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SUMMARY

Piwi proteins specify an animal-s pecibc sub-
class of the Argonaute family that, in verte-
brates, is specibcally expressed in germ cells.
We demonstrate that zebrabsh Piwi (Ziwi) is
expressed in both the male and the female
gonad and is a component of a germline-
specifyin g structur e called nuage. Loss of Ziwi
function results in a progressive loss of germ
cells due to apoptosis during larval develop-
ment. In animals that have reduced Ziwi func-
tion, germ cells are maintained but display
abnormal levels of apoptosis in adults. In
mammals, Piwi protein s associate with approx -
imately 29-nucleotide -long, testis-spe ciPc RNA
molecules called piRNAs. Here we show that
zebrabsh piRNAs are present in both ovary
and testis. Many of these are derived from
transpos ons, implicating a role for piRNASs in
the silencing of repetitive elements in verte-
brates. Furthermore, we show that piRNAs are
Dicer independent and that their 3° end likely
carries a 29-Methyl modibcation.

INTRODUCTION

Argonaute proteins represent a large protein family of
which members are found in archaebacteria and eukary-
otes (Carmell et al., 2002). These proteins are at the core
of an RNA-silencing machinery that uses small RNA mole-
cules as guides to identify homologous sequences in
RNA or DNA. The effects that are induced by Argonaute

proteins include the induction of histone and DNA methyl-
ation, deletion of DNA sequences, mRNA breakdown, and
inhibition of translation; the specibcity of these processes
is in part determined by the identity of the Argonaute pro-
tein involved (Zamore and Haley, 2005). Argonaute pro-
teins are characterized by the presence of two protein
domains: the PAZ domain and the Piwi domain. The PAZ
domain is an RNA-binding motif that has been shown to
bind the 3% end of short RNAs, and the Piwi domain is
structurally similar to the RNaseH catalytic domain (Lingel
and Sattler, 2005; Parker and Barford, 2006). Some Argo-
naute proteins have been shown to possess endonucleo-
Iytic activity (Liu et al., 2004), cleaving the target mRNA
opposite the phosphodiester bond between bases 10
and 11 of the small RNA (Elbashir et al., 2001).

In animals, the Argonaute protein family can be sub-
divided into two distinct classes (Figure S1). The most
well-studied class is the Ago family. Ago proteins have
been shown to function together with short interfering
RNAs (siRNAs)and micro RNAs (miRNAs; Carmell et al.,
2002). These small RNAs are derived from inter- or intra-
molecular double-stranded RNA (dsRNA) molecules, re-
spectively, through processing by an RNaselll enzyme
named Dicer (Bernstein et al., 2001). Then, one of the
two strands of the approximately 21 nucleotide product
is loaded into an Argonaute protein. In mammals siRNAs
associate primarily with Ago2, while miRNAs are found
in association with all four Ago family members (Liu
et al., 2004; Meister et al., 2004). The thermodynamic
properties of the double-stranded intermediate inBuence
which strand will complex with the Argonaute protein
(Khvorova et al., 2003; Schwarz et al., 2003). In extreme
cases, as with most miRNAs, only one of the two strands
is incorporated. In contrast, usually both strands of an
siRNA duplex can be found in Argonaute complexes,
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though the relative abundance of each may differ. The
Argonaute-small-RNA complex (RISC, RNA-Induced
Silencing Complex) then uses the small RNA to identify
and silence homologous targets.

The second branch of the Argonaute proteins in animals
represents the much more poorly understood Piwi pro-
teins, which are named after the founding member of
this class: Drosophila Piwi (Cox et al., 1998). These pro-
teins also contain both a PAZ and a Piwi domain, and
some have been shown to be involved in RNAI-like pro-
cesses in Drosophila (Pal-Bhadra et al., 2002). In most
animals studied so far, Piwi proteins are expressed
specibcally in the germline (Cox et al., 2000; Kuramochi-
Miyagawa et al., 2001). In contrast to the Ago-family mem-
bers, the Piwi proteins do not (or do, but to a lesser extent)
associate with siRNAs and/or miRNAs. Only recently did it
become clear that the Piwi proteins in mammals associate
with a separate class of germ-cell-specibc small RNA
molecules named Piwi-Interacting RNAs (piRNAs; Aravin
et al., 2006; Girard et al., 2006; Grivna et al., 2006a; Lau
et al., 2006). However, the function of these piRNAs has
not been determined.

It is unclear so far whether the function of Piwi in germ-
line development is evolutionarily conserved from inverte-
brates to vertebrates. In Drosophila, Piwi has been shown
to be required for the maintenance and behavior of germ-
line stem cells through both cell-autonomous and cell-
nonautonomous mechanisms (Cox et al., 1998, 2000). In
addition, Piwi and a second family member, Aubergine
(Aub), have been shown to play a role in RNAIi (Kennerdell
et al., 2002; Pal-Bhadra et al., 2002). Similarly, the two
piwi-related genes in C. elegans, prg-1 and prg-2, are
also required for the maintenance of mitotic germline
stem cells (Cox et al., 1998). By contrast, Piwi expression
in mammals appears to be limited to the male germline,
and mutations in the mouse piwi genes miwi and mili affect
meiotic progression of developing sperm but do not affect
the maintenance of mitotic germ cells (Deng and Lin,
2002; Kuramochi-Miyagawa et al., 2004). Here we present
a study on ziwi and associated piRNAs, implicating roles in
germ cell maintenance and transposon silencing in the
germline of the zebrabsh. Our data also suggest a Dicer-
independent pathway for piRNA production.

