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Piwi-interacting RNAs (piRNAs) are germ line-specific
small RNA molecules that have a function in genome
defence and germ cell development. They associate with
a specific class of Argonaute proteins, named Piwi, and
function through an RNA interference-like mechanism.
PiRNAs carry a 2’-O-methyl modification at their 3’ end,
which is added by the Henl enzyme. We show that
zebrafish henl is specifically expressed in germ cells and
is essential for maintaining a female germ line, whereas it
is dispensable in the testis. Hen1 protein localizes to nuage
through its C-terminal domain, but is not required for
nuage formation. In henl mutant testes, piRNAs become
uridylated and adenylated. Uridylation frequency is high-
est on retro-transposon-derived piRNAs and is accompa-
nied by decreased piRNA levels and mild derepression of
transposon transcripts. Altogether, our data suggest the
existence of a uridylation-mediated 3'-5’ exonuclease ac-
tivity acting on piRNAs in zebrafish germ cells, which is
counteracted by nuage-bound Henl protein. This system
discriminates between piRNA targets and is required for
ovary development and fully efficient transposon silencing.
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Introduction

Small RNAs are potent regulators of gene expression in many
different systems. These RNA co-factors provide sequence
specificity to so-called Argonaute proteins that, when tar-
geted to RNA and/or DNA, can initiate a variety of responses
(Hutvagner and Simard, 2008). The most basic activity of
Argonaute proteins is target cleavage. This is a very specific
endonucleolytic activity generating 5'-phosphate and 3’-hy-
droxyl groups (Martinez and Tuschl, 2004), and it is targeted
to the phosphodiester bond opposite bases 10 and 11 of the
small RNA molecule (Elbashir et al, 2001). Interestingly, in
animal systems, many Argonaute proteins have lost their
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nucleolytic activity, and have adopted other mechanisms to
affect the activities of their targets.

In animal germ cells, a specific subset of Argonaute
proteins is expressed: the Piwi proteins (Cox et al, 1998).
This subfamily has retained its endonucleolytic activity
(Gunawardane et al, 2007) and is guided to their targets by
Piwi-interacting RNAs (piRNAs) (Girard et al, 2006; Aravin
et al, 2007). In most systems, multiple Piwi paralogues are
present (Carmell et al, 2002). In zebrafish, there are two Piwi
paralogues: Ziwi and Zili (Houwing et al, 2007, 2008).
Together, Piwi proteins and piRNAs are required for a number
of different processes, including germ cell differentiation and
meiosis (Deng and Lin, 2002; Kuramochi-Miyagawa et al,
2004; Carmell et al, 2007; Houwing et al, 2008). On a
molecular level, Piwi proteins are required for transposon
control. Whether this relates directly to the germ cell defects
observed in Piwi mutants is currently unclear.

In all systems studied a major part of the Piwi-associated
PiRNAs are derived from repetitive elements (Brennecke
et al, 2007; Carmell et al, 2007; Aravin et al, 2008;
Houwing et al, 2008). In vertebrates, including zebrafish,
retro-elements, or RNA-based transposons, give rise to the
most abundant piRNA populations (Houwing et al, 2007;
Aravin et al, 2008). As the mode of piRNA biogenesis
responds to the actual presence of transposon transcripts
(see below), this bias towards retro-elements may reflect
the inactivity of DNA transposons in vertebrates (Feschotte
and Pritham, 2007).

Biogenesis of piRNAs is distinct from the processing of
short-interfering RNAs (siRNAs) and microRNAs (miRNAs):
PiRNAs are not derived from double-stranded RNA (dsRNA)
precursors by Dicer (Vagin et al, 2006; Houwing et al, 2007),
but from single-stranded RNA. The current models on piRNA
biogenesis involve a central function for the Piwi proteins
themselves, with Piwi protein-mediated target cleavage gen-
erating the 5’ ends of new piRNAs (Brennecke et al, 2007;
Gunawardane et al, 2007; Aravin et al, 2008; Houwing et al,
2008). These 5 ends are bound by another Piwi protein
paralogue, followed by trimming of the 3’ end, resulting in
a characteristic piRNA length and 3’-end heterogeneity for
each Piwi paralogue. Consequently, different Piwi paralogues
tend to bind piRNAs of different polarity; in zebrafish, Ziwi
generally binds piRNAs that are anti-sense to transposon
coding regions and Zili has a preference for sense piRNAs
(Houwing et al, 2008). When both sense and anti-sense
transcripts of a piRNA-targeted locus are present, this me-
chanism creates a cyclic process in which specific piRNA
species can be amplified. This is often referred to as the ping-
pong cycle (Brennecke et al, 2007).

