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piRNAs, a class of small non-coding RNAs associated with PIWI proteins, have broad functions in germline de-
velopment, transposon silencing, and epigenetic regulation. In diverse organisms, a subset of piRNAs derived from 
repeat sequences are produced via the interplay between two PIWI proteins. This mechanism, termed “ping-pong” 
cycle, operates among the PIWI proteins of the primordial mouse testis; however, its involvement in postnatal testes 
remains elusive. Here we show that adult testicular piRNAs are produced independent of the ping-pong mechanism. 
We identified and characterized large populations of piRNAs in the adult and postnatal developing testes associated 
with MILI and MIWI, the only PIWI proteins detectable in these testes. No interaction between MILI and MIWI or 
sequence feature for the ping-pong mechanism among their piRNAs was detected in the adult testis. The majority of 
MILI- and MIWI-associated piRNAs originate from the same DNA strands within the same loci. Both populations of 
piRNAs are biased for 5′ Uracil but not for Adenine on the 10th nucleotide position, and display no complementar-
ity. Furthermore, in Miwi mutants, MILI-associated piRNAs are not downregulated, but instead upregulated. These 
results indicate that the adult testicular piRNAs are predominantly, if not exclusively, produced by a primary pro-
cessing mechanism instead of the ping-pong mechanism. In this primary pathway, biogenesis of MILI- and MIWI-
associated piRNAs may compete for the same precursors; the types of piRNAs produced tend to be non-selectively 
dictated by the available precursors in the cell; and precursors with introns tend to be spliced before processed into 
piRNAs.
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Introduction

PIWI-interacting RNAs (piRNAs) are a complex class 
of small non-coding RNAs of mostly 24-31 nucleotides 
in length that are associated with PIWI proteins. piRNA 
have been implicated in broad functions in germline de-
velopment, transposon silencing, and epigenetic regula-
tion [1]. The ping-pong mechanism has been proposed 
for the amplification of primary, pre-existing piRNAs, 
and production of secondary, new piRNAs of transposon 
origin in the fly, fish and mouse [2-7]. According to this 

model, a primary piRNA maternally loaded or produced 
by a yet-to-be identified mechanism guides its PIWI 
protein partner to a transcript with a complementary 
sequence, which leads to the production of a secondary 
piRNA from the targeted transcript via the “slicer” activi-
ty of the PIWI protein. The resulting secondary piRNA is 
then loaded onto another PIWI protein. This mechanism 
leads to the production of new primary piRNAs from 
their precursor transcripts, which eventually amplifies the 
pool of both primary and secondary piRNAs. This posi-
tive feedback loop is a secondary biogenesis mechanism 
that requires complementary transcripts to a pre-existing 
pool of piRNAs.

Two PIWI proteins in the mouse, MILI and MIWI2, 
have been proposed to engage in ping-pong for piRNA 
biogenesis in the primordial germ cells of 16.5 dpc tes-
tes [5], where MIWI2 piRNAs are not produced in the 
absence of MILI. However, MIWI2 expression is not 
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detected beyond 4 dpp [8], yet the major boost of piRNA 
production occurs after 14 dpp [9-13]. This period cor-
responds to the onset of MIWI expression [14], overlap-
ping with MILI expression [5, 15, 16] and thus raises the 
question of whether MIWI and MILI are engaged in the 
ping-pong-mediated biogenesis to produce their piRNAs. 
This paper focuses on addressing this question.

Results

Postnatal testicular piRNAs are largely derived from 
non-transposon sequences

To gain an insight into the biogenesis of piRNAs in 
postnatal testes, we first cloned MILI- and MIWI-asso-
ciated piRNAs from 7-8 dpp, 13 dpp, and 2-month-old 
adult testes by immunoprecipitation of MILI and MIWI 
(Figure 1A), and identified them by high throughput se-
quencing. These time points correspond to critical stages 
of spermatogenesis since the germ cells enter meiosis 
around 9 dpp to form haploid spermatids at 20 dpp (Figure 
1B). More than 30 000 piRNA sequences were identified 
from each of the complexes (Figure 1C and Supplemen-
tary information, Figure S1). Despite these large numbers 
of piRNAs identified, most of them in both populations 
were sequenced only once, indicating that the sequenc-
ing effort is still unsaturated for both. While this work 
was in progress, many more MILI- and MIWI-associated 
piRNAs were reported [17, 18].