RESULTS

The Zebrabsh Genome Encodes Two Piwi Homologs

In the zebrabsh genome (Ensembl version 41) two clear
Piwi homologs can be identibed among all the known or
predicted proteins: ENSDARGO00000041699 (ziwi) and
ENSDARGO00000062601 (zili, or piwil2). Sequence com-
parison with piwi members from other species reveals
that Ziwi most likely is the ortholog of the mammalian
MIWI and HIWI proteins (Figure S1A), while Zili clusters
with HILI and MILI. In this study we focus on ziwi. Using
in situ hybridizations we bPndthat ziwi expression is gonad
specibc as previously shown (Tan et al., 2002) and is ex-
pressed only in germ cells (Figures 1 and S1B). These
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results are further supported by RT-PCR on RNA from
wild-type and agametic testis (Weidinger et al., 2003;
Figure S1C).

Ziwi Localizes to Nuage in Early Embryos

and Germ Cells

Using an afbnity-puribed version of the Ziwi antibody that
recognizes a gonad-specibc protein of approximately
95 kDa (Figure 1A), we performed immunohistochemistry.
We bnd that maternally provided Ziwi protein localizes to
granules that cluster along the cleavage planes in two
and four cell embryos, which is strikingly similar to the
characteristic localization of vasa mRNA at these stages
(Figure 1B; Yoon et al., 1997). This structure has been de-
scribed before as nuage, and cytoplasm containing this
structure has been shown to be necessary for primordial
germ cell (PGC) specibcation in zebrabsh (Hashimoto
et al., 2004).

After 24 hr of development we detect Ziwi only in PGCs.
In these cells Ziwi localizes to large perinuclear aggre-
gates, similar to what has been previously described for
the Vasa and Dead-end proteins (Weidinger et al., 2003).
To test whether these perinuclear Ziwi granules corre-
spond to those previously described granules, we injected
mRNA encoding a myc-tagged version of Vasa and as-
sayed for colocalization. Indeed, we bnd perfect colocali-
zation of Ziwi and Myc-Vasa in these granules (Figure 1C).

In the adult, Ziwi is found in both female (Figures 1D and
1E)and male germ cells (Figure 1F), where expression ap-
pears strongest in the mitotic and early meiotic stages of
germ cell differentiation. In later stages of oogenesis we
Pnd Ziwi to be localized in granules along the cortex, are-
gion where vasa mRNA is also located (Braat et al., 1999).
Lastly, we bnd that Ziwi is a predominantly cytoplasmic
protein, as judged from the steady-state levels revealed
by immunohistochemistry.

Loss of Ziwi Triggers Germ Cell Apoptosis

To study the role of the Ziwi in development and function
of the zebrabshgermline, we screened for mutant allelesin
ENU-mutagenized libraries (Draper et al., 2004; Wien-
holds et al., 2003). We identibed three premature stop al-
leles and two missense mutations that are predicted to be
deleterious (Figure 2A). In all allelic combinations exam-
ined so far, we have found that ziwi homozygous mutants
are viable. As adults, however, 100% of the animals
homozygous for the premature stop alleles are pheno-
typically male (see Supplemental Data) and are agametic,
indicating that Ziwi function is required for germ cell de-
velopment (Figure 2B).

We brstdetermined at what developmental stage germ
cells were lost in ziwi mutants. Using vasa as a marker
(Yoonetal., 1997),we found that wild-type and mutant go-
nads had similar germ cell numbers at two weeks of age,
indicating that zygotic expression of ziwi was not required
for the specibcation or early maintenance of germ cells
(Figures S2A and S2B). In contrast, in 3-week-old gonads,
germ cells were greatly reduced or absent in ziwi mutants,
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while they were readily detectable in wild-type (Figure 2D).
At 40 days of development no germ cells can be detected
inziwi mutants (Figure S2F; Table S1). Because vasa is ex-
pressed not only in PGCs but also in differentiating germ
cells, these data argue that ziwi mutant germ cells do
not enter a germ cell differentiation pathway.

We next asked if germ cells in ziwi mutant gonads were
disappearing as a result of apoptosis. We assayed for the
presence of apoptotic cells at 3 weeks of development in
both wild-type and mutant gonads by scoring for the pres-
ence of Caspase-3 immunoreactivity. We observe apopto-
sis in mutant gonads but not in those isolated from wild-
type bsh (Figure 2E). This result suggests that loss of germ
cells inziwi mutants is aconsequence of apoptosis. We can-
not at this time, however, rule out the possibility that some
ziwi mutant germ cells take on a somatic cell fate.

We also examined animals that had reduced levels of
Ziwi function. We found that animals carrying one mis-

Ziwi TO-PRO3

Figure 1. Ziwi Subcellular Locali zation
(A) Western blot shows specibc expression of
Ziwi in testis and ovary.

(B) Ziwi protein is maternally provided and
localizes to granules at the cleavage planes in
four cell embryos similar to vasa mRNA.

(C)At 24 hpf Ziwi (red)localizes to distinct peri-
nuclear granules in the PGCs (upper two
panels). These granules also contain Vasa
(lower three panels).

(D) Ziwi (red) in ovary is expressed in oogonia
and stage | oocytes. Vasa (in green) is ex-
pressed in all stages of oogenesis. Stages of
oogenesis are oogonia (OG), stage | oocytes
(7D140mm; 1), stage Il oocytes (140D340mm;
1), stage Il oocytes (340D690mm; not in picture;
1ll), and stage IV oocytes (0.69D0.73 mm;
Selman et al., 1993).

