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ABSTRACT

In animals a discrete class of small RNAs, the piwi-interacting RNAs (piRNAs), guard germ cell genomes against the activity of
mobile genetic elements. piRNAs are generated, via an unknown mechanism, from apparently single-stranded precursors that
arise from discrete genomic loci, termed piRNA clusters. Presently, little is known about the signals that distinguish a locus as
a source of piRNAs. It is also unknown how individual piRNAs are selected from long precursor transcripts. To address these
questions, we inserted new artificial sequence information into piRNA clusters and introduced these marked clusters as
transgenes into heterologous genomic positions in mice and flies. Profiling of piRNA from transgenic animals demonstrated that
artificial sequences were incorporated into the piRNA repertoire. Transgenic piRNA clusters are functional in non-native
genomic contexts in both mice and flies, indicating that the signals that define piRNA generative loci must lie within the clusters
themselves rather than being implicit in their genomic position. Comparison of transgenic animals that carry insertions of the
same artificial sequence into different ectopic piRNA-generating loci showed that both local and long-range sequence

environments inform the generation of individual piRNAs from precursor transcripts.
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INTRODUCTION

In several animals, including Drosophila and mammals,
piRNAs have been shown to form the core of a small RNA-
based innate immune system that recognizes and represses
mobile elements (Saito et al. 2006; Vagin et al. 2006; Aravin
et al. 2007a; Brennecke et al. 2007; Gunawardane et al.
2007; Malone and Hannon 2009; Siomi et al. 2011). This
function is essential for proper germ-line development, and
mutations in the piRNA pathway lead to male and/or female
sterility (Cox et al. 2000; Harris and Macdonald 2001; Li
et al. 2009; Malone and Hannon 2009). In essence, piRNAs
play a major role in defining genomic content as being
transposon related; piRNAs comprise a catalog of trans-
poson sequences that an organism has defined as targets for
repression (Brennecke et al. 2007). Omission from that
catalog can mean that an element escapes repression. In
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the case of flies, the lack of an effective piRNA-based def-
inition for the I- or P-element in some strains means that
introduction of even this single transposon can lead to
highly penetrant sterility (Pelisson 1981; Rubin et al. 1982;
Brennecke et al. 2008).

Sequencing of piRNA populations has revealed their
extreme diversity; literally, millions of distinct piRNA se-
quences can be identified in a single individual (Aravin
et al. 2006, 2007b; Girard et al. 2006; Brennecke et al. 2007;
Houwing et al. 2007; Lau et al. 2009). Genomic mapping
indicates that piRNAs arise from three different types of
loci. First, the dominant source of piRNAs can be found
in so-called piRNA clusters (Aravin et al. 2006, 2007b;
Brennecke et al. 2007). These loci range from a few
kilobases to >200 kb in size. They are often strongly en-
riched in transposon sequences, in accord with a function
of the piRNA pathway in transposon control (Vagin et al.
2006; Brennecke et al. 2007; Gunawardane et al. 2007). In
the majority of cases, clusters generate a mixture of small
RNAs, with some sense and some antisense to each targeted
transposon. Second, piRNAs can be derived from protein-
coding genes, with these almost invariably being sense
species from 3’ UTRs (Aravin et al. 2008; Robine et al.
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2009; Saito et al. 2009). It is as yet unclear whether a single
transcript isoform can be either translated into protein or
processed into small RNAs or whether a specific transcript
variant serves as a piRNA precursor. Only a few genes give
rise to piRNAs, and these do not show uniformly high
expression, suggesting that some specific determinant or
motif, rather than a high-transcript abundance marks spe-
cific genes for processing. Third, piRNAs can arise from dis-
persed, euchromatic transposon copies (Brennecke et al.
2007, 2008; Aravin et al. 2008). These are often full length
and close to consensus, representing the potentially active
representatives of each transposon family.

The three types of piRNA generative loci produce small
RNAs through two different mechanisms. piRNA clusters
and genic loci generate “primary” piRNAs, which appear to
be sampled from long, single-stranded transcripts through
the action of an unknown nucleolytic machinery (Aravin
et al. 2006, 2007b; Brennecke et al. 2007; Malone et al.
2009). Abundant primary piRNAs share no apparent
sequence or structural motifs except for the presence of
a 5’ terminal U residue (1U), which may reflect a binding
preference of some Piwi family proteins. Secondary piRNAs
are produced through a slicer-dependent mechanism,
termed the ping-pong cycle and have a characteristic bias
for an A at position 10 (paired with the 1U in the primary
piRNA) (Brennecke et al. 2007; Gunawardane et al. 2007).