Since piRNAs involved in the ping-pong mechanism 
target complementary transposon intermediates and thus 
are abundant in transposon sequences [19], we evaluated 
the genomic regions from which the cloned testicular 
piRNAs are derived. Mapping of these piRNAs on the 
genome revealed that majority of them is derived from 
unique sites, and repeat-associated sequences are under-
represented considering that such sequences constitute 
approximately 40% of the mouse genome (Figure 1C). 
Although relative to the adult testis, pre-meiotic testes 
of 7-8 dpp and early meiotic testes of 13 dpp are some-
what more abundant for piRNAs that have more than 
one mapping site, all four libraries are poor in transposon 
sequences (Figure 1D). Instead all these piRNA librar-
ies are largely derived from non-transposon intergenic 
regions, implying that their biogenesis is mostly, if not 
completely, independent of the ping-pong machinery.

MILI- and MIWI-associated piRNAs do not contain the 
“ping-pong signature” or complementary sequences re-
quired for the ping-pong mechanism

To verify the above conclusion, we further examined 
whether MILI- and MIWI-associated piRNAs at 7-8 dpp, 
13 dpp, and adult testes contain any ping-pong signa-

ture. piRNAs generated by the ping-pong machinery are 
complementary along their first 10 nucleotides due to the 
cleavage position of the “slicer” activity. Furthermore, 
since primary piRNAs are enriched with 5′ Uracil, ping-
pong generates secondary piRNAs with Adenine bias on 
the 10th nucleotide position. We asked whether MILI- 
and MIWI- associated piRNA populations in the post-
natal testes carry such a sequence signature. We found 
that they all are biased for Uracil on their 5′ ends, but 
neither piRNA population displays any nucleotide bias 
on the 10th nucleotide position (Figure 2A). Corroborat-
ing this observation, we found no significant enrichment 
of piRNAs with 10 nt complementarity between any pair 
of postnatal testicular libraries, even when we furthered 
our analysis to sub-populations of piRNAs derived from 
transposons and protein-coding genes (Figure 2B).

MILI-associated piRNAs are upregulated but not down-
regulated in Miwi-null testes, in contrast to prediction by 
the ping-pong hypothesis

Next, we sought to experimentally address whether 
the ping-pong machinery is involved in the biogenesis of 
the adult testicular piRNAs. Since the ping-pong mecha-
nism requires the interaction of two PIWI complexes 
carrying primary and secondary piRNAs, we first asked 
whether MILI and MIWI complexes interact with or de-
pend on each other. For this purpose, we immunoprecipi-
tated MILI to evaluate whether depleting the MILI com-
plex would affect the MIWI complex. Analysis of their 
piRNA content by kinase labeling and gel electrophoresis 
showed that MILI and MIWI interact with distinct popu-
lations of piRNAs of different sizes in the same extract 
(Figure 3A), and the abundance of MIWI-associated 
piRNAs is not visibly affected by MILI immunoprecipi-
tation. Likewise, immunoblotting of immunoprecipi-
tates for MILI and MIWI showed no co-precipitation of 
MIWI or MILI. These observations indicate that MILI 
and MIWI complexes are not interdependent and do not 
physically interact with each other.