(E)Ziwi expression in various stages of oocytes
is visualized by DAB staining to reveal lower
levels of expression in later stage oocytes. |
indicates oogonia; Il indicates Stage I; Ill indi-
cates Stage Il; IVindicates Stage Ill; and Vindi-
cates Early stage V. Scale bar is 100 nm.
(F)Ziwi (left panel, red, or right panel, brown) in
testis is expressed in spermatogonia and sper-
matocytes. Stages of spermatogenesis are
spermatogonia (SG), spermatocytes (SC),
spermatids (ST),and sperm (S).

sense allele (N686K) and one premature stop allele
(Q543STOP)have germ cells as adults but display varying
degrees of fertility (not shown). To determine the cause of
subfertility, we asked if ziwi(Q543STOP/N686K) individ-
uals had an increase in apoptosis compared to wild-type
as evidenced by Caspase-3 immunostaining. Indeed, we
Pnd elevated levels of apoptosis (Figure 2C). We cannot
assign all the apoptosis events to one particular stage of
sperm development; rather we bnd that various stages
of differentiating sperm cells enter apoptosis. As a result
of the ongoing apoptosis of the germ cells, the transheter-
ozygous bsh show a clear reduction in the number of
mature sperm in the tubules (Figure 2C). We also ob-
serve a small but consistent increase in apoptosis in
ziwi(Q543STOP/+) animals. Together, these results argue
that the role of ziwi in preventing germ cell apoptosis is
dose dependent, although we cannot say whether this
role is direct or indirect.
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Zebrabsh piRNAs Are Present in Both Male
and Female Germline
In mammals, Piwi proteins interact with a new class of
germ-cell-restricted small RNAs (! 26D30 nucleotides
long) called piRNAs. We therefore asked if a similar popu-
lation of RNAs exists in zebrabsh germ cells. Indeed we
found that a population of small RNAs, ! 26D30 nucleo-
tides long, could be visualized simply by SYBRGold stain-
ing (Figure 3A). However, in contrast to mammals, not only
testis but also ovary expresses these small RNA mole-
cules, albeit at lower levels. In no other tissue have we
seen a similar population. We isolated the approximately
28 nucleotide population from both ovary and testis
and performed large-scale sequencing. The results are
summarized in Table 1.

To conbrmthat the sequences we obtained correspond
to RNAs expressed specibcally in gonads, we performed
northern blot analysis. All probes that gave a detectable
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Figure 2. Ziwi Is Necessary for the Main-
tenance of the Germline

(A)Overview of Ziwi with PAZ and PIWIdomain
is shown. DDH motif is indicated by arrow-
heads. Three STOP mutationsNQ543STOP
(hu2479), R561STOP (fh219), and Y728STOP
(fh221)Nand two missense mutationsN
N686K (hu2410) and 1694N (fh222)Nare
located in the PIWI domain of ziwi.
(B)Hematoxylin and eosin staining of wild-type
(left), ziwi(Q543STOP/N686K) (middle), and
ziwi(Q543STOP) (right) testis is shown.
Ziwi(Q543STOP/N686K) testis show fewer
germ cells with almost no sperm. Ziwi(Q543-
STOP) mutants have germ cell-depleted testis.
(C)Caspase-3 staining (brown) shows apopto-
tic cells, indicated by arrows. In wild-type testis
very few apoptotic cells are observed. Hetero-
zygous ziwi(Q543STOP/+) testis show several
apoptotic cells, but overall morphology is
wild-typ e. Ziwi(Q543STOP/N686K) transheter-
ozygous mutants have few, if any, sperm cells,
and many germ cells are apoptotic.

(D) Whole mount in situ hybridization of wild-
type and ziwi(R561STOP/Y728STOP) gonads
at 20 dpf, with staining for vasa, is shown.
Loss of Ziwi leads to a strong reduction in the
amount of vasa positive cells.

(E) Caspase-3 staining of wild-type and
ziwi(hu2479/hu2479) animals at 21 days of
development is shown. The developing germ-
line is indicated. Wild-type gonads (n = 3) do
not show apoptosis at this point in time,
whereas the mutant gonads (n = 3; brown
cells) do.

signal on a northern blot produced a gonad-specibc signal
of the predicted length (approximately 28 nucleotides;
Figures 3C and S3A). Furthermore, these molecules are
sensitive to treatment with RNaseA (Figure S3B), and frac-
tionation of ovarian extracts over both a size-exclusion
column and an ion-exchange column shows perfect co-
fractionation of Ziwi and small RNA, strongly suggesting
that these RNAs are bound by Ziwi (Figures 3ED3F).We
will therefore refer to these RNAs as piRNAs.

Zebrabsh piRNAs have a strong U bias at the most 5°
position (Figure S4A) and display a Gaussian length distri-
bution with a single peak around 26©28nucleotides (Fig-
ure 3B). When the surrounding sequences of the potential
small-RNA-producing loci were analyzed for the potential
to produce miRNA-like precursor molecules, it was clear
that the vast majority of the piRNA sequences (approxi-
mately 94%) were most likely not derived from such hair-
pin precursor molecules (not shown). In addition, piRNAs
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Figure 3. Zebrabsh piRNAs in Ovary and Testis

(A)SYBRGold staining of 20 ng total RNA is shown. A 28 nt band is visible in testis and ovary but not in bn.

(B) Length distribution of cloned small RNAs from zebrabsh ovary and testis is shown.

(C) Ovary- and testis-spec ibc detection of small RNAs by northern blotting is shown. Sense indicates a probe with same sequence as the cloned
piRNA sequence.

(D) Graphic representation of the overlap between ovary and testis libraries. In the overlap regions the number of ovary (O)- and testis (T)-derived
reads that contribut e to the total number of loci or nonredundant sequences are indicated. Loci are dePned as regions where two different piRNAs
are maximally 1 kb apart.

(E)Ziwi cofractionates with piRNAs on a size exclusion column. Upper panel shows western blot for Ziwi. Lower panels show northern blots for piR-28
and piR-31.

(F)Ziwi cofraction ates with piRNAs on a Resource S column eluted with a salt gradient from 100 mM to 1 M NaCl. Upper panel shows western blot for
Ziwi. Lower panel shows northern blot for piR-28.