Combined analysis of piRNA sequences and animals
bearing mutations in piRNA pathway components has led
to a model for the role of these small RNAs (Malone and
Hannon 2009; Saito and Siomi 2010; Senti and Brennecke
2010; Siomi et al. 2011). piRNA clusters produce a multi-
tude of individual piRNAs, and the sequence content of
PiRNA cluster defines sequences of mature piRNAs gener-
ated from it. With the notable exception of pachytene
piRNAs that are expressed during male meiosis in mouse,
PpiRNA clusters in both flies and mice are highly enriched in
transposable element sequences. The sequence content of
the piRNA clusters determines the capacity of the system to
respond to a given element, in essence comprising an
organisms’ evolving molecular definition of transposons.
Inherent in this scenario is the ability of the system to adapt
to colonization by new elements by incorporating their se-
quence into a piRNA cluster. A clear example can be found
in the P-element, which swept through global Drosophila
melanogaster populations after the sequestration of com-
mon laboratory strains (Rubin et al. 1982). Laboratory
strains have no ability to repress the P-element. In retro-
spect, studies of strains with natural or acquired P-element
resistance suggested that integration of the element into
a piRNA cluster was key to its control (Ronsseray et al. 1991,
1996, 2003).

Here, we sought to test whether the ability to translate
new genomic content into small RNAs was a general
characteristic of piRNA loci in flies and mice. We find that
clusters can be programmed to produce artificial piRNAs

(apiRNAs). Furthermore, we were able to separate func-
tional piRNA clusters from their native genomic locations,
indicating that the clusters themselves contain sufficient
information to funnel their RNA products into the piRNA
biogenesis pathway. We made use of marked transgenic
clusters that carry insertions of the same sequence into
different contexts to evaluate the features that lead to the
production of individual piRNA species. We find that critical
determinants lie both in the local and long-range sequence
environments of the piRNA cluster.

RESULTS AND DISCUSSION

The current model for acquiring piRNA-dependent resis-
tance against new transposon invasion implies that insertion
of active transposons into an existing piRNA cluster leads to
the generation of new piRNA species and enables element
repression. This model suggests that any sequence, if inserted
into a piRNA cluster, will lead to the generation of new
piRNAs. Though attractive, this model has not been rigor-
ously tested. Acquisition of natural resistance against trans-
posable elements by transposition into piRNA clusters is
difficult to study in an experimental setting. However, this
scenario can be modeled using transgenes carrying new
sequence information within a piRNA-generating locus.
Over the years, large collections of Drosophila stocks have
been produced that carry transgenes integrated randomly
throughout the genome. We took advantage of these tools
by searching for integration events in native piRNA clus-
ters. The line P{IArB}A171.1F1 (also known as P-1152) has
a 18.3-kb construct P{lArB} integrated into a telomeric
piRNA cluster on the X-chromosome (chromosomal loca-
tion 1A) (Wilson et al. 1989; Roche and Rio 1998). The
P{lArB} transgene contains sequences derived from the
hsp70, Adh, and rosy genes of D. melanogaster and a bacte-
rial lacZ gene. Unlike P{IArB} insertions in other genomic
sites, P-1152 has unusual properties. It is able to suppress
the expression of other lacZ transgenes in germ cells,
a phenomenon termed trans-silencing (Fig. 1A; Sup-
plemental Fig. S1; Ronsseray et al. 1991). The P{lArB}
insertion in P-1152 is mapped to the Telomere Associated
Sequence (TAS) repeats that produce abundant piRNAs
from both genomic strands. These piRNAs are loaded into
Piwi, Aub, and Ago3 in the germ cells of D. melanogaster
ovaries (Brennecke et al. 2007). Aub and Ago3-loaded
piRNAs derived from TAS repeats display the characteristic
features of the ping-pong amplification cycle, including
a prevalent 10-nt 5’ overlap of sense and antisense species
and an enrichment for an A at position 10 of secondary
piRNAs. The trans-silencing properties of P-1152 transgene
and the association of these properties with its localization
in the piRNA cluster suggested that insertion of lacZ
into an existing piRNA cluster led to the generation of
new anti-lacZ piRNAs that are able to suppress cognate
transcripts in germ cells. Indeed, the presence of small
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RNAs complementary to lacZ was recently demonstrated
using RNAse-protection assay in ovaries of the P-1152 line
(Todeschini et al. 2010).

To analyze more deeply any artificial piRNAs derived
from the P{lArB} transgene, we sequenced small RNAs
from ovaries of the P-1152 line, examining a size range
from 18 to 29 nt. This includes piRNAs, siRNAs, and
miRNAs. P{IArB} generated abundant small RNA species
that mapped to both genomic strands (Fig. 1B). Their size
profile indicated that the majority were likely piRNAs,
ranging from 23 to 27 nt, while a minor fraction corre-
sponded to 21-nt endo-siRNAs that are also a product of
bidirectionally transcribed piRNA loci (Fig. 1C; Czech et al.
2008; Lau et al. 2009). Further analysis confirmed that the
23- to 27-nt RNAs were genuine piRNAs that could be
separated into primary (1U-biased) and secondary (10A-
biased) populations (Fig. 1D; data not shown). Transgene
piRNAs mapping to opposite genomic strands tended
to have a 10-nt overlap between their 5’ ends that is a
characteristic feature of the ping-pong cycle (Fig. 1E).
Notably, P{lArB} contains the only lacZ sequence informa-
tion in the P-1152 strain. Since signatures of the ping-pong
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cycle were evident for lacZ-derived piRNAs, this demon-
strates unequivocally that cluster transcripts derived from
the plus and minus genomic strands can participate in the
piRNA amplification loop. Native Adh and rosy transcripts
are not processed into piRNAs in wild-type flies (data not
shown). Therefore, it is unlikely that any specific signals
that trigger piRNA processing might be present in these
genes. Moreover, bacterial sequences are unlikely to have
evolved as a trigger for piRNA production. Thus, our re-
sults indicate that, when present in the context of a piRNA
cluster, virtually any sequence can serve as a substrate for
PIRNA biogenesis. We confirmed previous observations
that the P{lArB} transgene inserted in TAS is able to silence
lacZ expression from separate, euchromatic locations (Sup-
plemental Fig. S1), demonstrating that artificial anti-lacZ
piRNAs are functional and able to silence transcripts that
share sequence content in trans.