Since the ping-pong mechanism is a positive feed-
back loop between two different PIWI proteins for the 
production of each other’s piRNAs, both piRNA popula-
tions produced by the mechanism should be drastically 
downregulated, if not eliminated, in the absence of either 
one of the proteins [5, 20, 21]. Therefore, we examined 
whether MILI-associated piRNAs are affected in the 
absence of MIWI by northern blotting for five represen-
tative MILI-associated piRNAs. Northern blotting for 
a MILI-associated piRNA typically yielded two bands 
with a strong one corresponding to the size of MIWI-
associated piRNAs and a faint one with the size of MILI-
associated piRNAs, indicating the close homology be-



www.cell-research.com | Cell Research

Ergin Beyret et al.
1431

npg

Figure 1 Postnatal testicular piRNAs are largely derived from non-transposon, intergenic regions. (A) MIWI and MILI as-
sociate with piRNAs in the testis. piRNAs isolated from the immunoprecipitates of MILI and MIWI were 5′ end-labeled and 
fractionated by 15% Urea-PAGE. Notice the size difference between MILI- and MIWI-associated piRNAs. MD: 10 nt DNA 
marker, which migrates 10% faster than the corresponding size of RNA. Adult testicular MILI immunoprecipitate (IP) data was 
used in a publication before [30]. (B) A diagram showing the expression of three mouse PIWI proteins during mouse testicu-
lar development. The bolts indicate the arrest points for the mutants. (C) Pie charts showing the number of the genomic hits 
of sequenced piRNAs from the MILI and MIWI complexes. MILI-associated piRNAs predominantly match to single (unique-
mapping) sites on the genome throughout spermatogenesis as is the case for adult testicular MIWI-associated piRNAs. 
Repeat-associated piRNAs constitute a bigger fraction until 13 dpp relative to the adult testis. (D) Pie charts showing the 
genomic annotations of sequenced piRNAs from the MILI and MIWI complexes. MILI-associated piRNAs are largely derived 
from intergenic regions and poorly from transposon regions throughout spermatogenesis, as adult testicular MIWI-associated 
piRNAs. piRNAs from cellular RNAs and coding genes form a bigger fraction until 13 dpp relative to the adult stage. 13 dpp 
pachytene stage testis is rich in piRNAs that correspond to transposons relative to the other stages examined.

tween the piRNA populations of MILI and MIWI. Our 
analyses show that surprisingly, none of the MILI-associ-
ated piRNAs is downregulated in the Miwi mutant (Figure 

3B). In fact, they are all significantly upregulated in the 
Miwi mutant. We chose 24 dpp as the time point of the 
analysis because, in the absence of MIWI, spermatogen-
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Figure 2 MILI- and MIWI-associated piRNAs do not contain “ping-pong signature” or complementary sequences required for 
the ping-pong mechanism. (A) Base composition of each piRNA population charted with the X-axis representing the nucle-
otide position relative to the 5′ (left panels) or 3′ (right panels) ends of the piRNAs (e.g., −1 at the 5′ end is the position 1-nt 
upstream of the piRNAs). The Y-axis represents the entropy score for the base bias. All populations of MILI-associated piR-
NAs are strongly biased for U on the 5′ end (position 1), and for G on the 2nd nucleotide position. In addition, they are biased 
for C on the 3′ end. MIWI-associated piRNAs show a bias for 5′ U only. None of the piRNA populations shows any A-bias at 
the 10th nucleotide position. (B) Pairwise comparison of the piRNA libraries shows that testicular piRNAs are largely devoid 
of matching piRNAs that are 10-nt complementary along their 5′ ends (left panel). The same has been observed for the trans-
poson-derived sub-population of piRNAs (center panel), and for those derived from the coding genes (right panel). The val-
ues are the percentage of a given pair of piRNAs with complementary sequences, and belong to the libraries positioned on 
the rows. As a negative control, piRNA sequences from each library were randomized to generate a corresponding simulated 
library. Notice the similar percentage of complementary sequences in the libraries relative to their corresponding simulation.
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esis arrests at this point as early round spermatids. At 24 
dpp, the Miwi−/− testis is identical in tissue composition 
to Miwi+/− at this stage [14]. Unfortunately we cannot 
conduct the same analysis for MIWI-associated piRNAs 
because the spermatogenesis in the Mili−/− mutant does 
not progress beyond the mid-pachytene stage and thus 
lacks the cells that express MIWI [22]. 