Apart from the Dicer-independent mode of biogenesis,
piRNAs differ in yet another aspect from miRNAs and most
siRNAs in animals: they are methylated on the 2’-hydroxyl
group at their 3’ end (Vagin et al, 2006; Houwing et al, 2007;
Ohara et al, 2007; Kirino and Mourelatos, 2007a). This
modification is found on all small RNAs in Arabidopsis
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(Yu et al, 2005), but in the animal kingdom it is found almost
exclusively on piRNAs, with the notable exception of endo-
genous siRNAs in Drosophila (Horwich et al, 2007). The
enzyme responsible for placing this modification onto
miRNAs in plants is HEN1 (Yang et al, 2006), an enzyme
with a methyltransferase domain and two dsRNA-binding
domains. This is consistent with plant HEN1 modifying
dsRNA precursors during miRNA biogenesis in Arabidopsis.
Recently, a crystal structure of Arabidopsis HEN1 has been
reported, showing how the dsRNA-binding domains and the
methyltransferase domain come together, resulting in the
proper positioning of the 3’ ends of the miRNA precursor in
the catalytic site (Huang et al, 2009). In plants lacking HEN1,
miRNAs are destabilized and are subject to 3’-end uridylation
and degradation, resulting in pleiotropic phenotypes (Chen
et al, 2002; Park et al, 2002; Li et al, 2005).

In animals, putative Henl homologues have been identi-
fied (Tkaczuk et al, 2006), but these lack the dsRNA-binding
regions found in the plant HEN1 enzyme, implying that they
do not act on double-stranded substrates. Indeed, it has been
shown that animal Henl can methylate single-stranded
RNAs, bind to Piwi proteins, and is required for piRNA
accumulation and efficient Piwi-pathway activity (Horwich
et al, 2007; Saito et al, 2007; Kirino and Mourelatos, 2007b;
Kurth and Mochizuki, 2009). We show that zebrafish Henl is
specifically expressed in germ cells and is required for oocyte
development, and consequently, female development of
zebrafish. Henl localizes to nuage through interactions
with its C-terminal domain (CTD), but is not essential for
nuage formation. As expected, Henl mediates piRNA methy-
lation, and we reveal that this prevents both adenylation and
uridylation. We show that uridylation, but not adenylation, is
associated with piRNA destabilization, most likely through
a 3/-5 exonucleolytic pathway. Consequently, in henl
mutants, transposon transcripts can be mildly up-regulated.
The uridylation process discriminates between RNA- and
DNA-based transposable elements, possibly reflecting tar-
get-dependent uridylation of piRNAs in the absence of Henl.

Results

Zebrafish hen1

The likely zebrafish homologue of the henl gene has pre-
viously been identified through bio-informatic analysis as
ENSDARG00000018871 (Tkaczuk et al, 2006). Sequence com-
parison shows that the protein encoded by this locus aligns
well with other vertebrate Henl homologues (Figure 1A).
This homology is mainly observed in the N-terminal part of
the protein, which is predicted to harbour the catalytic
methyltransferase activity. Indeed, structural analysis has
confirmed this hypothesis (Huang et al, 2009). The C-term-
inal regions of these putative Henl homologues differ
substantially (Figure 1A).

We cloned the cDNA of this putative henl homologue into
an Escherichia coli expression vector and purified Hen1 using
a GST moiety fused to its N-terminus (Figure 1B). This fusion
protein shows methyltransferase activity on a single-stranded
RNA oligonucleotide, and is inhibited by the presence of a
2'-O-methyl modification on the 3’ most terminal ribose ring
of its substrate (Figure 1C). Together, these observations
strongly suggest that ENSDARG00000018871 indeed is the
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zebrafish homologue of HEN1, and we will refer to this gene
as henl.

Gonad-specific expression of hen1

We analysed henl mRNA expression during zebrafish devel-
opment using in situ hybridization (ISH) (Figure 2A). This
revealed that henl starts to be expressed around 3 weeks of
age, specifically in the gonad. Comparison with expression of
the germ cell marker vasa strongly suggests germ cell-specific
expression. This point in development corresponds to the
start of sex determination in the zebrafish (Siegfried and
Nusslein-Volhard, 2008), and to the timing of the first phe-
notypes observed in ziwi mutant zebrafish (Houwing et al,
2007). Henl expression remains present in the adult gonads,
both in the male as well as in the female, although testis-
specific expression is relatively weak. RT-PCR analysis con-
firms that expression of henl in the adult is also restrained to
the gonads (Figure 2B).

Hen1 subcellular localization
Next, we set out to analyse the subcellular localization of
Henl protein in germ cells. In the absence of functional anti-
sera, we injected embryos with mRNAs encoding GFP-tagged
Henl, flanked by a 3'UTR of the nosl gene. This 3'UTR
destabilizes the mRNA in somatic cells, while keeping it
stable in primordial germ cells (PGCs), resulting in PGC-
specific expression at 24 h of development (Koprunner et al,
2001). Untagged GFP is localized throughout the PGC cyto-
plasm. In contrast, GFP:Henl localizes to distinct granules
around the nucleus (Figure 3A). These structures resemble a
germ cell-specific structure named nuage, and we previously
described the localization of Piwi protein Ziwi to nuage in
PGCs (Houwing et al, 2007). We, therefore, performed a
co-localization experiment using antibodies against endogen-
ous Ziwi and the GFP part of the Henl:GFP fusion protein
(Figure 3B). The granules stained by the antibodies overlap
perfectly, indicating that Hen1, like Ziwi, localizes to nuage.
As described above, the Henl protein can roughly be
divided into two functional units: the N-terminal region
containing the methyltransferase domain and a more diver-
gent CTD with unknown function. We tested both regions
(also see Figure 1A) for nuage-targeting properties. As shown
in Figure 3C, the CTD of Henl alone can direct GFP to nuage,
suggesting that this region of the protein is responsible for the
observed co-localization of Henl:GFP with Ziwi, possibly
through direct interaction between the CTD and Ziwi (see
Discussion). Interestingly, we note that placing a GFP tag on
the C-terminus of the CTD fragment results in less efficient
expression compared with placing GFP on the N-terminus,
suggesting that the CTD is most stable as the true C-terminal
end of a protein.