piRNAs are processed from the entire P{IArB} transgene
independently of the origin of the inserted fragments; both
D. melanogaster and bacterial sequences generate piRNAs
with similar efficiency (Fig. 1B). Throughout the construct
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of the genes within the construct, just as
is observed for native components of the
cluster. For example, Adh and rosy have
different orientations, but for both frag-
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ped to the plus genomic strand. RT-PCR
shows that rosy transcripts are present in
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FIGURE 1. Production of artificial piRNAs (apiRNAs) from the Drosophila X-TAS cluster.
(A) The P{lArB} insertion into the X-TAS cluster is shown schematically along with an
illustration of trans-silencing. (B) Below is a schematic of the P{IArB} insert with the inferred
structures of the transcripts it can produce (see text). N is an area where the sequence is
unknown. Above is a plot of piRNA read frequencies along the plus and minus strands
(indicated) of the element. (C) Small RNA lengths are plotted as a fraction of reads for TAS
and for the inserted element. (D) Fractions of reads beginning with a 5" U are plotted for the
P{IArB} and TAS plus and minus strands. (E) The degree of 5" overlap for piRNAs from the
plus and minus strands for P{IArB} and TAS were quantified and plotted as relative frequencies
(Z-scores). The spike at position 9 is a signature of the ping-pong amplification cycle.
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distance from 5’ end [nt]

strand RNAs, which are processed to
piRNAs, initiates outside of the trans-
genic construct, likely within adjacent
TAS sequences.

Mapping of piRNAs to P{lArB} re-
vealed that intronic sequences present
within Adh and rosy gave rise to piRNA
from both genomic strands. Even when
present in the sense orientation, where
the intron could have been removed
by the splicing apparatus, piRNA lev-
els remained comparable in adjacent
intronic and exonic regions. The gener-
ation of piRNA from intronic sequence
is unexpected, as primary piRNA bio-
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genesis is thought to occur in the cytoplasm and has been
linked to specific cytoplasmic bodies, e.g., nuage and Yb
bodies, which concentrate components such as zucchini
and armitage, which are implicated in piRNA processing
(Tomari et al. 2004; Lim and Kai 2007; Pane et al. 2007;
Malone et al. 2009; Haase et al. 2010; Olivieri et al. 2010;
Saito et al. 2010; Qi et al. 2011). Furthermore, genic
piRNAs that are processed from mRNA of protein-coding
genes in Drosophila and mice are mapped almost exclu-
sively to exonic sequences (Aravin et al. 2008; Robine et al.
2009; Gan et al. 2011). To reconcile these disparities, we
searched explicitly for piRNAs that crossed predicted exon—
exon junctions, since these must arise from spliced mRNAs.
We did detect a few such small RNAs for rosy and Adh,
coming only from the genomic strand with the intron in
the appropriate orientation for splicing to occur. Consid-
ered together, these data suggest a model in which piRNA
biogenesis normally occurs following intron removal, but
that recognition of some RNA processing signals might be
suppressed when they are present within a piRNA cluster.
In this regard, strand-specific RT-PCR indicated that more
than half of sense-oriented rosy transcripts are not spliced
in P-1152 ovaries (Supplemental Fig. S2). Suppression of
conventional RNA processing signals within piRNA clus-
ters would make sense in many ways, since the insertion of
a new element would often bring at least a polyadenylation
signal, which under normal circumstances could negate the
production of piRNAs downstream from that site by
terminating transcription or preventing the export of
piRNA precursors.

Generation of artificial piRNAs by insertion of a new
sequence into a piRNA cluster provides a molecular tag
that allows the monitoring of cluster function even if the
native, nontagged cluster is present in the same genome.
We exploited this fact to test whether the presence of
PiRNA clusters at precise genomic positions was important
to their function.