(G)A view from the UCSC browser displays a part of chromosome 8. Red bars depict piRNA reads originating from the positive strand, and blue bars
depict reads from the negative strand. Other features of this region are indicated in the bgure.
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Table 1. Identib ed RNA Species

# Reads # Reads
RNA Class Ovary %  Testis %
Known miRNA 391 1 797 1
Noncoding RNA 1,137 3 1,117 2
piRNA 42,856 96 67,958 97
Nonrepeat piRNA 21,241 50% 45,899 682
Simple repeat piRNA 7,074 16 7,922 112
Repeat piRNA 14,541 342 14,137 212
Nonrepeat; intergenic 18,010 85° 37,645  82°
Nonrepeat; exon 1,599 7 4,786 10°
Nonrepeat; intron 1,632 8> 3,468 8P
LTR 9,385 65° 8,219 58°
LTR +strand 2,225 24 3,387 41
LTR" strand 7,160 76 4,832 59
NonLTR 1,677 18° 2,114 15°¢
NonLTR +strand 934 34 942 47
NonLTR " strand 1,743 66 1,172 53
DNA 1,813 12¢ 3,201 23°¢
DNA +strand 884 49 1,431 45
DNA " strand 932 51 1,770 55
GypsyDR1 +strand 102 8 204 21
GypsyDR1 " strand 1,242 92 787 79
GypsyDR2 +strand 33 3 89 22
GypsyDR2 " strand 1,039 97 322 78

piRNAs are split into three categories: Nonrepeat, simple
repeat, and repeat. Nonrepeat piRNAs have been split into
three groups: intergenic, intronic, and exonic. The repeat-
associated piRNAs have been split into three categories:
those matching to LTR, nonLTR, and DNA transposons. For
each class it is indicated how many piRNAs map to the
respective element and to which strand with regard to the
transposon. Two LTR elements are shown in detail (Gyp-
syDR1 and GypsyDR2; numbers ref3ect summary of all
GypsyDR1 and DR2 elements in the genome). Noncoding
RNA: tRNA, rRNA, snRNA, and snoRNA.

@ Percentages are given with respect to total piRNA collection.
b Percentages are given with respect to nonrepeat-associated
piRNAs.

¢ Percentages are given with respect to repeat-associated
piRNAs.

display a very strong strand asymmetry (Figures 3C and
3G). Both ovary and testis libraries are not saturated; ap-
proximately 90% of the sequences have been read only
once. However, the vast majority of the ovary- and tes-
tis-derived sequences derive from the same loci (Figures
3D and S5). This most likely indicates that piRNAs are
not produced as specibc sequences but are representa-
tives of discrete loci in the genome. Interestingly, when
piRNA densities between ovary and testis are compared,
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Figure 4. piRNA Expression

(A)Northern blot for piRNA piR-31 at various developmental stages is
shown.

(B) shows piR-31 and piR-80 in situ hybridization on ovary. Open ar-
rows indicate stage | oocytes, displaying staining in the cytoplasm.
Closed arrows indicate granules along the cortex of stage IlI/IV oo-
cytes. Scale bars are 50 nm.

(C)piR-80 in situ hybridization on testis is shown. Cytoplasmic staining
is observed in all stages, including premeiotic stages, except for
sperm.

(D)GypsyDR1 in situ hybridization on ovary is shown. Nuclear staining
is observed in stage | oocytes and rapidly fades in older stages.

more than 200 loci that have a 10-fold overrepresentation
in ovary compared to testis are observed, compared to
only seven regions that are more abundant in the testis
library (Table S3). All piRNA sequences are deposited at
http://www.ncbi.nlm.nih.gov/geo/ under series number
GSE7131.

piRNA Expression

Northern blot analysis revealed that piRNAs can be trans-
mitted maternally (Figure 4A). To examine the expression
of piRNAs in more detail we performed in situ hybridiza-
tions using LNA oligonucleotides as probes. In summary,
piRNA expression largely mirrors ziwi expression: in ovary,
piRNAs are found in the cytoplasm of primary oocytes and
in maturing oocytes become restricted to the cortex
(Figure 4B). At this time piRNAs are present in granules
much like the granules we observe for Ziwi. In oogonia
and PGCs we do not see expression of piRNAs while
Ziwi is present. This could indicate that Ziwi may have
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functions independent of piRNAs. In testis we bnd cyto-
plasmic expression in all stages except sperm (Figure 4C).
The absence of nuclear staining most likely is signibcant,
as our protocols do allow the detection of nuclear RNA
(Figure 4D).

Genomic Distribution of piRNAs

Many of the piRNA sequences map to sequences that are
annotated as a transposon (34% in the ovary and 21% in
the testis library). Of the nonrepetitive sequences more
than 80% map to intergenic regions. Genes associated
with piRNAs do not show obvious relationships as as-
sessed by GOterms (Table S4). All sequences, both repet-
itive and nonrepetitive, derive from the same clusters
(Figures S5ADS5B)that are widely distributed over the
genome. Within clusters we bnd stretches of sequence
up to several kilobases that are represented by piRNAs
from only one strand, Ranked by regions that are repre-
sented by piRNAs from the other strand (Figure 3G). Inter-
estingly, unlike piRNA clusters in mammalian testis (Aravin
etal., 2006; Girard et al., 2006), strand polarity in zebrabsh
switches back and forth: of the 682 loci that are debPnedby
the presence of ten or more uniquely mapping piRNAs
with a spacing of maximally 1 kilobase, 537 switch strand
polarity more that once (Table S5).

