostly unique, non-repeated
sequences (Girard et al., 2006). Pachytene cluster transcripts
are processed by primary biogenesis factors and do not depend
on slicer activity of mouse PIWI proteins Mili and Miwi (Di Gia-
como et al., 2013; Reuter et al., 2011; Zheng and Wang,
2012). The transcription factor A-Myb is shown to have a bind-
ing site proximal to the transcription start site in each of these
clusters, and pachytene piRNA biogenesis is impacted in
A-Myb mutant mice (Li et al., 2013). The bi-directional cluster
on chromosome 17 (Chr17: 27425220-27504428) has a single
A-Myb binding site (GACAGTTA) in the central promoter (Fig-
ure 5A). To test its importance, we made mutant mice (pi-
Chr172M®) carrying a 228-base-pair (bp) deletion in the cluster
promoter that removes the A-Myb binding site and the flanking
sequences (Figure 5A). This resulted in an expected reduction in
precursor transcript levels from the cluster, as determined by
RNA sequencing (RNA-seq) analysis (Figures 5B and S4). How-
ever, precursor transcription is not entirely turned off, allowing
us to question whether these transcripts are now processed
into piRNAs.

We isolated Miwi and Mili from testes lysates prepared from
heterozygous and homozygous pi-Chr172M"® animals, and we
analyzed associated piRNAs by deep sequencing. Genome
mapping indicated unchanged production of piRNAs in the ho-
mozygous mutant testes from all the top 50 pachytene clusters,
except the bidirectional Chr17 cluster lacking the A-Myb site
(Figures 5B, S4A, and S4B). Notably, the piRNA levels from
the Chr17 cluster are reduced but not completely abrogated,
with major deficiencies seen only in the antisense strand of
the cluster region (Figure 5C). The relative levels of the piRNAs
produced correlated with that of the precursor transcript de-
tected in the homozygous mutant animals (Figures 5C and
S4B). This indicates that, although the A-Myb binding site may
contribute to enhancing Chr17 cluster transcription, it does

Figure 2. Cytoplasmic Ago3 Slicing in the Fly Germline Loads Nuclear Piwi with Primary piRNAs

(A) Design of the Drosophila reporter transcript with binding sites for Aub and Ago3 piRNAs (shaded areas). The artificial transcript contains the non-coding GFP
part with 14 sites complementary to endogenous Aub piRNAs followed by the non-coding LacZ part having 14 sites complementary to endogenous Ago3
piRNAs. The 5’ ends of targeting piRNAs present in total small RNAs and PIWI immunoprecipitations are mapped along the transcript. As designed, these map to
the binding sites on the transcript.

(B) piRNA-guided cleavage of the transcript leads to production of reporter-derived piRNAs. Mapping of reporter-derived reads present in total small RNA
libraries and PIWI complexes is shown. As expected, artificial piRNAs from region targeted (shaded areas) by Ago3 enter Aub, and vice versa. In Piwi complexes,
most of the artificial piRNAs arise from the LacZ part of the transcript targeted by Ago3.

(C) Mapping of the 5’ and 3’ ends of produced artificial piRNAs relative to the 5’ end (nucleotide position —1) of the targeting Ago3 piRNA. Read counts from total
small RNA libraries were aggregated for the 14 individual Ago3-targeted sites. The strong 5'-end peak at —10 nt indicates generation of most artificial piRNAs by
Ago3 slicing. Notice that another small 5’-end peak lies immediately downstream of the 3’-end peak at +13 nt.

(D) Produced piRNAs show strong 5’ U bias.

(E) 5'-end labeling of piRNA populations isolated from Piwi, Aub, and Ago3 complexes from fly ovaries.

(F) Mapping the 5’ and 3’ ends of Aub and Piwi piRNAs derived from the reporter relative to the 5’ end (position —1) of the targeting Ago3 piRNA. Read counts were
aggregated from 14 individual Ago3-targeted sites. The 5’ end of Aub piRNA is created by Ago3 slicing and, therefore, lies at the —10 nt position. The 3’ ends
(+13 to +15 nt) of Aub piRNAs reveal variable lengths of Aub piRNAs, potentially as a consequence of trimming.