In flies, piRNA clusters occur mainly at the boundaries
between heterochromatin and euchromatin, particularly
in pericentromeric regions (Brennecke et al. 2007). In
mammals, piRNA clusters that are expressed in meiotic
cells occur in strictly syntenic positions, even though the
sequence content of these loci is not conserved (Aravin
et al. 2006; Girard et al. 2006; Lau et al. 2006). These
observations have strongly suggested that the genomic
context of piRNA clusters might be key to their function.
Precedent can be drawn from plants and fission yeast,
where small RNAs are generated from loci whose function
relies upon the presence of normally repressive chromatin
marks (Huisinga and Elgin 2009; Lahmy et al. 2010). In
turn, the repressive chromatin marks themselves are main-
tained by small RNA-directed complexes, closing the cycle.
To determine whether specific chromatin environments,
which are a property of the genomic context of piRNA
clusters, are essential for piRNA production, we created

ectopic insertions of tagged piRNA clusters in non-native
sites.

As one test of the aforementioned hypothesis, we
examined the position dependence of the flamenco cluster
in Drosophila (Fig. 2A). Flamenco is present at the bound-
ary between euchromatin and pericentromeric heterochro-
matin on the Drosophila X chromosome, and its position
proximal to the DIPI gene is conserved through at least
12 M vyears of Drosophila evolution (Sarot et al. 2004;
Brennecke et al. 2007; Malone et al. 2009). It produces
piRNAs from only one genomic strand and is exclusively
expressed in the somatic follicle cells of the ovary. We
selected a Placman] BAC clone that extended from a
position ~30 kb upstream of the first annotated piRNA
~86 kb toward the X chromosome centromere (Venken
et al. 2009). This encompassed ~30% of the flamenco
cluster. To distinguish any ectopic copies of flamenco from
the native locus, we marked the BAC by recombineering,
inserting a cassette comprising a nonfunctional GFP se-
quence and a bacterial neomycin resistance gene (Copeland
et al. 2001; Venken et al. 2006; Sharan et al. 2009). Marker
sequences were inserted ~4 kb downstream from the first
annotated piRNA in a site, which we had previously shown
to produce abundant small RNAs.

For mice, we chose to modify a piRNA cluster on mouse
chromosome 17 that is a major contributor to piRNA
populations in developing male germ cells from the
pachytene stage through the end of meiosis (Fig. 2B; Aravin
et al. 2006; Girard et al. 2006). This cluster occurs in syntenic
locations in rat and in human, indicating conservation
through at least 80 M years of evolution. Like flamenco,
each region of the ch17 cluster produces piRNAs from only
one genomic strand. A mouse BAC clone comprising ~187
kb of chromosome 17 carried the complete ch17 cluster and
extended 60 kb upstream of and 30 kb downstream from the
locus. It was similarly marked by recombineering to insert
a modified GFP/neo cassette.

In flies, we took advantage of a phiC-31 attachment site
in the P[acman]-BAC to insert the modified flamenco
cluster into a known genomic locus (Venken et al. 2006,
2009). Given that flamenco is normally present in a location
annotated as heterochromatic (X chromosome, band 20A),
we chose a gene-rich, euchromatic site to insert the trans-
gene. Specifically, we created lines with one additional copy
of flamenco on chromosome 3L at band 62E1 (landing pad
31) (Venken et al. 2006). For mice, we used standard pro-
nuclear injection to create two independent founder lines
(R13 and R37) with chl7 transgene insertions in presum-
ably distinct random locations.

Small RNA cloning and Illumina sequencing revealed
that abundant piRNAs derived from GFP were produced
from ectopic clusters in both flies and mice (Fig. 2C,D).
Like the native loci, these produced small RNAs from only
one genomic strand. Unlike X-TAS, neither flamenco nor
the ch17 cluster normally participate in the ping-pong
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copies were equally active. Indeed, we
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piRNAs derived from the chrl7 cluster
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lines. The profiles of piRNA mapped to
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and mice (Supplemental Fig. S4). There-
fore, the heterologous insertion of a
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a strong influence on the processing of
piRNAs from transgenic loci. Overall,
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our data indicate that transgenic piRNA
clusters have similar activity to their
endogenous counterparts, despite being
present at non-native genomic positions.

Flamenco-derived piRNAs associate
exclusively with Piwi, the only family
member that is expressed in follicle
cells (Sarot et al. 2004; Brennecke et al.
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FIGURE 2. Generation of apiRNAs from ectopic clusters in flies and mice. (A) A schematic
representation of the GFP/Neo cassette is shown along a diagram of the flamenco locus (in
yellow, piRNA densities in blue) in the BAC used for transgenesis. Below is a schematic
indicating that the transgene is inserted into chromosome 3L. (B) The GFP/neo insertion into
the mouse chromosome 17 cluster is diagrammed as in A. (C) The structure of the flamenco
GFP/Neo insertion is diagrammed below a plot of piRNA frequencies along the insert on the

plus and minus strands (indicated). For reference, piRNAs are also

regions, though these represent a mixture of RNAs derived from the two native and one
ectopic flamenco clusters. (D) A scheme of the GFP/Neo insert into the mouse chromosome 17
cluster is shown below piRNAs mapping to the insert and its context as in C. Again, piRNAs
that flank the insert can be derived from the two native or inserted ectopic loci. (E) The 1U
bias (left) and size distributions (right) of apiRNAs from the ectopic flamenco cluster are
compared with another piRNA cluster (X-upstream) that also produces piRNAs from one
genomic strand in follicle cells. (F) As in E, apiRNAs from the ectopic ch17 cluster in mice are

compared with a similarly structured cluster on chromosome 9.