 To ascertain the small RNAs that we observe in 
Miwi−/− are indeed MILI-associated piRNAs but not de-
stabilized MIWI-associated piRNAs, we performed 
β-elimination reaction to evaluate whether they are 2′-O-
methylated at their 3′ termini. We deemed this analysis 
necessary since this modification is thought to maintain 

the stability of piRNAs [23-28]. In addition, the PIWI 
proteins in Drosophila interact with the piRNA meth-
yltransferase, which in turn may be necessary for the 
methylation of piRNAs [27]. Noticeably, β-elimination 
reaction did not result a shift in the migration of the de-
tected small RNAs in the Miwi−/− testis, in contrast to the 
internal miRNA control (Supplementary information, 
Figure S2A), indicating that they are modified at their 
3′ termini. Furthermore, these small RNAs are depleted 
upon immunoprecipitation of MILI (Supplementary in-
formation, Figure S2B), confirming that they are MILI-
associated piRNAs. Together, these observations confirm 
that they are intact piRNAs associated with MILI.

Figure 3 MILI-associated piRNAs are not downregulated in the absence of MIWI. (A) MILI and MIWI interact with indepen-
dent populations of piRNAs. MILI and subsequently MIWI complexes were immunoprecipitated from the same adult testicular 
extract. Associated piRNAs were isolated and analyzed as in Figure 1. (B) Northern blotting for representative piRNAs. 
20 µg of total testicular RNA samples from 24 dpp Miwi+/− and Miwi−/− were resolved with 15% Urea-PAGE and northern blots 
were probed for individual piRNAs. U6snRNA (U6) was used as an internal loading control. Ethidium bromide staining was 
also used to assess the global level of piRNAs. Five piRNA probes are used: Tp2, transposon 2; A-exo, anti-sense exonic; 
Rapi1, repeat-associated 1; S-Intro, sense intronic; T4, piRNA-T4. The annotations indicate the genomic regions from which 
piRNAs are derived (e.g., “anti-sense exonic” is a piRNA that corresponds to the anti-sense strand of an exon). Each probe 
hybridizes to both MIWI-associated (long arrows) and MILI-associated (short arrow) piRNAs. MILI-associated piRNAs are 
not downregulated in the absence of MIWI. (C) Immunoprecipitation of MILI from Miwi−/− testes, which was loaded with ~1/3 
of total RNAs as compared to that of Miwi+/− testes. Even though the non-piRNA controls (due to non-sepcific binding, empty 
arrow) are expectedly ~1/3 lower in Miwi+/− testes, the total MILI-associated piRNAs in Miwi−/− testes (solid arrow) are equal to 
slightly more than that in Miwi+/− testes, indicating that the total MILI-associated piRNAs in increased by at least three times in 
Miwi−/− testes. IP, immunoprecipitates.
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It is possible that MILI-associated piRNAs are overall 
downregulated while the particular ones that we tested 
are not. Therefore, we analyzed MILI-associated piRNAs 
at the global level by comparing the piRNA content of 
the MILI immunoprecipitates from 24 dpp Miwi−/− versus 
Miwi+/− testicular extract with end-labeling. Corroborat-
ing the northern analyses, we detected a significant in-
crease in the level of MILI-associated piRNAs (Figure 
3C), further supporting that piRNAs in the postnatal 
mouse testes are not produced by the ping-pong machin-
ery.