(G) The 5’ ends of Piwi piRNAs start at site #1 (+17 to +23 nt), immediately downstream the Aub piRNAs, and end at positions +41 to +45. Another smaller peak for
5’ ends of the subsequent Piwi piRNA is observed at positions at site #2 (+43 to +48 nt).

(H) Detailed sequence-level view of the reporter sequence showing two Ago3-targeted sites and the individual reporter-derived artificial piRNAs formed in their
vicinity. The transcript cleavage by Ago3 (red arrowhead) creates the 5’ end of secondary piRNAs, which are loaded into Aub. However, other piRNAs are also
produced downstream from these piRNAs, which are exclusively loaded onto Piwi, and its 5’ end formation is not as a result of Ago3 slicing.

See also Figure S2.
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Figure 3. A PTS Element in the flamenco Transcript Can Direct Generation of Primary piRNAs

(A) Investigation of piRNA biogenesis in the Drosophila melanogaster OSCs. After transfection of the desired plasmids into the cells, piRNAs present in the PIWI
clade member Piwi were examined by deep sequencing. IP, immunoprecipitation.

(B) Mapping of reads from cells transfected with constructs expressing the luciferase sequence from the flamenco promoter and additionally carrying the
indicated length of the flamenco transcript (in red). Note that the luciferase sequence alone has an inherent property to trigger low levels of piRNAs from an internal

location. The pie charts show the 5'-nt preference of the produced piRNAs.

(C) Mapping of reads from cells expressing the indicated reporters whose expression was driven by the fly actin promoter.

See also Figures S3 and S5A.

not determine the cytoplasmic processing fate of the resulting
transcript. We also report that pi-Chr172M¥* homozygous
mice of both sexes are viable and fertile. This indicates that, at
least for this mouse cluster that we examined, nuclear history
from transcription by the A-Myb transcription factor has no
role in cytosolic processing of cluster transcripts by the primary
biogenesis machinery.
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DISCUSSION

Recruitment of a Transcript into the Primary Processing
Pathway

How piRNAs are made is a long-standing question in the field.
Here, we addressed this mainly in the Drosophila ovarian envi-
ronment by using reporter transcripts expressed in the OSC
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Figure 4. PTS Triggers piRNA Biogenesis from Downstream Sequences
(A) The piRNAs are produced from LacZ sequences present downstream of the flam PTS element. No such piRNAs are detected when the PTS element is absent.

The pie charts show the 5'-nt preference of the produced piRNAs.

(B) piRNAs are produced from the Wolbachia tRNA sequence that is inserted downstream of flam PTS fragment.

See also Figures S3C, S5C, S6A, and S6B.

and the fly germline. It is known that piRNA precursors are pol Il
transcripts, long single-stranded RNAs with a 5’ cap and 3’
poly(A) tail, and are hard to distinguish from other cellular tran-
scripts. Our studies now reveal the existence of two distinct
mechanisms by which RNA elements can recruit the primary
piRNA processing machinery to initiate processing (Figure 6).
In the fly germline, slicing by Ago3 results in the generation of
the expected secondary piRNA in Aub (Figure 2). Additionally,
it also triggers production of primary piRNAs from downstream
sequences in ~30-nt steps, which are loaded into nuclear
Piwi. Notably, Aub slicing did not lead to robust primary piRNA
biogenesis, likely reflecting mechanistic differences in the pro-
tein complexes mediating the ultimate fate of the cleavage frag-
ments. Thus, PIWI slicing identifies a transcript as a precursor for
primary processing.