amplification loop, and the ectopic insertions also lacked
signatures of the cycle, namely, small RNAs with a 10A bias
and sense/antisense pairs that overlap by 10 nt. Small RNAs
from the ectopic clusters did show the strong 1U bias that is
a signature of primary piRNA populations (Fig. 2EF;
Supplemental Fig. S3A).

It seemed likely that the transgenic clusters would
generate piRNAs both from the inserted marker gene and
from sequences that represent their native content; how-
ever, it is impossible to distinguish the latter from piRNAs
derived from endogenous loci. The ectopic cluster is pre-
sent as a single copy in the genome, as compared with two
endogenous copies. We might therefore expect piRNA levels
coming from shared regions to increase by 1.5-fold if all

46 RNA, Vol. 18, No. 1

2007). Thus, they have a characteristic
size profile, peaking at around 25 nt.
piRNAs from the ectopic flamenco in-
sertion shared this size distribution (Fig.
2E). piRNAs from the ch17 cluster (and
other murine clusters expressed during
meiosis) normally associate with both
MILI and MIWI (Supplemental Fig.
S3B). These complexes have distinct
small RNA size profiles, with MILI to
associate with a ~26-nt and MIWI
harboring a ~30-nt species (Fig. 2F;
Aravin et al. 2006; Girard et al. 2006).
Overall, MIWI-bound species are sub-
stantially more abundant than MILI
bound species (Aravin et al. 2006; Girard
et al. 2006). While the ectopic ch17 cluster produced small
RNAs with sizes characteristic of MILI and MIWI com-
plexes, their ratio was very different than expected based
upon the behavior of the native cluster (Fig. 2F; Supple-
mental Fig. S3B). RNAs with the size of MILI partners
greatly outnumbered those with the size of MIWI-bound
species. Thus, the ectopic cluster appeared to have a strong
preference for one of its two potential Piwi-family partners
(Fig. 2F; Supplemental Fig. S5).

Overall, our data indicate that piRNA clusters can
function even when divorced from their normal genomic
locale. With flamenco, the ectopic insertion behaved in-
distinguishably from the native locus, even though it had
been substantially truncated on the centromere-proximal

22 24 26 28 30
small RNA length, [nt]
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side. For the ch17 cluster, piRNAs were still produced in
abundance from the ectopic insertions, but the behavior of
the small RNAs shifted toward preferential MILI associa-
tion. This could indicate that some element of chromo-
somal context was important for signaling an ultimate
association with MIWI or perhaps that critical signals that
mark the cluster as a source of MIWI piRNAs were missing
from our BAC clone, despite its extending well beyond the
two ends of the cluster. Our results by no means rule out
chromatin structure as a contributory element in defining
piRNA clusters. However, if specific chromatin structures
are important, the signals for their formation must be
tightly linked to the piRNA loci themselves.

The inclusion of the same artificial sequence in piRNA
clusters in multiple locations and in distinct organisms
afforded the opportunity to probe the determinants of
piRNA selection. In contrast to miRNAs and siRNAs,
whose processing from longer precursors is informed by
their specific secondary structure and is well understood,
no rules that explain the selection of individual piRNAs
have been defined. The only bioinformatic study that
addressed this question came to the conclusion that the
processing of individual piRNA from precursors is quasi-
random, with only weak influences of local sequence
(positions —1 to +4 relative to the 5’ end of the piRNA)
(Betel et al. 2007). However, sequencing efforts from our
and other groups showed that individual piRNAs are not
produced uniformly along clusters. Instead, certain small
RNAs appear substantially more abundant (Aravin et al.
2006, 2008; Girard et al. 2006; Brennecke et al. 2007).
Characteristics underlying these inequalities could be in-
trinsic to the local sequence environment of each individual
PiRNA or could be conferred by long-distance interactions
and formation of secondary structures within the precursor
molecule. Alternatively, patterns could be essentially ran-
dom, with the abundance of each species being determined
stochastically.

As with native piRNAs, read distributions along the
marker cassettes in the ectopic clusters were very uneven
(Fig. 3A; Supplemental Fig. S5). Focusing on the GFP
coding sequence, 1% of nucleotide residues contribute 19%
of all 5 ends of GFP-mapping piRNA reads in flies, while
10% of positions account for 70% of reads (Fig. 3B). In
mouse, the distribution was even more skewed with 1% of
GFP residues contributing 42% of piRNA reads (Fig. 3B).
To probe the causes leading to these skewed distributions,
we compared GFP-derived piRNAs in the two independent
mouse transgenic lines. The correlation in the abundance of
individual small RNAs was remarkable (R*> = 0.99) (Fig.
3C), ruling out the notion that the patterns that we observe
are random within each sample. Procedures for preparing
small RNA libraries include steps with well-established
sequence-based biases, namely, RNA adapter ligations and
PCRs (Linsen et al. 2009). We therefore considered the
possibility that those biases dominated apparent sequence

preferences in apiRNA generation. However, very little
correlation was seen between GFP piRNAs in flies and
mice (R* = 0.01) (Fig. 3D), contrary to what one would
expect if the patterns that we observed were strongly
influenced by the biases of library preparation methods.