Loss of hen1 affects germ cell development

From an ENU-mutagenized library, we obtained a mutant
allele of henl, sa0026, in which the splice-donor site between
the last two exons is affected (Figure 4A). Although henl
mutant transcripts can still be detected, this mutation
strongly affects splicing between exons 5 and 6 (Figure 4A),
resulting in a stop codon after 108 nucleotides. Therefore, this
allele may produce a C-terminally truncated version of the
Henl protein. Animals homozygous for henlI(sa0026) are
viable and fertile. Strikingly, among 297 homozygous adults,
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Figure 1 Henl is a conserved methyltransferase in zebrafish. (A) Alignment of henl homologues in different vertebrates. Full-length Henl
protein of zebrafish was used for experiments in (B) and (C). The red bar depicts the methyltransferase domain and the blue bar shows the
C-terminal domain used in Figure 3. Asterisks symbolize conserved residues. (B) Purified GST-Henl and GST protein visualized on gel after
staining with Page Blue. (C) GST-Hen1 is able to methylate RNA, but cannot do this if the RNA carries a 2’-O-methyl group at its 3’ end. Upper
panel shows reaction of purified GST or GST-Hen1 with methylated and unmethylated piRNA. The lower panel shows RNA loading control

stained with SYBRGold.

we only identified one female animal, whereas heterozygous
and homozygous wild-type animals typically showed around
60% females, indicating that henl(sa0026) homozygosity
strongly interferes with the establishment of an adult female
gonad (Supplementary Table S1). Unfortunately, the sex of
the one female animal only became apparent after dissection
of the animal, preventing phenotypic analysis other than
RNA analysis. Attempts to generate more female henl
mutants by decreasing population density and increasing

VOL 29 | NO 21 | 2010

food availability during development only yielded male
henl mutant animals.

To analyse germ cell development in closer detail, we
looked at gonad and germ cell morphology during develop-
ment. We dissected gonads from different stages, and visua-
lized germ cells using vasa ISH (Figure 4B). Gonad
development is clearly affected in henl mutants, as indicated
by the slow increase of gonad size compared with wild-type
(Supplementary Figure S1). Sectioning of gonads from 4 and
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Figure 2 Henl is specifically expressed in the germ line of the zebrafish. (A) In situ hybridization for vasa and henl at different time points of
development shows henl is not maternally provided and is expressed in the germ line as from 3 weeks of age (dotted line around gonad) and in
both testis and ovary. Arrowheads indicate germ plasm. Stages of oogenesis are (OG) oogonia, (I) stage I oocytes, (II) stage Il oocytes, (III) stage
III oocytes, (IV) stage IV oocytes, and (V, not in picture) stage V oocytes. Stages of spermatogenesis are (SG) spermatogonia, (SC)
spermatocytes, (ST) spermatids, and (S) sperm. Scale bars are 100um. (B) RT-PCR on different organs of the zebrafish shows henl is
specifically expressed in the germ cells. The gapdh is shown as loading control.

5-week-old animals identified 5-week-old henl mutant indi-
viduals in which both male and female germ cells are present,
indicating that sex determination in these animals has not yet
completed as it has in their wild-type siblings. Adult henl
mutants have testes that are indistinguishable from wild type,
based on morphological analysis (Figure 4C).

As Henl localizes to nuage, we compared nuage between
wild type and henl mutant siblings at 3 weeks of age, using
electron microscopy (Figure 4D). In these experiments, nuage
is visible as an electron dense granular structure, often
associated to both the nuclear membrane and mitochondria.
No differences in density and localization of these structures
between wild type and henl mutant fish could be observed.
Taken together, these data show that henlI is dispensable for
nuage formation and the initiation of both oogenesis and
spermatogenesis, but is essential for maintaining oocyte
development.

Reduced piRNA levels in hen1 mutants

To zoom in to the molecular level, we analysed piRNA
biogenesis in adult testes of henl mutants and wild-type
siblings. First, we checked whether the 2’-O-methyl modifica-
tion requires Henl, as would be expected from previously
published work (Horwich et al, 2007; Saito et al, 2007;
Kurth and Mochizuki, 2009). We used mild oxidative treat-
ment followed by a p-elimination reaction to test this.
Unmodified RNA molecules loose their most 3’ base during
this procedure and retain a 3’-phosphate group, resulting in
an apparent two-base pair size shift, whereas RNA molecules
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with a 2/-O-methyl modification at their 3’ end are unaffected
(Figure 5A, left panel). Consistent with previous findings
(Houwing et al, 2007), Ziwi- and Zili-bound piRNAs, isolated
from immunoprecipitates from wild-type animals, are resis-
tant to this treatment, reflecting their modified status. In
contrast, both types of piRNAs from henl mutant animals
become sensitive, indicating loss of the modification
(Figure S5A; Supplementary Figure S2A, right panels). The
fraction of henl mutant piRNAs shifting upon oxidative
treatment indicates that henl(sa0026) is a strong loss-of-
function allele.