In the OSC system, we showed that exon 1 of the fly piRNA
cluster transcript flam is sufficient to identify reporter tran-
scripts as precursors for primary processing. We termed this
RNA element the PTS. This sequence is conserved in other
drosophilids, as a similar sequence in the flam locus from
D. simulans is functional in promoting primary processing in

the D. melanogaster OSC system (Figures S5A and S5B). How-
ever, the situation is more complex, as our experiments reveal
that the luciferase reporter transcript itself can recruit the pro-
cessing machinery to an internal location (Figure 3B). This is
also the case with a 6-kb fragment of the human Malat1 RNA,
as it very efficiently became processed into piRNAs in the OSC
(Figure S5D). Thus, either the PTS could be a structural motif,
or it could contain a small, as-yet unrecognized motif that binds
a piRNA biogenesis factor (Figures S6A and S6B) (Vourekas
et al., 2015).

Inchworm Model of Primary Processing

How does the primary biogenesis machinery progress along the
precursor? The answer to this is obtained by examination of
primary processing initiated by Ago3 slicing in the fly germline
(Figure 2). After Ago3-mediated slicing of the target RNA, the
fragment with the 5 monophosphate is loaded into Aub. This
event also recruits the primary processing machinery to the
downstream sequences. An unknown activity within the machin-
ery then cleaves the transcript a few nucleotides (~5 nt) down-
stream of the Aub footprint (Figure 2F). This cleavage event
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Figure 5. Nuclear Transcription History Does Not Define Mouse Cluster Transcripts for Processing

(A) The promoter of the chr17 bi-directional mouse pachytene piRNA cluster encompassing the A-MYB binding site and 5’ starts of piRNA precursor transcripts
was deleted by the Cas9 endonuclease, using the indicated guide RNAs (gRNAs).

(B) Abundance of Mili- and Miwi-associated piRNAs was compared between pi-Chr174M**/~ and pi-Chr174M®~/~ mice for the top 50 piRNA producing clusters.
Only piRNA production from the chr17 cluster harboring the deletion was affected. The decreased piRNA production correlates with the low amount of piRNA

precursor transcripts.

(C) Mili- and Miwi-associated piRNAs were mapped along the Chr17 cluster. The deletion of the promoter element significantly affects piRNA production,
especially from the minus strand, which correlates with decreased abundance of piRNA precursor transcripts.

See also Figure S4.

simultaneously generates the 3’ end of the Aub-bound piRNA,
which needs shortening by 3'-5' exonucleolytic trimming, and
also the 5’ end of a new downstream Piwi-bound piRNA. This
process is likely to be repeated until the entire downstream tran-
script region is consumed so that generated primary piRNAs are
loaded into Piwi. Thus, the core mechanism of primary process-
ing is the movement of the processing machinery like an inch-
worm along the transcript to cleave and simultaneously generate
5’ and 3’ ends of new primary piRNAs (Figure 6). It moves in steps
of ~30 nt that are dictated, in part, by the footprint of the PIWI
protein. Processivity of the reaction is likely provided by the
grip the machinery has on the downstream transcript sequence.

Why, then, are the piRNAs generated from the PTS-containing
transcripts tiled at almost single-nucleotide resolution (Figures
S6C-S6F)? One possible explanation could be that the PTS
might allow multiple initiation sites on the transcript, giving rise
to overlapping 30-nt steps of primary piRNAs (Figure 6). More-
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over, the cleaved products are not precisely spaced, leading a
loss of phase and an appearance of piRNAs initiating from every
position on the transcript (Figure 2G). This could also suggest
that the processing machinery might not be using the PIWI foot-
print as the only guide for identifying cleavage sites but might
also be searching for U residues. One caveat is that only 1U-con-
taining piRNAs are stably associated with PIWI proteins and en-
riched, due to the nucleotide preference of the MID domain (Cora
et al., 2014), and thus represented in our sequencing libraries.
Verification of this hypothesis awaits the identification of such
a U-specific nuclease activity within the primary processing ma-
chinery (Luteijn and Ketting, 2013).