Considered as a whole, our data strongly support the
existence of signals that determine the efficiency of pro-
duction of individual piRNAs and raise several possibilities
as to the nature of those signals. First, the biased distribu-
tion of piRNAs could be an exclusive consequence of their
context within the cluster. This would imply that large-
scale features, such as the structure of the transcript or
preferential entry sites for the primary processing machin-
ery determine differential piRNA production, akin to the
generation of phased siRNAs from long dsRNAs in plants
and animals (Zamore et al. 2000; Howell et al. 2007).
Alternatively, determinants of efficient piRNA biogenesis
could still be defined by the local sequence environment of
each individual piRNA, with sequence determinants being
interpreted differently in our two experimental models. To
begin to discriminate between these possibilities, it was
necessary to insert the same sequence (GFP) into different
PiRNA precursors that are expressed and processed in the
same cell type.

The traffic jam (#j) gene encodes a basic leucine zipper
transcription factor and is expressed in the follicle cells of
the Drosophila ovary, just as is flamenco (Li et al. 2003; Saito
et al. 2009). Importantly, #j generates piRNAs from a dis-
crete segment of its 3’-UTR region (Saito et al. 2009). We
created a marked, ectopic copy of #j by inserting a GFP
coding sequence in the antisense orientation into its piRNA-
producing domain and integrated this into a euchromatic
site on chromosome 3L (Fig. 4A).

Sequencing of small RNAs (Fig. 4B) yielded abundant
piRNAs from the inserted GFP sequence. These had the same
characteristics as native tj-derived piRNAs, including being
produced from the sense strand of the locus, having a size
distribution characteristic of Piwi-associated species, and a
strong bias for a 5’ terminal U residue (Fig. 4C,D). Position-
dependent differences in piRNA abundance were also appar-
ent, with the most abundant 10% of possible GFP piRNAs
contributing 81% of all GFP-mapping reads (Fig. 3B).

To discriminate local- from long-distance sequence
effects, we compared the abundance of individual piRNAs
from the #j and flamenco transgenes. As compared with the
patterns derived from independent insertions of the same
transgenes in mice (R*> = 0.99) (Fig. 3C), patterns of GFP
piRNAs from # and flamenco appeared quite different (R
= 0.24) (Fig. 4D). However, they were much more similar
than patterns produced in mouse versus fly (R* = 0.01)
(Fig. 3D). At the extremes, uridine positions in GFP that
generate abundant piRNAs from the flamenco transgene
tended also to generate abundant piRNAs from #j (Fig. 4E).
Conversely, those that did not generate piRNAs from
flamenco did not generate piRNAs from #j.
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FIGURE 3. apiRNA production is not uniform along inserted sequences. (A) A heatmap of
piRNA abundance is displayed for all positions in the GFP insert carried in ectopic piRNA
clusters as indicated. Sequence measurements were from total RNAs except in mouse, where
MIWI and MILI immunoprecipitates (indicated) were also analyzed. The first column simply
indicates U positions relative to the heatmaps. (B) All possible positions for piRNA production
from GFP sequences inserted into ectopic clusters (all sites or only U positions, indicated) were
ranked by their contribution to actual piRNA populations. The fraction of piRNAs contributed
by the top 1%, the next 9%, or the remaining 90% were measured and indicated. Native
clusters (indicated) were similarly analyzed for reference. (C) MILI-bound piRNAs were
quantified by sequencing from two independent lines carrying the ectopic chl7 cluster.
Correlations between read counts for GFP-derived piRNAs are shown. Libraries were
normalized as described in the Materials and Methods. (D) A similar analysis was performed
for GFP-derived piRNAs in total reads, comparing the R13 mouse line carrying the ectopic
ch17 cluster and the fly strain carrying the ectopic flamenco cluster.

precise nature of such context-depen-
dent effects is unclear, but could depend
upon the overall secondary or tertiary
structures of piRNA precursors.

Our data are consistent with the
model in which new insertions of trans-
posable elements become incorporated
into the piRNA repertoire as a mech-
anism of acquiring resistance. Indeed,
our data indicate that any sequence will
probably produce piRNAs immediately
upon its incorporation into a functional
piRNA cluster. Furthermore, our data
demonstrate that the position of the
cluster in the genome is not important,
and, therefore, transgenic piRNA clusters
can be created in heterologous genomic
locations.