Many zebrabsh piRNAs derive from repetitive se-
quences; this is in stark contrast to mammalian piRNAs
that are signipcantly biased toward nonrepetitive se-
quences (Aravin et al., 2006; Girard et al., 2006). When
analyzed genome-wide, a correlation between piRNA
density and retroelements can be observed. As an exam-
ple we show the transposon density of chromosome 4 to-
gether with the piRNA density (Figure 5A). This correlation
can be seen whether or not we represent the piRNAs
weighted by the number of times they map to the genome.
Many piRNAs map to several loci in the genome. To visu-
alize the areas that are most likely generating these repet-
itive piRNAs, we assign a weight to each piRNA ref3ecting
the number of times it maps to the genome. Some piRNA
peaks disappear when we weigh the piRNAs. These loci
most likely represent regions with mutated and presum-
ably inactive piRNA loci; they show homology to repeat
derived piRNAs but to a small subset only. This analysis
also reveals that the piRNAs that map to only one locus
display a similar distribution pattern compared to the
piRNAs that map to repeated elements. Most likely this
indicates that many of these piRNAs map only once
because they map to a uniquely mutated version of a re-
petitive sequence.

When analyzed in more detail it becomes evident that
piRNAs preferentially derive from LTR elements; approxi-
mately 8% of all transposon-related repeats in the ge-
nome correspond to LTR elements, whereas we bnd that
approximately 60% of the repeat-derived piRNAs stem
from LTR elements (Table 1). We also detect a strong
strand bias for ovarian piRNAs and, to some extent, testic-
ular piRNAs with regard to the orientation of nonDNA
transposons, with piRNAs mainly deriving from the anti-

sense strand (Table 1). This effect is particularly strong
for the GypsyDR1 and GypsyDR2 elements as shown in
Figures 5BbB5Cand Table 1. When we plot all the piRNAs
that match an LTR transposon or fragments thereof
against a consensus sequence of the complete element,
acharacteristic phasing pattern arises: peaks of antisense
piRNAs are seen every 200D300nucleotides. As examples
we show this for GypsyDR1 and GypsyDR2 (Figures 5Db
5E),but we also see this for other LTR elements like Ngaro.
The patterns from ovary- and testis-derived sequences
are very similar.

piRNAs Have a 5°Phosphate and a Modibped 3°End
Next, we analyzed the chemical structures of both the 5°
and 3%ends of the zebrabPsh piRNAs. Phosphatase treat-
ment of piRNAs leads to a reduction of mobility through
a 12% denaturing polyacrylamide sequencing gel, and
this can be restored to the original mobility by rephosphor-
ylation of the 5%end (Figure 6A). Furthermore, piRNAs can
be efbciently ligated to a 17 nucleotide linker with both 5°
and 3%hydroxyl groups using T4 RNA ligase. Both exper-
iments indicate that a monophosphate group has to be
present at the 5°end (Figure 6B). To probe the 3°end of
piRNAs, we performed NalO4-mediated oxidation fol-
lowed by a b-elimination reaction. When the last nucleo-
tide of an RNA molecule contains both 2° and 3° OH
groups, this treatment removes the most 3°base, leaving
a 3%phosphate on the remainder of the molecule. This re-
sults in an RNA species that has an apparent mobility of
two fewer nucleotides compared to the original RNA (Yu
etal., 2005). Three different piRNAs are resistant to this re-
action (Figures 6A and S6), while within the same samples
the miRNA let-7a is completely converted, indicating that
either the 2%0r the 3°0OH group of the most 3°nucleotide of
piRNAs is modibed. Identical results are obtained for
mouse and rat piRNAs (Figure S6), indicating that 3°end
modibcation is a conserved feature of piRNA biogenesis.
Thetested piRNAs represent sequences with all four pos-
sible bases as last nucleotide (see Supplemental Experi-
mental Procedures), indicating that the modibcation is
not base speciPc. We next probed the identity of the 3°
modibcation. For this we used rat piRNAs, as we could
not obtain enough material to perform the experiment on
zebrabsh. After degrading puribed piRNAs (Figure 6C)
into nucleosides using RNaseOne we analyzed the chem-
ical composition using HPLC and mass spectrometry, re-
sulting in the identibcation of a 290-Methyl modibcation on
a fraction of the A nucleosides (Figures 6D, 6E and S7).
Because of technical reasons we cannot faithfully detect
modibed C, G, and U in our samples (see Supplemental
Experimental Procedures), but by extrapolation we expect
that 3°terminal Cs, Gs, and Us on piRNAs will also carry
a 2%0-Methyl.

Genetic Requirements of piRNAs

We addressed the genetic requirements for piRNA pro-
duction through the use of mutants or animals carrying
a morpholino-induced phenotype (Figure 6F). First, in the
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Figure 5. Transposon-Der ived piRNAs

(A) Transposon density and piRNA density are shown along chromosome 4. Above the chromosome different types of transposons are indicated:
black- DNA; green-LINE; Blue-SINE; and Red-LTR. The piRNAs are indicated as red (ovary) and blue (testis) bars below the chromosome in three
different representations. Top row shows all piRNAs, unweighted. Middle row shows all piRNAs, weighted (see text). Lower row shows piRNAs
that map to a single locus. Bin size is 100 kb.

(B) shows a locus on chromosome 18 containing a full length GypsyDR1 element and showing the distribution of piRNAs. Red indicates (+)strand,
and blue indicates (* )strand of the chromosome. This particular element is oriented from right to left.

(C)Alocus on chromosome 8 containing a full length GypsyDR2 element, showing the distribution of piRNAs, is shown. Red indicates (+)strand, and
blue indicates (" )strand of the chromosome. This particular element is oriented from right to left.

(D) Distribution of all GypsyDR1 piRNAs is shown across the consensus sequence of the element. Red line indicates piRNAs corresponding to the
(" )strand of the element. Blue line indicates piRNAs corresponding to the (+)strand of the element.