MILI- and MIWI-associated piRNAs in the adult testis 
are produced by the primary pathway instead of the 
ping-pong mechanism

Then, what is the mode of piRNA biogenesis in post-
natal testes? We asked whether we could deduce the 
mode of biogenesis based on the genomic regions from 
which the piRNAs are derived. It has been reported that 
murine piRNAs tend to be generated in a clustered fash-
ion from specific loci in the genome [9-13]. However, it 
has not been shown whether postnatal MILI- and MIWI-
associated piRNAs exhibit such a biogenesis pattern or 
whether they are produced from different loci. Our map-
ping of the piRNAs to the genome revealed that most of 
MILI- and MIWI-associated piRNAs are produced in a 
clustered fashion and, interestingly, from the same loci 
(Figure 4A and Supplementary information, Tables S1-
S4). Furthermore, they are largely derived from the same 
loci at different stages of spermatogenesis (Supplemen-
tary information, Figure S3). Their genomic distribu-
tion within a cluster indicate that they are likely derived 
from the same precursor transcripts, as previously pro-
posed, with some clusters containing only one transcript 
whereas others containing two transcripts divergently 
transcribed from a common promoter region, as previ-

ously reported [10, 12] (Figure 4B). Interestingly, we 
found that both MILI- and MIWI-associated piRNAs 
are derived from the same genomic strands within the 
clusters, which explains the lack of complementarity be-
tween the two populations and their close homology that 
we observed (Figure 4C). The common promoter region 
hypothesis for the bidirectionally-transcribed precursors 
in a cluster is supported by several observations: first, 
some long ESTs from the mouse testis correspond to the 
predicted piRNA precursors, including in the transcrip-
tional direction and in the 5′ start positions (Figure 4C). 
Second, clustered piRNAs show head-to-tail homology 
reminiscent of their processing from the same type of 
precursors (Figure 4D). Third, the 3′ portion of precur-
sors corresponds to piRNAs in a less dense fashion, 
which can be explained by a limited processivity of the 
RNA polymerase in transcribing the precursors (Figure 
4B). Last, the promoter region is piRNA free (Figure 
4C). Altogether, these bioinformatic analyses indicate 
that most postnatal MILI- and MIWI-associated piRNAs 
are derived from the same precursor transcripts via the 
primary piRNA biogenesis pathway instead of the ping-
pong mechanism.

Transposon-derived piRNAs are processed from precur-
sors but not by the ping-pong mechanism

Although a minor fraction of transposon piRNAs exist 
in the three libraries analyzed, they seems to be a result 
of their residence in the piRNA cluster loci, where they 
are processed as part of the putative piRNA precursors 
rather than through a ping-pong mechanism (Figure 5). 
On the other hand, when intron-containing sequences 
serve as piRNA precursors or a part of a larger piRNA 
precursor, they tend to undergo splicing before they are 
cleaved into piRNAs, as evidenced by our observation 
that unique intron-derived piRNAs are underrepresented 

Figure 4 MILI- and MIWI-associated piRNAs in the adult testis are mostly processed from the same single-stranded precur-
sor transcripts by the primary pathway instead of the ping-pong mechanism. (A) Mapping of the MILI- and MIWI-associated 
piRNAs reveals that they are both derived from the same sets of piRNA cluster loci. Cluster locations are indicated with trian-
gles, whose height is proportional to the number of piRNAs in the cluster. The triangles on the left side of a chromosome de-
note piRNAs derived from the plus strand, while those on the right are from the minus strand. Blue and red triangles indicate 
MILI- and MIWI-associated piRNA clusters, respectively. Only clusters with more than 300 piRNAs are displayed. (B) piRNAs 
in clusters are derived from one or the other genomic strand. While piRNAs in a few clusters are derived from the same ge-
nomic strand along the entire cluster (bottom panel), in most clusters, they abruptly switch to the opposing strand at the cen-
ter of the cluster resulting in a bidirectional profile (upper panel). Only MILI-associated piRNAs in the adult testis are shown. 
Each vertical bar represents one piRNA with the height of the bar reflecting the size of the corresponding piRNA. piRNAs 
from the plus strand are colored green, those from the minus strand are yellow. Arrows indicate the transcription direction of 
the piRNAs. (C) Higher resolution of the bidirectional cluster displayed in B shows that MILI- and MIWI-associated piRNAs 
are derived from the same genomic strands and switch origin of synthesis to the other strand at a same piRNA-free region. 
Only piRNAs cloned from the adult testicular immunoprecipitates are shown. EST and mRNA information from GenBank is 
displayed at the bottom. (D) Alignment of clustered piRNAs shows that they have overlapping sequences. Shown is part of 
the genomic sequence (top line) of the Chromosome 17 cluster and the piRNAs that correspond to this sequence.
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(Supplementary information, Figure S4).