Previous bioinformatic analyses de-
scribed the generation of individual
piRNAs from long precursor molecules
as a pseudo-random process with a weak
influence of the local sequence environ-
ment of individual piRNA species (Betel
et al. 2007). However, the distribution
of individual piRNAs within the pre-
cursor is far from being random; differ-
ent Us have drastically different pro-
pensities to generate piRNAs, and some
non-U positions produce substantially
more piRNAs than nonprocessed U
positions. Here, we showed that pat-
terns of individual piRNAs within the
precursors are highly reproducible if the
sequence is present within the same
context. Patterns become less reproduc-
ible if the local sequence is embedded in
a different context, indicating that both
local and long-range sequence environ-
ments impact processing efficiency. This
result explains a failure in the identifica-
tion of simple rules that would explain
the production of abundant piRNAs
from a given precursor molecule.

Considered together, these results indicate effects of both
local and long-range sequence environment on piRNA
biogenesis. Small RNAs generated from GFP embedded in
different piRNA precursor transcripts in the same species
were more similar than expected by chance. Influences of
sequence, however, seem species or cell-type specific, since
these same biases did not extend from fly to mouse. Strong
effects also appear to be exerted by the context within the
cluster, given the near identity in GFP piRNA populations
in independent mouse lines and their dissimilarity in
comparisons of marked flamenco and ¢ transcripts. The
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The general approach we describe here, using marked
ectopic piRNA clusters to produce apiRNA species, pro-
vides a path toward further dissection of elements that
discriminate piRNA clusters and marks corresponding
transcripts for piRNA processing. The ability to program
the piRNA pathway to produce artificial piRNAs has im-
plications for harnessing this system for controlling gene
expression. In particular, in mammals this approach may
present advantages over harnessing the miRNA pathway,
since piRNAs can induce epigenetic silencing of loci
through the recruitment, directly or indirectly, of the de
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novo DNA methylation machinery (Carmell et al. 2007;
Aravin et al. 2008; Kuramochi-Miyagawa et al. 2008; Siomi
et al. 2011).

MATERIALS AND METHODS

D. melanogaster strains and crosses

The line, P-1152, which carries an insertion of the P{IArB} con-
struct in telomeric sequences of X chromosome (site 1A) is de-
scribed in Roche and Rio (1998). To test trans-silencing with
P-1152, females of this line were crossed with males that have lacZ
expressed from a euchromatic location on chromosome 2L (line
BC69, site 35B10-35C1) (Lemaitre et al. 1993).

Cloning and recombineering—D. melanogaster

The flamenco transgene was created using P[acman] clone CH321-
35A24, which contains an interval from chromosome X that
includes ~20 kb of upstream sequence and the 5’ portion of the

flamenco piRNA cluster (Venken et al. 2009). An antisense EGFP
sequence was introduced into the BAC by recombineering as
described in Sharan et al. (2009). The GFP-Neo insertion cassette
was built by overlapping PCR based on a FRT-PGK-gb2-neo-FRT
cassette (Gene Bridges). The position of the insertion within the
flamenco cluster was selected based on uniqueness and high
frequency of piRNA production from the surrounding region.
The cassette was introduced into the the BAC using a pSimé6
plasmid described in Datta et al. (2006). To promote recombi-
nation, Escherichia coli containing pSimé were transferred to a 2-mL
Eppendorf tube and induced at 42°C in an Eppendorf tabletop
shaker. The linear DNA substrate was introduced by electroporation
using the Gene Pulser XCell. Using exponential decay as a pulse-
type, the cells were electroporated at 3000 V, 25 wF, and 200 ) for
5 msec. After outgrowth and selection of cells, recombinant clones
were screened for by PCR, sequencing and restriction digestion,
followed by pulse-field gel electrophoresis.

The D. melanogaster traffic jam gene with 2 kb upstream and
0.5 kb downstream genomic regions was amplified from the
CH322-145022 P[acman] clone and inserted between the BspHI
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and Clal sites of the pIZ-V5-His vector (Invitrogen). A sequence
ATTATTCTGATTGCGACAATAAATTCCGAT in the TJ 3" UTR
was substituted with the sequence CTTAAGCTGATTGCGACAA
TAAATACCGGT by overlap PCR to introduce unique AflII and
Agel sites, which were used to insert the inverted EGFP sequence.
The modified traffic-jam sequence was transferred into the
pCasper5-attB vector (a modified P-element pCaSpeR5 vector
[Le et al. 2007] with a phiC31 attB site to allow site-specific
integration).

Cloning and recombineering—mouse

The transgene containing the modified chrl7 piRNA cluster
(Chr17: 27427600-27488899) was created using BAC clone
RP23-131B16, which contains ~180 kb of genomic sequence that
includes the whole chr17 piRNA cluster. We used the FRT-PGK-
gb2-neo-FRT cassette (Gene Bridges) and a purified vector con-
taining the EGFP sequence, to construct the GFP-Neo insert for
recombineering. After three steps of overlapping PCR (KOD hot
start DNA polymerase, Novagen), the recombineering inserts were
cloned in a 2.1-TOPO vector (Invitrogen, Version U) according to
the manufacturer’s protocol. Homology arms for recombineering
were added by PCR of purified plasmid.

