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A germline-specific class of small RNAs binds

mammalian Piwi proteins

Angélique Girard"?, Ravi Sachidanandam’, Gregory J. Hannon' & Michelle A. Carmell*

Small RNAs associate with Argonaute proteins and serve as
sequence-specific guides to regulate messenger RNA stability,
protein synthesis, chromatin organization and genome struc-
ture'”. In animals, Argonaute proteins segregate into two sub-
families*. The Argonaute subfamily acts in RNA interference and
in microRNA-mediated gene regulation using 21-22-nucleotide
RNAs as guides. The Piwi subfamily is involved in germline-
specific events such as germline stem cell maintenance and
meiosis. However, neither the biochemical function of Piwi
proteins nor the nature of their small RNA guides is known.
Here we show that MIWI, a murine Piwi protein, binds a
previously uncharacterized class of ~29-30-nucleotide RNAs
that are highly abundant in testes. We have therefore named
these Piwi-interacting RNAs (piRNAs). piRNAs show distinctive
localization patterns in the genome, being predominantly
grouped into 20-90-kilobase clusters, wherein long stretches of
small RNAs are derived from only one strand. Similar piRNAs are
also found in human and rat, with major clusters occurring in
syntenic locations. Although their function must still be resolved,
the abundance of piRNAs in germline cells and the male sterility of
Miwi mutants suggest a role in gametogenesis.

In multiple organisms, mutations in Piwi-family genes cause
defects in germline development®. In flies, piwi mutations have
both cell autonomous and non-autonomous effects on female germ-
line stem cells®’. In addition, both Piwi and Aubergine are important
for repression of repetitive elements® . In mammals, expression of
the three Piwi subfamily members, MIWI, MILI and MIWI2, is
mainly germline-restricted. Moreover, mice bearing targeted
mutations in Miwi (ref. 16), Mili (ref. 17) and Miwi2 (M.A.C.,
A.G. and G.J.H., unpublished data) are male-sterile with distinct
defects in spermatogenesis. Therefore, we searched for potential
small RNA guides for mammalian Piwi proteins in the male germ
line. As a first step, we surveyed small RNA populations in testes by
pCp labelling (not shown). In addition to a 21-22-nucleotide species,
a species of 30 nucleotides was strongly labelled. In parallel, we
prepared total RNA from several mouse tissues and visualized
small RNAs by staining with SYBR gold. Although this technique
could barely detect microRNAs (miRNAs), a prominently staining
30-nucleotide RNA species was visible specifically in testis RNA
(Fig. 1a and Supplementary Fig. S1). These small RNAs were cloned
using established procedures'®, and three sequenced RNAs, piR-1,
piR-2 and piR-3, were used in northern blot analyses to confirm
tissue specificity (Fig. 1b—d).

As these RNAs were abundant in testes, they represented possible
small RNA partners for Piwi proteins. We therefore examined MIWI
immunoprecipitates for their presence. Northern blotting revealed
that the ~30-nucleotide piR-1 RNA species specifically co-purified
with MIWI but not with Ago2. Similar results have been found
with other randomly selected piRNAs (not shown). Interestingly, a

~22-nucleotide version of piR-1 was observed under some con-
ditions, but the generality of such variants is unclear (not shown).
Probing the same immunoprecipitates for let-7c showed a strong and
specific signal in Ago2 complexes, but minimal signal in MIWI
immunoprecipitates. Although MIWI may also function together
with miRNAs, our results indicate that its major binding partner, and
perhaps that of other Piwi family members, is a previously unde-
scribed class of ~30-nucleotide small RNAs, which we have termed
Piwi-interacting RNAs (piRNAs).

We obtained a more detailed picture of this new small RNA class
using a highly parallel pyrosequencing methodology'. Some 87,463
reads were obtained, 52,934 of which are classified as candidate
piRNAs (see Supplementary Information). Of these, 26% were
cloned only once, indicating that the piRNA population in testes is
complex but that sufficient sequencing depth was achieved to obtain
a representative sample. One notable feature was an overwhelming
bias for uracil at the first position (Supplementary Fig. S2B). Overall,
94.2% of sequences began with U. Remaining positions did not show
any dramatic biases. Although the underlying cause of this unusual
pattern is unknown, a less extreme 5’ nucleotide bias has been noted
in other classes of small RNAs, including repeat-associated siRNAs
(rasiRNAs), miRNAs and effective short-interfering RNAs (siRNAs)*.

piRNA distribution among chromosomes did not correlate either
with gene density or repeat density. When normalized to chromo-
some length, some chromosomes were piRNA-rich whereas others
were piRNA-poor (Supplementary Fig. S2C). Most piRNAs (83.7%)
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Figure 1| Novel testis-specific small RNAs associate with MIWI. a, SYBR
gold staining of 20 pg of total RNA from various mouse tissues.