Slicer-Triggered Primary Processing Links Cytoplasmic
Silencing to Nuclear Repression

In the Drosophila ovarian germline cells, post-transcriptional
silencing by piRNAs results in amplification of specific piRNAs
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by the cytoplasmic PIWI proteins Aub and Ago3 (Brennecke
et al., 2007; Gunawardane et al., 2007). The slicer-trigger initia-
tion mechanism described here for primary piRNA biogenesis
is a new component of this adaptive arm of the piRNA pathway
in insects. It serves to increase the repertoire of piRNA se-
quences, resulting in an enhancement of the silencing potential
of the pathway (Figure 2). Genetic studies in flies also support
the link between the ping-pong cycle and the loading of primary
piRNAs into nuclear Piwi, as several biogenesis factors have
overlapping roles in both processes (Malone et al., 2009). Addi-
tionally, the slicer-trigger pathway for primary biogenesis offers
an explanation for several previous observations that link cyto-
plasmic piRNA biogenesis to nuclear outcomes in the Drosophila
ovarian germline and early embryos (de Vanssay et al., 2012; Le
Thomas et al., 2014). Finally, can this slicer-triggered primary
piRNA biogenesis pathway be conserved? It is already known
that biogenesis of piRNAs associating with nuclear mouse
PIWI protein Miwi2 is dependent on the cytoplasmic PIWI protein
Mili and its slicer activity (Aravin et al., 2008; De Fazio et al.,
2011), suggesting a potential conservation of this piRNA biogen-
esis mechanism.

EXPERIMENTAL PROCEDURES

Clones and Constructs

For expression in the Bombyx mori ovary-derived cell line BmN4 (Kawaoka
et al., 2009), constructs were prepared in the pBEMBL vector that drives
expression from an OplE2 promoter (from Orgyia pseudotsugata multicapsid
nucleopolyhedrosis virus) (Xiol et al., 2012). Reporters targeted by endoge-
nous piRNAs were prepared as described previously (Xiol et al., 2014). Expres-
sion in the Drosophila melanogaster OSCs (Saito et al., 2009) was driven using
either the promoter of the fly piRNA cluster flamenco (Goriaux et al., 2014) or
that of the actin gene. See the Supplemental Experimental Procedures for
detailed sequence information on all constructs used.

Fly Experiments

A reporter based on noncoding (all ATGs were mutated) EGFP and LacZ
backbone sequences and containing perfectly complementary binding sites
for endogenous piRNAs present in fly ovaries was chemically synthesized
(Shanghai ShineGene Molecular Biotech). The reporter sequence was cloned
into a vector providing the vasa promoter and 5 UTR sequences to drive germ-
line-specific expression in the fly ovaries. This was used to generate fly trans-

genes carrying a single-copy insertion at a targeted location in the genome
(Genetics Services).

Cell Culture and Immunoprecipitations

The culture and transfection of Bombyx mori ovary-derived cell line BmN4 (Ka-
waoka et al., 2009) were as previously described (Xiol et al., 2012). Cells were
collected 48 hr post-transfection and used for immunoprecipitations. The cul-
ture and transfection of Drosophila melanogaster OSCs were as described
previously (Saito et al., 2009).

Rabbit polyclonal antibodies to Drosophila PIWI proteins were as follows:
Piwi (two rabbits: GJKO and GJLD) raised against an antigen (42-178 amino
acids [aa]), Aub (1-200 aa), and Ago3 (1-200 aa). Rabbit polyclonal antibodies
to detect Bombyx Siwi and Ago3 were previously described (Xiol et al., 2012).
Antibodies to mouse Mili (mouse monoclonal) and Miwi (rabbit polyclonal)
were previously described (Reuter et al., 2011).

All mouse experiments were conducted in line with national French and
European regulations.

Small RNA Libraries and Bioinformatics

Unless otherwise indicated, all piRNA libraries described in this study come
from small RNAs isolated by PIWIimmunoprecipitations from transfected cells
or transgenic fly ovaries or from mouse testes. Additional total small RNA li-
braries were prepared from transgenic fly ovaries. Library preparation and
sequence analysis details can be found in the Supplemental Experimental
Procedures.

ACCESSION NUMBERS

Deep-sequencing data generated in this study were deposited to the NCBI
GEO under accession number GEO: GSE69102 and are described in Table S1.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
six figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.celrep.2015.06.030.
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