Recombineering was carried using the Red/ET plasmid-
expressing recombination proteins under an arabinose-inducible
promoter (Counter-Selection BAC Modification Kit, Gene Bridges,
2007). We followed the manufacturer’s protocol, except that re-
combined clones were selected on Kanamycin and the counter-
selection step was skipped. The integrity of modified BAC DNAs
were verified by restriction digests and sequencing.

Transgenic animal production—D. melanogaster

Tagged BAC DNA was purified with a Plasmid Maxi Kit
(QIAGEN). The DNA was used for PhiC31 integrase-mediated
transgenesis, which was carried out by BestGene (http://www.
thebestgene.com/). Flamenco and tj transgenes were integrated
into attP docking sites on chromosome 3 (VK00031—site 62E1,
and VK00033—site 65B2, respectively).

Transgenic animal production—mouse

BAC DNAs were prepared from overnight E. coli cultures using
Nucleobond BAC 100 columns (Clontech). DNA was eluted in
Injection Buffer (10 mM TRIS, 0.1 mM EDTA, 100 mM NaCl, 1X
polyamines) and linearized with PI-Scel enzyme for 4 h. Following
linearization, BAC DNA was dialyzed overnight on a 25-mm,
0.025-um filter (Millipore) by floating on Injection Buffer.
Transgenic animals were obtained by pro-nuclear injection into
B6xSJL F1 hybrids oocytes. Founder animals were crossed to
C57BL/6] mice. R37 and R13 transgenic lines were initiated from
two independent founder mice.

Immunoprecipitation of PIWI proteins

Immunoprecipitations from D. melanogaster ovaries were carried
out according to previously described procedures (Brennecke
et al. 2007). For mice, MILI and MIWI were immunoprecipitated
from adult testis using antibodies and procedures previously
described (Aravin et al. 2007b; Vagin et al. 2009). Briefly, testis
were dounced in lysis buffer (10 mM Hepes at pH 7.0, 100 mM
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KCI, 5 mM MgCl2, 0.5% NP-40, 1% triton X-100, 10% Glycerol, 1
mM DTT, proteinase and RNAase inhibitors). Antibodies (MILI-
N2 and MIWI-N2) were then added to the cleared lysates and
binding reactions were allowed to proceed overnight at 4°C.
Protein A beads are then added to the solution and incubated 3—4
h at 4°C with rotation. After three to four washes in NT-2 buffer
(5 mM Tris at pH 7.4, 150 mM NaCl2, 1 mM MgCL2, 0.05% NP-
40, RNAase inhibitors, 1 mM DTT), antibody complexes were
proteinase K treated and RNAs ethanol precipitated following
phenol/chlorophorm extraction. A fraction of the precipitated
RNAs was radiolabeled and size profiles verified on 15% urea
polyacrylamide gels.

Small RNA cloning

Small RNAs from IPs and total RNA extracts were cloned as
previously described in Brennecke et al. (2007) and Aravin et al.
(2008). Briefly, small RNAs within a 19-33-nt window for mouse
samples or a 19-28-nt window for D. melanogaster were isolated
from 12% polyacrylamide gels. 3" and 5’ linkers were ligated, and
products were reverse transcribed using Superscript III (Invitrogen).
Following PCR amplification, libraries were submitted for sequenc-
ing using the Illumina GA2x platform.

Detection of B-galactosidase activity in D.
melanogaster ovaries

Dissected ovaries from 3-5-d-old flies were fixed in freshly pre-
pared 2% glutaraldehyde in PBS for 20 min, washed twice in PBS,
and stained for several hours at 37°C in Fe/NaP buffer (3.1 mM
KsFe(CN)g; 3.1 mM K Fe(CN)g; 10 mM NaH,PO,xH,0; 0.15 M
NaCl; 1 mM MgCl,) with 0.25% X-Gal. Stained ovaries were
mounted in 70% glycerol/PBS.

Bioinformatic analysis of small RNA libraries

After FASTQ to FASTA conversion, the Illumina dapter
(CTGTAGGCACCATCAATTC) was clipped from the 3" end of
the read and sequences shorter than 16 nt were discarded from
further analysis. The remaining sequences were collapsed into
a nonredundant list and mapped to the D. melanogaster genome
(D. melanogaster Apr. 2006 [BDGP R5/dm3]) or the mouse ge-
nome (mm?9) using the short read aligner bowtie (Langmead et al.
2009). Up to two mismatches were allowed. Sequences that failed
to map to the genome were mapped against the artificially in-
troduced sequences. The multiplicity count of mapped sequences
was normalized to the total number of reads that mapped to the
genome. All further bioinformatic analysis on mapping sequences
was done using Unix-based text utilities. Details of those scripts
can be obtained upon request. Small RNA sequencing data are
deposited at GEO, accession number GSE32435.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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