(E)Distribution of all GypsyDR2 piRNAs across the consensus sequence of the element is shown. Red line indicates piRNAs corresponding to the
(" )strand of the element. Blue line indicates piRNAs corresponding to the (+)strand of the element.
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homozygous ziwi mutant testis we do not detect piRNAs.
The same is true for testis isolated from animals that have
been treated with a morpholino targeting the dead-end
gene that results in the complete loss of germ cells (Wei-
dinger et al., 2003). Consistent with our piRNA-expression
data (Figures 4B and 4C), these results indicate that ze-
brabsh piRNAs are expressed in the germ cells. We see
no effect of the ziwi(N686K) missense mutation. This
may indicate that the N686K mutation affects piRNA func-
tion rather than piRNA synthesis. Next, we tested the re-
quirement for Dicer through the use of animals that carry
homozygous dicer mutant germ cells in a surrounding of
dicer wild-type cells (Giraldez et al., 2005). In testes
isolated from these animals we detect normal levels of
piRNAs, strongly suggesting that piRNA biogenesis is
independent of Dicer.

DISCUSSION

Ziwi Function in the Germline

Effects of Piwi mutations on germline development differ
among species. In Drosophila, a role in both the somatic
germline as well as in the germ cells has been identibed
(Cox et al.,, 1998, 2000). In mammals, miwi and mili
knockout animals show defects specibcally in male germ
cells, consistent with their testis-specibc expression
(Deng and Lin, 2002; Kuramochi-Miyagawa et al., 2004).
Sperm cell differentiation is halted at different meiotic
stages, coincident with the expression pattern of these
two proteins. Our data show that the loss of Piwi function
in another vertebrate, the zebrabsh, affects germ cells
during earlier development, triggering apoptosis in pre-
meiotic cells, most likely in a cell-autonomous manner.
Partial loss of Ziwi permits the survival of germ cells but re-
sults in elevated levels of apoptosis in adult germ cells.
Whether the apoptosis of the adult germ cells is mecha-
nistically related to the apoptosis we observe in the devel-
oping gonad is not clear. It should be noted that we do not
know whether loss of Ziwi triggers apoptosis directly or in-
directly and whether this is piRNA dependent or indepen-
dent. We clearly observe Ziwi expression in cells that lack
piRNAs (for example, the PGCs), suggesting that Ziwi in-
deed has piRNA independent functions. At present we
have no good indications what these functions might be.
When piRNA-dependent functions of Ziwi are involved,
transposon-inBicted DNA damage could be responsible
for the induction of apoptosis. However, as many piRNAs
are not transposon related, there may well be other rea-
sons for ziwi mutant cells to go into apoptosis.

Germ Granules

The intracellular localization of Ziwi and piRNAs in distinct
granules localized to specibc sites in the cytoplasm is
typical of factors that have been implicated in germ cell
specibcation in various species (Gruidl et al., 1996; Rongo
et al., 1997). The precise function of these granules is not
known, but they share many components with cytoplas-
mic bodies called P bodies in somatic cells. These bodies

have been implicated in RNAi- and miRNA-mediated
silencing but have also been shown to be able to release
mRNAs into the actively translating pool of mRNAs
(Brengues et al., 2005), suggesting that they may act as
mRNA-storage particles. In mice, MIWI has been localized
to the chromatoid body (Kotaja et al., 2006), a large gran-
ular structure only present in sperm cells close to the end
of their differentiation pathway. It has been suggested that
the chromatoid body may have a role in scavenging tran-
scripts that come from the nucleus in these transcription-
ally inactive cells (Kotaja et al., 2006). Taken together, it
seems that these germ-cell-specibc structures may be
required for a number of processes, ranging from the
quenching of residual transcription to the regulation of
translational activity of maternal mRNAs, and Piwi-like
proteins seem well suited to carry out at least a number
of these tasks. Given the link between Ziwi and transpos-
able elements (see below) we can add that germ granules
may be involved in preventing unwanted activity of trans-
posable elements in early embryos.

Piwi: Cytoplasmic or Nuclear?

What is the subcellular compartment in which Piwi pro-
teins are active? Steady-state levels of Ziwi and piRNAs
are highest in the cytoplasm, indicating that if Ziwi is acting
in the nucleus, either only a small fraction of Ziwi must be
doing so or the nuclear localization is very transient. In rat,
RIWIhas been found associated with piRNAs and another
protein, RecQ (Lau et al., 2006), leading to the suggestion
that this complex may function at the DNA level. Interest-
ingly, in Drosophila Piwi has been found to be both nuclear
and cytoplasmic (Cox et al., 2000), and it has been shown
that Piwi is involved in the nuclear long-range organization
of transcriptionally repressed loci (Grimaud et al., 2006).
On the other hand, MIWI and associated piRNAs have
been found associated with ribosomes, suggesting a func-
tion in translational regulation (Grivna et al., 2006b).

piRNAs and Transposable Elements

Through our sequencing we have found that the majority
of zebrabsh piRNAs are derived from discrete genomic
clusters. In contrast to mammalian piRNAs, a large frac-
tion of those identiped in Psh map to transposable
elements, in particular LTR elements. For all the retro-
element-derived ovarian piRNAs we analyzed, we bnd a
very strong bias to the minus strand of the element. This
strand bias is also present in the testis library, although it
is less pronounced, and is not observed for piRNAs
matching to DNA transposons, perhaps ref3ecting the ac-
tivity of these elements, as no active DNA transposon has
yet been identiPed in vertebrate genomes. If a self-ampli-
fying loop is involved in piRNA biogenesis (see @iogene-
sis of piRNAs@below), then piRNAs derived from DNA
transposons may reRect a @start-up@population that
would trigger the massive production of antisense piRNAs
if an element is active. Consistent with this idea is the fact
that transposon-derived piRNAs are strongly depleted for
DNA transposons: only 10%BD20% of the repeat-derived
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Figure 6. Biochemical and Genetic Analysis of piRNAs

(A)Left panel shows a northern blot for let-7a. Samples are treated with Shrimp Alkaline Phosphatase (SAP), SAP+ polynucleotide kinase (PNK),and
NalO, oxidation followed by b-elimination. The right panel shows the same blot probed for piR-80.