Clearly, this experiment reveals that piRNAs are still
present in the henl mutant. However, the experimental
procedure prevents a quantitative assessment. We, therefore,
analysed piRNAs in total RNA preparation of both wild type
and henl mutant gonads on northern blots, using a probe
detecting a single piRNA species (piR80). This revealed
strongly reduced piR80 levels (Figure SB and Supplemen-
tary Figure S2B), only just detectable on blots made from
small gels in which the usually somewhat broad piR80 signal
remains more focussed (Figure 5C).

Loss of Hen1 affects piRNA 3 -end stability

We next deep-sequenced small RNA libraries from adult
testes total RNA of wild-type and henl mutant animals.
Libraries were constructed using adapter ligation to both 5’
and 3’ ends of the small RNAs, allowing accurate assessment
of both 5 and 3’ ends of each cloned RNA species. For
wild-type and henl mutant samples, we obtained over
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A GFPnos-injected embryo

(o GFP:Hen1

Methyltransferase domain

Hen1:GFPnos-injected embryo

C-term domain

Figure 3 The C-terminal domain of Henl controls localization to germ granules. (A) mRNA of henl tagged with GFP and the nanos 3’ UTR
(lower panel) or only GFPnos (upper panel) was injected into a one-cell embryo. The upper panel shows that GFP is not localized in primordial
germ cells (PGCs), whereas Hen1-GFP localized to germ granules at 24 h post-fertilization. mRNA containing a 3’ UTR of nanos is only stable in
the germ line. (B) Hen1-GFP co-localizes with Ziwi protein in germ granules (nuage). Hen1-GFP was visualized with a GFP antibody. Scale bar
is 10 um. (C) Schematic representation of Henl shows the methyltransferase and C-terminal domain. The three different constructs were
injected into one-cell embryos and expression of GFP was assessed at 24hpf. Scale bar is 10 pm.

eight- and nine-million sequence reads, respectively, of which
85% could be mapped to the Zv8 assembly of the zebrafish
genome (Supplementary Table S2; Supplementary Figure S3).
Sequences annotated as TRNA, snRNA, snoRNA, and tRNA
were removed from further analysis. The remaining RNA
species displays a bimodal-length distribution reflecting the
two major small RNA populations in the adult zebrafish
testis: miRNAs and piRNAs.

In Figure 6A, we have plotted the length distributions of
both these classes. From this it is clear that while the length
profile of miRNAs is unaffected by loss of Henl, the piRNA
profile indicates a shortening of this species, mirroring what
can be seen on northern blot (Figure SC). This sequencing
approach does not reveal the drop in piRNA levels that we
observed on northern blot (Figure 5B and C). This is likely

The EMBO Journal VOL 29 | NO 21 ] 2010

caused by the fact that the 2’-O-methyl modification interferes
with the ligation of the cloning adapter at the 3’ end. Thus,
upon loss of the modification in the henl mutant, ligation
becomes more efficient, counteracting the reduced piRNA
levels. This effect is even more pronounced when poly-
adenylation is used to tag the 3’ end of piRNAs during the
cloning procedure (Supplementary Figure S3).

Biogenesis of piRNAs is accompanied by a so-called ping-
pong signature: a strong tendency of piRNAs from the two
Piwi paralogues to be derived from opposite strands and
overlap 10 bases at their 5’ ends (Brennecke et al, 2007).
This is likely imposed by the catalytic activities of the Piwi
proteins themselves and the presence of this signature in
PiRNA sequence libraries can be taken as a measure for the
activity of the Piwi proteins. This ping-pong signature is very

©2010 European Molecular Biology Organization
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A hen1gene heni+/+ hen1-/-
RT
hen1
Exon5_6t06
wild type: . .TACAGACTthgaggaaaaaaaaaaact. .. hen1
Mutant: ...TACAGACTGatgaggaaaaaaaaaaact... Exon1_2t03 4