Discussion

In this paper, we have provided definitive evidence 
indicating that piRNAs in postnatal testes are generated 
mostly, if not exclusively, by the primary pathway but 
not ping-pong pathway. This is in contrast to the com-
mon belief that the ping-pong pathway is a major mecha-
nism for piRNA biogenesis during spermatogenesis. 
Furthermore, our results also reveal a possible competi-
tion between MILI and MIWI for the same precursors of 
their piRNAs. This hypothesis is supported by two clear 
lines of evidence: first, MILI and MIWI share common 
piRNA precursors; and second, all of five piRNAs that 
were subjected to northern analysis, as well as total MI-
LI-associated piRNAs as examined by immunoprecipita-
tion experiments of MILI, are significantly upregulated 
in the absence of MIWI (Figure 3). This may be a unique 
feature of the primary processing mechanism involved in 
piRNA biogenesis.

We also noticed that MILI-associated piRNAs at the 
pachytene stage (13 dpp) are relatively rich in sequences 
derived from protein-coding genes. This stage corre-
sponds to an overall increase in transcriptional activity 
[29]. It is possible that some of the resultant mRNAs 
might somehow enter the piRNA biogenesis pathway to 
be processed into the observed gene-derived piRNAs. 
Supporting this view, most of these piRNAs correspond 
to the sense strand of the genes. Our analysis reported 
here points to the importance of elucidating the primary 

processing mechanism, which at present received little 
attention, especially compared to the ping-pong mecha-
nism, and thus remains largely elusive.

Materials and Methods

Mouse strains
The generation and genetic backgrounds of Mili−/− [22] and 

Miwi−/− [14] mice are described previously. The homozygous mu-
tants were obtained by crossing heterozygous males to homozy-
gous mutant females. CD1 strain mice were used as the wild-type 
model and in the identification of the piRNAs associated with 
MILI and MIWI.

Antibodies
MIWI and MILI complexes were immunoprecipitated with the 

R133 anti-MIWI serum [14], and affinity-purified MILI peptide 
antibody [30], respectively.

Immunoprecipitation of the PIWI/piRNA complexes
Immunoprecipitation was performed as described in [30] from 

the crude lysates of mouse testes with the following modifications: 
briefly, mice of the indicated ages were euthanized with cervical 
dislocation or asphyxiation with CO2. Testes were dissected out, 
flash frozen in liquid nitrogen and stored at −80 °C until needed. 
After removing tunica albuginea, they were homogenized in 50 
mM HEPES pH 7.4, 150 mM KOAc, 0.1% Triton X-100, 0.1% 
NP-40, 2 mM MgOAc, 10% glycerol, 1 mM DTT, 80 µ/ml RNase-
OUT (Invitrogen), complete mini EDTA-free protease inhibitor 
cocktail tablet (Roche), 200 µM Cycloheximide with a dounce 
homogenizer for at least 20 strokes under RNase-free conditions. 
Immunoprecipitations were performed overnight at 4 °C using 
protein A-Sepharose beads conjugated with affinity-purified MILI 
peptide antibody or R133 anti-MIWI serum. As the negative con-
trols, antibodies blocked with the antigen peptide as in [30] and 

Figure 5 Transposon-derived piRNAs are processed as part of the precursors. The density distribution of piRNAs at the larg-
est piRNA cluster on Chromosome 17 shows no correlation with the location of transposons.
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antibody-free protein A-Sepharose beads were used for the MILI 
and MIWI immunoprecipitations, respectively.

piRNA cloning and sequencing
For the identification of the piRNAs, co-immunoprecipitated 