(B) Ligation of a 17 nt linker with both 5°and 3°hydroxyl groups to both let-7a and piR-28 is shown.

(C) Puribpedrat piRNA is shown. Approximately 0.3% of the puribed product was run on a gel and stained with SYBRGold.

(D)LC/MS characterization of a mix of synthetic C, A, U, G, 2%~OMeC, 320OMeC, 2>OMeA, and 3>OMeA is shown. In the top graph UV intensity is
plotted versus time. In the lower graph the presence of molecules with an m/z in the range of OMeA (m/z = 282.12) is plotted versus time, revealing
peaks at the retention times (RT)of 2°and 3%-OMeA. The inset shows high resolution m/z determination (RT= 3.06E8.25), with an arrow pointed at the
exact mass of 22OMeA. Numbers in the graph indicate RT of indicated peak.

(E)Similar experiment as in (D)but now with nucleosides derived from rat piRNAs. Two UV peaks are observed around the RT of 2°and 3%>OMeA. The
peak overlapping with 2>-OMeA contains molecules with the mass of OMeA (m/z = 282.12 at RT = 3.05D3.22;lower graph and inset). This species is
present in the left shoulder of the UV peak at RT = 3.20. Note that most of the UV signal of the peak at RT = 3.20 does not come from 290MeA. The UV
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piRNAs stem from DNA transposons, while they make up
more than 70% of all transposons in the zebrabsh ge-
nome. In comparison, roughly 60% of all repeat-derived
ovarian piRNAs derive from LTR elements, while they
comprise only 8% of all transposons. Thistrend also holds
true for many, but not all, individual elements analyzed
(Table S6). Differences between the ovary- and testis-
derived libraries may similarly be explained by differential
activity of (transposable) elements between these two
tissues.

A curious feature of transposon-derived piRNAs is that
they show a striking periodicity. This is shown for two
Gypsy elements in Figure 5, but we observe comparable
patterns for other elements, including some DNA transpo-
sons. We observe very similar patterns for both ovary- and
testis-derived sequences, suggesting that this periodicity
reects some unidentibed biological process, rather than
being the result of experimental artifacts. The cause of
this periodicity may lie either in the transcription of these
loci, the processing of the resulting transcripts, or the sta-
bility of bnalpiRNAs. At present we have no good way of
discriminating between these possibilities. It should also
be noted that in Drosophila no periodicity for piRNAs
has been observed in ovary (G.J.H., J. Brennecke, and
A. Aravin, unpublished data).

The correlation between piRNAs and retroelements in-
dicates that these RNAs may have a role in their activity,
as has been suggested for Drosophila rasiRNAs and
Piwi-associated RNAs (Aravin et al., 2003; Saito et al.,
2006). A recent study by Brennecke et al. (2007) shows
that piRNA-generating clusters in Drosophila map to
known mutator loci that have genetically been linked to
transposon activity, providing genetic support for a link
between transposon silencing and piRNAs. These results
markedly differ from the mammalian situation, where
piRNAs seem to be overrepresenting nonrepetitive DNA
(Aravin et al., 2006; Girard et al., 2006). However, some
retrotransposon-derived small RNAs have been isolated
from mouse oocytes (Watanabe et al., 2006), and Carmell
et al. (2007) show that mutations in MIWI2 lead to activa-
tion of transposons, indicating that an RNA-based germ-
line defense mechanism may be a more general phenom-
enon in vertebrates. In our system we have not yet seen an
activation of transposable elements, either in 2-week-old
gonads in ziwi null mutants or in testis from adult ziwi
hypomorphic mutants. These experiments are, however,
hampered by the fact that germ cells die when Ziwi func-
tion is compromised, possibly preventing proper analysis
of transposon activity. In addition, the second piwi-like
gene, zili, is still functional in these mutants, and this
gene may in some aspects act redundantly with ziwi.

Biogenesis of piRNAs

The biogenesis of piRNAs appears to be different from
that of siRNAs and miRNAs. First, piRNAs are asymmetric:
only one strand of a particular sequence is represented.
This is very atypical of siRNAs, where both strands can
usually be identibed, albeit often in unequal amounts
(Schwarz et al., 2003), indicating that piRNAs may be de-
rived from single-stranded RNA. The strand switching we
observe most likely reRects the presence of two tran-
scripts meeting head-on or starting from a divergent
promoter. Recently, 21U RNAs have been described in
C. elegans (Ruby et al., 2006). These short RNAs contain
very precisely debned 5° ends, and each appears to be
made from its own promoter. Given the fact that we ob-
serve considerable 5%variability, we think this is an unlikely
scenario for the transcription of zebrabsh piRNAs.

Second, all piRNAs tested so farNnine in total, in zebra-
bshas well as in mouse and ratNare resistant to periodate
treatment, indicating a modibed 2°or 3°hydroxyl group on
the most 3%base. Consistent with these Pndings, we de-
tect the presence of 290-MeA in rat piRNAs. Assuming
that the tested piRNAs are representative for most or all
PiIRNAs, it is likely that vertebrate piRNAs carry a 29-
Methyl modiPcation at their 3°ends. Plant, but not animal,
miRNAs carry the same modibcation, and this is placed on
the miRNA by an enzyme named HENL1. The role of this
modibcation is not known, but in plants lacking HEN1,
miRNA levels drop (Yu et al., 2005), indicating that this
modibcation may be required for stability. Animal ge-
nomes do encode proteins homologous to HEN1, so it
will be interesting to analyze the effect of these homologs
on piRNA abundance and/or function.