Methyltransferase domain CTD
gapdh
B C
5 weeks @ 5 weeksd hent+/+
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hent +/—
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Figure 4 Germ line development in henl mutant fish is delayed. (A) Left panel: schematic representation of the henl gene in zebrafish. Arrows
indicate the splice-donor mutation in henl between exons 5 and 6. Right panel: RT-PCR analysis on specific regions of the henl mRNA. The
primers used are indicated in the left panel; dashed line indicates primers spanning exon-exon boundary. (B) In situ hybridization for vasa in
henl heterozygous (upper panels) and mutant (lower panels) zebrafish shows the presence of germ cells. In the heterozygous animal, oocytes
(white arrows) are clearly formed at 5 weeks in three out of four animals (also see Supplementary Figure S1). However, in 5-week-old henl
mutants, in two out of five animals, only some oocytes (white arrow) are present. This suggests sex determination is not yet complete. Scale
bar is 100 pm. (C) Heamatoxylin and eosin staining of wild-type (left) and mutant (right) testis. Even though henl mutant zebrafish develop
into male only, testis development does not seem to be affected, base on morphology and fertility. Stages of spermatogenesis are (SG)
spermatogonia, (SC) spermatocytes, (ST) spermatids, and (S) sperm. (D) Electron microscopy of wild-type (left) and henl (right) mutant
gonads to visualize nuage at 3 weeks of age shows no differences in localization and density of nuage. Nuage is often associated with both the
nuclear membrane and mitochondria (m) and is visible as regions of higher density (white arrows). Lower panels show enlargement of boxed

areas in upper panels. N: nucleus, Nu: nucleolus.

similar in both the wild type and the henl mutant-derived
piRNA libraries (Supplementary Figure S4), suggesting that
PiRNA synthesis is not affected by loss of Henl. The fact that
a wild-type ping-pong signature can be observed in henl
mutants suggests that the observed overall shortening of
PiRNAs is due to loss of bases at their 3’ end. We also find
that piRNAs show increased heterogeneity at their 3’ ends
relative to their 5’ ends in henl mutants compared with wild
type (Figure 6B). Taken together, our data suggest that a 3'-5’
exonuclease activity is responsible for the observed piRNA
destabilization in henl mutants.

Hen1 inhibits adenylation and uridylation of piRNAs

In Arabidopsis, HEN1 protects miRNAs from uridylation and
destabilization (Li et al, 2005), and in mammals, a miRNA
has been reported to be adenylated (Katoh et al, 2009).
Furthermore, we recently identified an enzyme in
Caenorhabditis elegans that destabilizes siRNAs through
uridylation (van Wolfswinkel et al, 2009). For these reasons
we analysed the small RNA sequence reads for the presence
of 3’ non-templated bases. Interestingly, miRNA-reads rather
frequently have additional A or Tresidues, reflecting adenyla-
tion and uridylation. This is not affected by loss of Henl
activity, consistent with the lack of miRNA methylation in
zebrafish. In contrast, piRNAs in wild-type testis carry non-
templated bases at their 3’-end less frequently. In the henl
mutant background, adenylation and uridylation both rise
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significantly: five- and seven-fold, respectively (Figure 6C).
The added A and U-tails on both miRNAs and piRNAs are
short, with >90% of all the tails being only one or two bases
long (Supplementary Figure SS5A).

Differential uridylation of DNA and retro-element
PiRNAs

Roughly 40% of all piRNAs we cloned map to transposable
elements, and it has been shown in various organisms,
including zebrafish, that piRNAs function in silencing these
repeats (Brennecke et al, 2007; Aravin et al, 2008; Houwing
et al, 2008). We, therefore, determined transcript levels from
five different transposons in wild type and henl mutant
zebrafish (Figure 6D). This revealed significant up-regulation
of transcripts from the I1 retro-element, whereas four other
transposon transcripts showed no significant differences,
although we note a tendency for them to be slightly up-
regulated. These latter four include two DNA transposons,
EnSpmN1 and Polinton, and two retro-elements, GypsyDR2
and Ngaro. Our data are consistent with the mild effects of
loss of Drosophila henl on transposon transcripts (Horwich
et al, 2007).

We next looked at transposon-derived piRNAs in more
detail. First, we asked whether there are transposons whose
piRNA levels are more strongly affected by henl mutation
than others. We extracted transposon-targeting piRNAs from
both the wild type and the henl mutant-sequencing data.
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Figure 5 piRNAs are present at a low level and are not modified in hen! mutants. (A) The left panel shows B-elimination on synthetic RNA
with or without a 2’-O-methyl group. RNA without modification is sensitive to B-elimination, which results in a shift on gel, whereas RNA with
a modification is no longer sensitive to oxidation. The right panel shows the same procedure with RNA isolated from Zili immunoprecipitates in
wild type and henl mutant zebrafish. (B) Northern blot for piRNA-80 in wild type, heterozygous, and mutant henl zebrafish before and after
B-elimination. piRNA-80 (upper panel) is present and modified in testis RNA derived from wild-type and heterozygous animals. In contrast,
PiRNA-80 cannot be detected in the henl mutant. At the bottom, the same northern blot was probed for let-7a as control for B-elimination and
loading. (C) Northern blot on wild-type and mutant hen! testes for piRNA-80. piRNA-80 is clearly detectable in wild-type testes, but the levels
are significantly lower in henl mutant, also when increasing amount of RNA were loaded. In addition, piRNA-80 seems to be shorter in the

mutant. Let-7a is shown as loading control.

After scaling the data, we plotted for each element the
number of sequence reads obtained from wild type versus
that obtained from the henl mutant (Supplementary Figure
S5B). No individual transposon stood out in this analysis;
only some deviations were observed, and these were related
to elements with low read counts. Consequently, we res-
tricted ourselves in the rest of the analysis to only those
elements for which we retrieved at least 3000 reads in both
the wild type and henl mutant libraries (Supplementary
Table S3).