RNA was extracted from the immunoprecipitates with TRIZOL 
Reagent (Invitrogen), and 5′ end-labeled with [32P-γ] ATP by T4 
Polynucleotide Kinase (New England Biolabs). Following the 
labeling, the sample was saturated with non-radioactive ATP to en-
sure all the 5′ ends are phosphorylated, which is required to ligate 
the 5′ adapter during the cloning. The samples were purified off 
un-incorporated nucleotides with Sephadex G-25 columns (Amer-
sham Biosciences) and resolved with 10% Urea-PAGE alongside 
end-labeled 10-nucleotide DNA marker (Invitrogen) to distinguish 
the co-immunoprecipitated piRNA population. Under the denatur-
ing conditions that we employed, the DNA marker migrates 10% 
faster than RNA. piRNAs were extracted from the gel and precipi-
tated with NaOAce/EtOH. Cloning was performed as in [31]. The 
adapters were obtained from Integrated DNA Technologies (IDT). 
cDNAs of the piRNAs were amplified with PCR and the result-
ing pi-DNA libraries were identified with high throughput pyro-
sequencing by 454 (Roche).

Denaturing PAGE analysis of piRNAs
The indicated amount of RNA samples were denatured in 50% 

formamide at 55 °C for 15 min. The samples were resolved in 
polyacrylamide gel containing 6 M Urea with 1× TBE. For the 
analysis of the radiolabeled samples, the gels were exposed to X-
ray films (Kodak) or phosphorimager screen.

Small RNA northern blotting
Following denaturing PAGE, the gel was stained with 1 µg/

ml ethidium bromide in 1× TBE for ~15 min to assess the global 
piRNA content and integrity of the samples. Afterwards, the gel 
was de-stained in 1× TBE for ~10 min and transferred onto Hy-
bond-N nylon membrane (Amersham Biosciences) in 1× TBE for 
30 min at 350 milliAmp using Hoefer TE 22 tank transfer unit at 
4 °C. The membrane was dried at 75 °C for 5-10 min. The samples 
were cross-linked to the membrane with UV light of 120 mJ/cm2 
followed by baking at 75 °C for 1 h. The membrane was stored at 
−80 °C until needed or used immediately for probing. Hybridiza-
tions were performed overnight at 42 °C in 5× SSC, 20 mM Na2H-
PO4 at pH 7.2, 7% SDS, 1× Denhardt’s solution, 0.1 mg/ml boiled 
salmon sperm DNA following pre-hybridization in the same buffer 
composition without Denhardt’s Solution for at least 30 min at 42 
°C. Probes were prepared as follows: DNA oligonucleotides with 
reverse complementary sequences for individual small RNAs were 
obtained from IDT and radiolabeled on their 5′ ends with kinase 
reaction. For piRNAs, oligos were LNA modified to yield a Tm 
value of 75 °C (±3 °C). Labeled probes were boiled for 1 min be-
fore adding into the hybridization buffer. Following hybridization, 
blots were washed twice in 1× SSC and 0.1% SDS at 42 °C for 
10 min and analyzed by PhosphorImager. If necessary, blots were 
stripped by boiling in 0.1% SDS for 10 min.

Analysis of the 3′ ends of the piRNAs in the Miwi−/− testis
Modification status of the piRNA 3′ termini was determined 

with β-elimination reaction as in [26]. 40 µg of total RNA from 
a group of 23-24 dpp Miwi−/− testes alongside 23-24 dpp Miwi+/− 

testes was subjected to periodate oxidation and β-elimination. 
Samples were resolved with 20% urea-PAGE and analyzed with 
northern blotting. Controls with no β-elimination were per-
formed alongside experimental samples by substituting H2O for 
NaIO4, borax-boric acid buffer and NaOH. miRNA-16, which is 
not modified on its 3′ end, was used as a positive control for the 
β-elimination reaction.