b-d, Northern blot analyses using three cloned sequences: piR-1 (b), piR-2
(c) and piR-3 (d). e, Immunoprecipitates from testis extracts with antibodies
directed against Argonaute2 and MIWI were analysed by northern blotting,
using piR-1 and let-7c as probes. Size (nucleotides) is shown along the left of
each panel.
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mapped uniquely in the genome (Supplementary Fig. S2D). Seventeen
per cent mapped to repeats, including short interspersed elements
(SINEs), long interspersed elements (LINEs), long terminal repeat
(LTR) retrotransposons, and a variety of other repeat classes (Sup-
plementary Table S1). Very few mapped to major and minor satellites
that comprise the mouse centromere and none mapped to telomeric
repeats. Although repeat-associated piRNAs form a significant por-
tion of the total, this fraction is much less than would be expected
based on a random distribution. Thus, mammalian piRNAs are not
likely to be functional equivalents of Drosophila rasiRNAs, which are
~23-26nucleotides in length and mostly derived from various
classes of transposons. However, resolution of this issue will await
a fuller understanding of both classes of RNAs and the identification
of an Argonaute binding partner for rasiRNAs.

An examination of the 52,329 piRNAs that map to between one
and five discrete loci revealed a non-uniform distribution in the
genome. This analysis showed clustering of approximately 50,331
(96.2%) piRNAs into only a relatively small number of loci (Sup-
plementary Table S2). Overall, most chromosomes contained identi-
fiable clusters (Fig. 2a and Supplementary Tables S2 and S3). At the
depth of our present study, we found that the major clusters range in
size from 10 to 83 kilobases and contain between 10 and 4,500 small
RNAs. They generally occur in gene- and repeat-poor regions,
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Figure 2 | Properties of the piRNA clusters. a, Absolute number of piRNA
clusters per chromosome. b, Density analysis of exons (top), repeats
(middle) and piRNAs (bottom, with positive strand in red and negative
strand in green) along chromosome 17. Peaks correspond to clusters of 10 or
more piRNAs. ¢, Strand bias of piRNAs. d, Strand specificity of piRNAs was
analysed by northern blotting, using piR-1 sense and antisense probes.

e, Non-uniform distribution of piRNAs across clusters shown by northern
blotting using the frequently cloned piR-3 (green), and an uncloned,
immediately adjacent region (black). Size (nucleotides) is shown along the
left of panels d and e.
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although rare expressed sequence tags (ESTs) from these loci were
often derived from testis libraries.

As one example, chromosome 17 contains 3,885 clustered piRNAs
as compared to 111 piRNAs that map as non-clustered orphans
(Fig. 2b). A detailed view of one large cluster revealed an asymmetric
distribution of piRNAs along each genomic strand (Fig. 2¢). The
cluster began proximal to the centromere with a 43,400-base-pair
stretch containing 1,371 piRNAs along the upper strand and then
switched abruptly to a 49,300-base-pair stretch containing 1,290
piRNAs along the lower strand. Additional bi-directional clusters
were found, although the two arms were not always of equal length.
Other clusters were found only on one strand (unidirectional, see
Supplementary Fig. S3 and Supplementary Table S2). Indeed, vir-
tually all piRNA clusters showed a profound strand asymmetry.
Density maps of piRNAs along the remaining mouse chromosomes
can be found in Supplementary Figs S3-S11.

Mature piRNAs were single-stranded, as verified by northern
blotting for each strand of a selected piRNA (Fig. 2d). When piRNAs
were detected from protein-coding genes, they almost invariably
arose only from the sense strand of the mRNA. The piRNA-generating
loci themselves were not obviously enriched for secondary structure.
Although some clusters did arise from a complex series of direct or
inverted repeats, these were in the minority. Within any given cluster,
there appeared to be gaps in piRNA production. This was confirmed
by probing northern blots with immediately adjacent sequences, one
of which matched a piRNA recovered in our sequence analysis
(Fig. 2e). Such gaps could reflect the fact that different piRNAs
show substantial variation in abundance, with low-abundance
piRNAs being absent from our sequencing and not detected by
northern blotting. Considered together, our observations seem to
be at odds with conventional mechanisms for producing small RNAs
through Dicer- and Drosha-mediated cleavage of double-stranded
RNA precursors. However, there are examples, such as target-
dependent accumulation of siRNAs in Caenorhabditis elegans,
where apparently conventional small RNA generation mechanisms
can give rise to a severely asymmetric population (Grishok, A. and
Mello, C. C., personal communication®").