We then probed whether the observed uridylation and
adenylation frequencies of piRNAs in the henl mutant differ
between piRNAs coming from different transposon types.
Upon plotting the frequency of uridylation versus the
piRNA-cloning frequency of individual transposons from the
henl mutant (Supplementary Figure S5C), we observed a
statistically highly significant trend for retro-element-derived
PiRNAs to be more frequently uridylated than DNA element-
derived piRNAs (10.0+ 1.7 versus 8.2+1.9%; P=3 x107).
No significant difference was observed for adenylation
frequencies (3.7 +1.5 versus 3.8+0.8%; P=0.59). Interest-
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ingly, this difference in average uridylation frequency is
accompanied by a small difference in cloning frequencies
between wild type and henl mutant as well: piRNAs from
retro-elements are slightly underrepresented in the henl
mutant library (Supplementary Figure S5D). Comparing ra-
tios between mutant and wild-type library read counts yields
a small, but significant difference between the two transpo-
son classes (henl/wt=1.12%0.45 for DNA elements and
henl/wt=0.98+0.32 for retro-elements (P=0.013; paired
t-test).

A correlation between piRNA uridylation and piRNA
abundance can also be observed at the level of individual
transposons. When we plot for each element the uridylation
and adenylation frequencies versus their change in cloning
frequency, a negative correlation between the frequency
of piRNA uridylation and piRNA abundance (R*=0.21) is
observed for retro-elements (Figure 6E). Uridylation
frequencies did not correlate with decreased cloning frequen-
cies in case of DNA transposons (R*=0.02) (Figure 6F). No
correlation was observed between adenylation and cloning
frequency (R*=0.007) (Figure 6E and F).
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Figure 6 Deep-sequencing analysis of henl mutants. (A) Length distribution of miRNAs and piRNAs in wild type (WT) and mutants.
(B) Percentage piRNAs that overlaps with another piRNA, sharing either the same 5 end or the same 3’ end. Pairs that share both ends or none
were not included in the analysis; n = 3593068 for the wild type and n = 3538814 for the henl mutant. (C) Non-templated residues found at the
3’ ends of small RNA species. MiRNAs in wild type and mutant zebrafish show frequent addition of A or Tresidues. In wild-type testis, piRNA
infrequently have non-templated bases, but in henl mutant testis, piRNAs show frequent adenylation and uridylation. (D) Quantitative PCR
(gPCR) for different retro-elements (I1, Ngaro and GypsyDR2) and DNA elements (EnSpmN1 and Polinton). These are encircled in E) and (F).
Shown is the average of three experiments in each of which three different control genes have been analysed (tubulin, gapdh, and efla).
*P<0.005, unpaired t-test. (E) Uridylation and adenylation frequencies of retro-elements plotted versus their change in cloning frequency. For
retro-elements, a negative correlation (R*=0.21) was observed between the frequency of piRNA uridylation and piRNA abundance. No
correlation was observed between adenylation and cloning frequency (R*=0.007). (C) gPCR was performed for encircled elements.
(F) Uridylation and adenylation frequencies of DNA elements plotted versus their change in cloning frequency. For DNA elements, no
correlation (R?=0.02) was observed between the frequency of piRNA uridylation and piRNA abundance. No correlation was observed between
adenylation and cloning frequency (R*=0.007). (C) gPCR was performed for encircled elements.

Potential piRNA uridylation enzymes seven candidates based on their homologies to the mamma-
Although a conclusive identification of the uridylating and lian non-canonical polyA-polymerases TUTases 1-7, as these
adenylating activities acting on piRNAs falls outside the include both adenylating and uridylating enzymes (Kwak and
scope of this work, we analysed a number of potential Wickens, 2007; Martin and Keller, 2007; Rissland et al, 2007;
candidate enzymes in terms of their expression. We identified Wilusz and Wilusz, 2008). For reasons discussed below, we
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consider drtutase2, drtutase4, and drtutase? to be the most
likely candidates responsible for the observed piRNA
modifications.

Complete or nearly complete zebrafish sequences encod-
ing homologues of the mammalian TUTases could be
retrieved from public databases (Supplementary Table S4),
with the exception of drTUTase4. The complete hypothetical
cDNA for this gene was assembled in silico from a number of
previously identified gene predictions and verified by
RT-PCR and sequencing (Supplementary Figure S6). Using
RT-PCR, we determined that all seven dr tutases are
expressed in the gonads, but many also in other tissues
(Supplementary Figure S7A). ISHs for drtutases 2, 4, and 7
(Supplementary Figure S7B) revealed that they are expressed
in the germ cells of the ovary. Interestingly, these genes
express most prominently in stages I-II. Early and late stages
oocytes appear to be rather devoid of these transcripts.