Probes used for northern blotting
The nucleotides with the “+” sign on their left are LNA-modi-

fied. 
mir-16: CGC CAA TAT TTA CGT GCT GCT A 
U6 snRNA: TGT GCT GCC GAA GCG AGC AC
piRNA probes:
piRNA T4 is a MIWI-associated piRNA, the rest are MILI-

associated.
Transposonic 2: GGA C+CG+GT+C T+GC AG+C TGC TGA 

GTC GTA
Ant i - sense exonic : GGG ACA CA+C T+CA+GC+A 

C+TC+CT+T TGC A
Sense intronic 1: GGG CAG GTG+AG+A G+GA+TCC ATG 

GCC CA
Repeat-associated 1: TA+T CA+T A+GT +CA+T CA+T CA+T 

C+AT +CG+T CA
piRNA T4: TAG ACA ATT TTC AGT GTC CTA AGC TGT 

CTA

Preliminary bioinformatic processing of small RNA librar-
ies

Cloned small RNA sequences were first clipped off the link-
ers. We were able to clip more than 92% of the sequences in each 
library (Supplementary information, Figure S1A). Over 80% of 
the total small RNAs fell into the clipped clones of 18-35 nt size 
range in the MILI immunoprecipitates, and 20-39 nt size range 
in the MIWI immunoprecipitates. These piRNAs were defined as 
MILI- and MIWI-associated piRNAs, respectively. Following this 
classification, piRNAs were mapped to the mouse genome (mm9) 
for further analysis allowing up to 2 mismatches, which includes 
insertions, deletions and substitutions. More than 72% of the total 
cloned sequences could be mapped on the genome in each library.

Small RNA annotation and size profile analysis
Small RNAs that can be mapped to rRNA, tRNA, snoRNA, 

snRNA were annotated and defined as “cellular RNAs”. mirBase 
depository was used for microRNA annotation. The annotation 
information from RepeatMasker was referred for transposon an-
notation. As for the gene annotation, Ensembl database was used. 
Size profile of the small RNAs was evaluated with the small RNA 
abundance normalized to the sequencing depth in each library 
(Supplementary information, Figure S1B). 

Small RNA sequence feature and ping-pong signature anal-
ysis

piRNAs were analyzed for their overall base composition in 
their first 10 nt (5′ end) and in their last 10 nt (3′ end), as well 
as in their surrounding sequences. The cloning frequency of the 
piRNAs was integrated into the analysis. piRNA partners that are 
complimentary to each other on their 5′ ends (10 nt off-set) among 
the libraries were determined as previously reported [2-7]. As a 
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negative control, a simulation was performed with the random-
ized sequences that were created based on the frequencies of the 
bases in the libraries. From 7-8 dpp to adult stage, MILI-bound 
piRNAs are always biased to 24-28 nucleotides long. Meanwhile, 
we noticed that MILI 7-8 dpp piRNAs have broader range in size 
compared to 13 dpp and adult stages. Comparatively, adult MIWI-
bound piRNAs are biased to 29-31 nucleotides in size.

piRNA cluster analysis
A piRNA cluster was defined as a group of piRNAs with at least 

50 piRNAs, where the piRNAs are less than 1 500 bp away from 
each other. Each clone that maps to only one location (defined as 
“unique”) on the genome was counted as one piRNA, while those 
that map to x number of locations were counted as 1/x piRNA in 
the estimation of the piRNA amount in a cluster with the exception 
in Figure 5, where every clone was counted as 1 piRNA regardless 
of the number of regions that they map to. The number of piRNAs 
per cluster has also been normalized based on the sequencing cov-
erage of the library. MILI-associated piRNAs of 7-8 dpp, 13 dpp 
and adult testes yielded 16, 22 and 21 clusters, respectively, and 
25 clusters were estimated for the MIWI-associated piRNAs in the 
adult. These clustered piRNAs cover 46%, 51%, 71% and 84% of 
the piRNAs in the libraries of MILI7-8 dpp, MILI13 dpp, MILI-
adult and MIWI-adult immunoprecipitates, respectively.
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