Third, we present genetic evidence that Dicer is not in-
volved in the generation of piRNAs. Consistent with this,
germ cells lacking Dicer develop normally (Giraldez
et al., 2005), in contrast to ziwi-debcient germ cells. In the-
ory, itis possible that somatically expressed Dicer is con-
founding our results. However, this hypothesis would have
to postulate an interaction between germ cells and so-
matic germline tissue resulting in the somatic expression
of piRNAs that are then transported into the germ cells.
Based on piRNA expression data we prefer the simpler in-
terpretation that Dicer is not involved in piRNA generation.

As discussed above, zebrabshpiRNAs that correspond
to LTR elements are derived mainly from the antisense
strand. A similar bias has been reported in Drosophila
(Gunawardane et al., 2007; Vagin et al., 2006; Brennecke
et al., 2007). However, additional observations regarding
piRNAs that correspond to the sense strands of transpo-
sons were made (Gunawardane et al., 2007; Brennecke
et al., 2007). These reside mainly in Ago3 complexes

peak around the RT of 3>OMeA contains no species with a molecular weight of 3>OMeA (not shown). Coinjection with synthetic 2°and 32OMeA

conbPrms these results (Figure S7).

(F)Northern blot analysis of piRNA expression is shown in various mutant backgrounds . Upper panel shows a northern blot for piRNA piR-31. The
same blot was probed for miRNA let-7a (middle panel) and 5S RNA (lower panel). Note that let-7a is expressed in the somatic germline (not shown),

so disruption of dicer in the germ cells has no effect on let-7a processing.
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and lack a U bias at their 5°ends. Coupling this observa-
tion with the fact that many Ago3-bound piRNAs are en-
riched for A at position 10 and show complementarity to
antisense piRNAs in their brst 10 nucleotides (which are
associated with Aub), a biogenesis mechanism is pro-
posed in which cleavage by Piwi-family proteins can cre-
ate the 5° ends of piRNAs (Gunawardane et al., 2007
Brennecke et al., 2007). Moreover, Brennecke and col-
leagues propose an amplibcation loop wherein sense
and antisense transposon piRNAs act on piRNA clusters
and dispersed transposon copies, respectively, to in-
crease the abundance of piRNAs targeting specibc ele-
ments. Notably, in zebrabsh, the collective subset of
piRNAs that match sense strands of all GypsyDR1 and
GypsyDR2 loci also lack a marked U bias. Instead, they
are enriched for A at position 10 (Figures S4BBS4C),ex-
actly as seen for Drosophila Ago3-bound RNAs. This sug-
gests evolutionary conservation not only of piRNA biogen-
esis strategies but also of the biochemical pathways used
for transposon control. It remains to be seen whether
zebrabsh also compartmentalize sense and antisense
piRNAs in discrete Piwi complexes.

EXPERIMENTAL PROCEDURES

Detailed descriptions of all the proce dures can be found in the Supple-
mental Data.

Zebrabsh Strains and Genetics

Zebrabshwere kept under standard conditions (Westerbeld,1993) and
staged according to Kimmel et al. (1995). Zebrabshmutants were de-
rived from ENU mutagenized libraries using target-selected mutagen-
esis as described (Draper et al., 2004; Wienholds et al., 2003). Fish with
mutant alleles ziwi hu2479/+, Q543STOP; ziwi th219/+, R561STOP;
ziwi hu2410/+, N686K; ziwi th221/+, Y728STOP; and ziwi th222/+,
1694N) were outcrossed against wild-type Psh (*AB or TL)and subse-
quently incrossed against each other to obtain heteroallelic or homo-
zygous offspring. Tg(PGC:GFP) have been described before (Blaser
et al., 2006; Krovel and Olsen, 2002). Details of genotyping are pro-
vided in the Supplemental Data.

Ziwi Antibody
Ziwi antibodies were raised in rabbits against the synthetic peptide
EGQLVGRGRQKPAPGC. Antisera were subsequently afPnity puribed
(Eurogentec).

piRNA Cloning

Zebrabshorgans were frozen in liquid nitrogen and powdered, and to-
tal RNA was isolated using Trizol (Invitrogen). Twenty micrograms of
total zebrabsh ovary or testis RNA was separated by 15% denaturing
polyacrylamide gel and visualized by SYBRGold staining, and small
RNAs of | 24b40nt were gel puribed. These were cloned and se-
quenced as described before (Girard et al., 2006). Sequences are
available through http://www.ncbi. nim.nih.gov/geo, series GSE7131.

Sequence Analysis

Adaptor sequences were trimmed from 454-generated data using cus-
tom scripts. Resulting inserts were mapped to the zebrabPshgenome
(Zv6 assembly, March 2006) using megablast program (Zhang et al.,
2000) and blast parser from bioperl (Stajich et al., 2002). Genomic an-
notations of mapped reads were retrieved from Ensembl database
(v. 41, October 2006) using Perl API provided by Ensembl (Birney
et al., 2006). Sequences were grouped into families using blastclust
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program from the NCBI toolkit (ftp://ftp.ncbi.nih.g ov/blast) with the
word parameter set to 16. Nucleotide-freq uency graphs were gener-
ated by WebLogo software (Crooks et al., 2004).

Analysis of piRNA Chemical Structure

Analysis of the 3°end and 5° end structures was done as described
previously (Vagin et al., 2006). Rat piRNAs were puriPed by running
low-molecu lar-weight RNA from two testes over a HiLoad 16/60
superdex 200 column. Peak fractions were precipitated and rerun
over a superdex 200 10/300GL column. Peak fractions were degraded
with RNaseOne and treated with SAP, then analyzed using LC/MS.

Supplement al Data

Supplemental Data include Results and Discussion, Experimental
Procedures, References, six tables, and seven bgures and can be
found with this article online at http://www.ce Il.com/cgi/co ntent/full/
129/1/69/DC1/.
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