Discussion

The results we present here describe zebrafish Henl as a
factor required for ovary development. On a molecular level,
we firmly place Henl in the zebrafish Piwi pathway: Henl
can localize to nuage and is required for the 2’-O-methylation
of piRNAs in the adult testis. In its absence, terminal trans-
ferase activities start to act on piRNAs, leading to adenylation
and uridylation, with uridylation correlating with destabiliza-
tion of piRNAs. Below we discuss the implications of these
findings in more detail.

Zebrafish sex determination

Zebrafish sex determination is poorly understood, and no sex
determining chromosomes or loci have been identified.
Initially, all individuals develop immature non-functional
ovaries (Maack and Segner, 2003). In some, oocytes degen-
erate and male germ cell development initiates (Uchida et al,
2002). The factors that control this process are not well
known. Environmental factors play a role; for example,
raising zebrafish in low densities with ample food favours
female development, whereas crowding and scarcity of food
result in mainly male development (Siegfried and Nusslein-
Volhard, 2008). In addition, temperature influences the out-
come of the sex determination process (Uchida et al, 2002).
Finally, one factor that is well known to be essential for
female development and is directly related to our study on
henl is the presence of germ cells (Slanchev et al, 2005;
Siegfried and Nusslein-Volhard, 2008).

Zebrafish lacking Piwi proteins develop strictly as infertile
males. In ziwi mutants, infertility is due to the loss of germ
cells through apoptosis early in development (Houwing et al,
2007). However, animals lacking Zili retain their germ cells,
but these fail to differentiate (Houwing et al, 2008). This
indicates that the mere presence of any germ cell is not
sufficient to support female development.

Hen1 mutants also develop as males, even in conditions in
which, by far, most of the heterozygous and homozygous
wild-type littermates develop as females (raising embryos in
low densities with ample food; data not shown). But in
contrast to the piwi mutants, henl mutants are fertile, show-
ing that in henl mutants germ cells are not lost. Interes-
tingly, we show that henl mutant gonads produce early stage
oocytes, similar to their wild-type siblings. Apparently, Henl
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is required to maintain early oocytes or to further differentiate
them, and failure to do so may trigger the observed switch to
male development in henl mutant animals.

Interestingly, not all defects in oocyte maturation lead to
male development: we have described a missense mutation
in zili that triggers meiotic defects, while still permitting
female development (Houwing et al, 2008). Taken together,
phenotypic analysis of the various piwi-pathway mutants
strongly suggests that an event early in oogenesis, but after
oocyte specification is important to oocyte maintenance and
subsequent female development in zebrafish. Whether this
relates to transposon activity is presently not clear.

Piwi pathway in testis and ovary

The onset of henl expression in zebrafish, around 3 weeks of
development, coincides with the time around which zebra-
fish sex determination takes place (Maack and Segner, 2003).
This is also the time when ziwi mutant zebrafish loose their
germ cells (Houwing et al, 2007). As Ziwi, together with
piRNAs, is maternally provided, this may indicate that
around this time a wave of de novo piRNA synthesis is
required to provide the proliferating germ cells with sufficient
piRNAs. Obviously, this would require synthesis of additional
Ziwi and Hen1 protein. It is likely that these processes are the
basis of the germ cell defects observed in both ziwi and hen!
mutants, with the defect in the ziwi mutant being much
stronger as it totally blocks the piwi pathway, whereas lack
of Henl merely makes it less efficient.

However, there are indications that piRNA biosynthesis
also occurs earlier. At 3 days of development, zili becomes
expressed in the PGCs and Zili protein translocates to the
nucleus. In analogy to the mouse Miwi2 data (Aravin et al,
2008), we hypothesize that Zili becomes loaded with newly
made piRNAs and is transported to the nucleus to exert its
function. Lack of Zili prevents these events and inhibits
further PGC differentiation. Yet, zygotic loss of Henl does
not inhibit PGC development. Potentially, Henl protein,
but not henl RNA, is provided maternally, similar to Ziwi,
thus permitting normal piRNA biogenesis and PGC deve-
lopment at these early time points in development.

Hen1 localizes to nuage

We found that a Hen1:GFP fusion protein, when introduced
into PGCs localizes to nuage. This would be expected if
indeed endogenous Henl is provided maternally, as Ziwi
localizes strongly to nuage in PGCs as well (Houwing et al,
2007). Furthermore, piRNA biogenesis is presumably occur-
ring in these structures (Aravin et al, 2009). We found that
the C-terminal region of Henl, the CTD, is sufficient for this
localization. Interestingly, a model of animal Hen1 binding to
a Piwi protein has been proposed, based on structural work
on the Arabidopsis HEN1 protein (Huang et al, 2009). This
model proposes a direct interaction between the Henl CTD
and Piwi. However, we have not been able to detect interac-
tion between Henl1, or the Henl CTD with any part of Ziwi or
Zili in a yeast-two-hybrid experiment (data not shown). This
may either indicate that there is no direct interaction between
Henl and Piwi, or that the Piwi protein has to bind a small
RNA to allow the interaction. As Henl presumably should
work only on loaded Piwi proteins, the latter option seems a
realistic possibility.
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Interestingly, the henlI(sa0026) allele we describe
produces detectable levels of mRNA that may produce a
C-terminally truncated protein, unable to localize to nuage.
Given the strong effect of henl(sa0026) on piRNA methyla-
tion, it appears that this domain may indeed be critical
for Henl function. Unfortunately, we have so far been
unable to generate Henl-specific antibodies to further test
this idea.