By SYBR gold staining, we also detected potential piRNA popu-
lations in testes of other mammals, including human, rat and bull
(not shown). However, only a small number of mouse piRNAs could
be mapped to the genomes of other species. We therefore sequenced
candidate piRNA populations from human and rat testes, obtaining
52,099 and 47,024 sequences, respectively. The human and rat
piRNAs have the same defining characteristics as mouse piRNAs,
being roughly 29-30 nucleotides in length, having a strong bias for U
in the first nucleotide, and clustering in their respective genomes.
Despite a lack of primary sequence conservation, bi-directional
clusters of piRNAs were found on human chromosome 6 and rat
chromosome 20 at loci that correspond to the mouse chromosome
17 cluster shown in Fig. 2¢ (Fig. 3a). Indeed, the vast majority of large
mouse piRNA clusters existed at syntenic loci in human and rat,
whereas smaller clusters were much less likely to be found at
corresponding chromosomal positions in other species (Fig. 3b
and Supplementary Tables S3 and S4).

The mouse testis contains several distinct cell types including germ
cells, Sertoli cells and Leydig cells. Northern blotting indicated that
piRNAs are present in germ cells, as piRNAs were absent from a c-kit
mutant (W/Wv) that lacks germ cells and from a Sertoli cell line
(TM4) (Fig. 4a). These RNAs were also lacking from the epididymis,
suggesting an absence from maturing and mature sperm. The first
wave of spermatogenesis initiates shortly after birth and occurs fairly
synchronously throughout the organ. Therefore, distinct cell types
appear at defined times postnatally. Thus, the timing of the appear-
ance of piRNAs provides clues to the stages of spermatogenesis in
which they might act (Fig. 4b). piRNAs first became visible at 14 days
post partum, which corresponds to the time when cells enter the
pachytene stage of meiosis. Abundance increased steadily to reach
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adult levels at day 17-18. Overall, these data indicate that piRNAs are
abundant in cells beginning at prophase of meiosis I and are lost at
some point before the production of mature sperm. This corresponds
to the time when all three members of the Piwi family in mouse are
expressed and the time during gametogenesis when effects of
mutations in these genes are apparent.

Cell-based and biochemical systems have given us an increasingly
deep understanding of the mechanisms by which Argonaute family
proteins use small RNAs to enforce gene silencing. However, the
biochemical function of an entire clade of Argonaute proteins, the
Piwi proteins, has remained a mystery, partially because their
expression is largely restricted to cells undergoing gametogenesis, a
process that is difficult to reproduce ex vivo. Here, we provide
biochemical evidence for a new class of small RNAs that act as
binding partners for the Piwi family. Although this represents an

LETTERS

important step in illuminating Piwi function, many questions
remain, particularly the biochemical function of the Piwi—piRNA
complex. By analogy to the better understood Argonaute proteins,
piRNAs are probably used to recognize substrates through base-
pairing interactions. Given genetic analysis of the Piwi family and the
timing of piRNA accumulation, it is tempting to imagine that these
complexes perform essential functions during gametogenesis. For
example, localized production of large quantities of unique RNAs
could facilitate homology searching and chromosome pairing. If
Piwi—piRNA complexes function in this manner, then either piRNAs
must exist at some level in the ovary or there must be marked
differences between male and female meioses. The piRNAs might
alternatively be involved in regulating gene expression profiles or
genome structure during gametogenesis. Development from primor-
dial germ cells to mature sperm represents a period of substantial
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Figure 4 | piRNAs are germ cell specific and developmentally regulated.
a, Germ cell specificity of the piRNAs. We examined the presence of piRNAs
in somatic cells and sperm by SYBR gold staining and northern blot analysis
using piR-1. b, Developmentally timed appearance of piRNAs. Testes were
harvested during the first wave of spermatogenesis and assayed for the
presence of piRNAs by SYBR gold staining and northern blotting using
piR-1. Size (nucleotides) is shown along the left of each panel.

epigenetic fluidity, and mutations that disrupt the ability of cells to
carry out epigenetic programming are known to have meiotic
phenotypes®*™*. Finally, spermatogenesis involves dynamic regu-
lation of both global protein synthesis and translation of individual
mRNAs, and analogies to miRNA-mediated repression suggest
possible roles for piRNAs in these processes. Comparative genomics
has revealed conservation of the piRNA-producing capacity of a
locus, rather than conservation of the piRNAs themselves. This may
indicate that the key to the function of piRNAs may not be in their
precise sequence. Instead, their function may stem from the fact that
they are produced in large numbers from unique loci in the genome.
Genetic studies of these complex RNA populations, combined with
biochemical characterization of the complexes that contain them,
will ultimately be required to fit this new addition to the small RNA
world into our evolving picture of the biological roles of the
Argonaute gene family.

METHODS

Total RNA was prepared using Trizol (mouse, rat) or purchased from Ambion
(human). Small RNAs were separated by 15% denaturing polyacrylamide gel
electrophoresis and stained with SYBR gold. Immunoprecipitations were carried
out using a rabbit polyclonal antibody to MIWT after lysis of testis in RIPA or
Triton buffer. Small RNA northern blots were carried out essentially as described
previously”. Probe sequences can be found in Supplementary Methods. Small
RNA cloning was done as in ref. 18, and large-scale sequencing done as
recommended by 454 Life Sciences. Detailed protocols and bioinformatics
methods are available as Supplementary Information.
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