PIiRNA adenylation and uridylation

We have described a differential response of piRNAs in the
henl mutant depending on the type of target. Interestingly,
we find more frequent uridylation on piRNAs derived from
potentially active transposons. This may relate to the fact that
the 3’ end of an Argonaute-bound small RNA is bound by the
PAZ domain, and only becomes available for modification if
the small RNA base pairs extensively with a target. Therefore,
the uridylation we observe on unmethylated piRNAs may
well require target recognition, an idea that has been pro-
posed before based on work on uridylation of miRNAs and
siRNAs in Chlamydomonas (Ibrahim et al, 2010), and has
been shown for miRNAs and siRNAs in Drosophila and
human cells (Ameres et al, 2010). Such target-dependent
uridylation would likely result in the observed difference in
uridylation between DNA element-derived piRNAs and RNA
element-derived piRNAs, as zebrafish, like most vertebrates
(Feschotte and Pritham, 2007), has no known active DNA
transposons in its genome. Note that this hypothesis would
also imply that the observed adenylation of piRNAs is
independent of target recognition, as it does not discriminate
between different elements.

The uridylating and adenylating enzymes remain un-
known at the moment. Seven non-canonical polyA poly-
merases, some with uridylating activities have been
identified so far (Wilusz and Wilusz, 2008): TUTasel is the
mitochondrial polyA polymerase (Tomecki et al, 2004;
Nagaike et al, 2005) and has been implicated, like TUTase3
in Histone mRNA uridylation (Mullen and Marzluff, 2008).
U6 TUTase acts specifically on U6 snRNA (Trippe et al, 2006)
and TUTase5 has not been well described. Only TUTase2 and
4 have been linked to RNA interference-like pathways before.
Mammalian TUTase2 homologues have been shown to poly-
adenylate their mRNA targets (Kwak et al, 2004), similar
to the C. elegans homologue GLD-2 (Wang et al, 2002).
However, in mouse, TUTase2 has also been implicated in
miRNA stabilization through adenylation of the mature
miRNA (Katoh et al, 2009). Furthermore, TUTase4 has in
vitro uridylation activity (Kwak and Wickens, 2007) and is
involved in uridylation of miRNA precursors (Heo et al,
2009). TUTase?7 resembles TUTase4 in domain structure and
in vitro activity (Kwak and Wickens, 2007) and is the closest
homologue of the C. elegans CDE-1 protein, which is involved
in siRNA uridylation (van Wolfswinkel et al, 2009). For these
reasons, we consider drTUTases2, 4, and 7 the most likely
candidates for the adenylation and uridylation of henl mu-
tant piRNAs. However, it should be noted that the in vivo
characterization of many of these enzymes is relatively
limited, especially for TUTaseS.

We found that drtutases2, 4, and 7 are expressed in germ
cells, although not specifically in germ cells. Therefore, if
these enzymes are indeed involved, their activities are not
specific to the Piwi pathway. Consistent with this finding, the
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previously described miRNA adenylation was found in liver
(Katoh et al, 2009) and the target-dependent uridylation
activity described by Ameres et al (2010) is also active in
somatic cells.

PIiRNA degradation

We describe that uridylation, but not adenylation, is asso-
ciated with destablilization of piRNAs. This destabilization
likely involves a 3'-5' exonuclease activity, based on the
finding that henl mutant piRNAs tend to become shorter at
their 3’ ends, not at their 5 ends. A prominent 3’-5" exonu-
clease is the exosome (Houseley et al, 2006), a cytoplasmic
activity that has been implicated in specific cases of small
RNA biogenesis (Flynt et al, 2010). Whether TUTase4,
TUTase7, and the exosome are indeed involved in piRNA
homeostasis will have to be determined through further
experimental analysis.

Concluding remarks

The zebrafish henl mutant described here is a model in
which the Piwi pathway is crippled, but still active. It
represents the first vertebrate system in which piRNA stabi-
lity is decreased and offers opportunities to further refine our
knowledge of the Piwi pathway in vertebrate germ cells
as it allows for proper germ cell function and development,
while at the same time it has measurable effects on the Piwi
pathway.

Materials and methods

Zebrafish strains and genetics

Zebrafish were kept under standard conditions (Westerfield, 1993)
and staged according to Kimmel et al (1995). The henI splice-donor
mutant (sa0026) was derived from ENU mutagenized libraries using
target-selected mutagenesis as described (Wienholds et al, 2002).
Fish with mutant alleles were outcrossed against wild-type fish (AB
or TL) and subsequently incrossed to obtain homozygous offspring.

Genotyping

DNA was purified from caudial fin tissue, taken from anesthetized
zebrafish. A henl fragment was amplified with the primers
indicated in the Supplementary data, and PCR products were
sequenced.

In vitro methyltransferase activity assay

The methyltransferase assay was performed as described previously
(Yu et al, 2005). A 100 pl reaction containing 50 mM Tris-HCI (pH
8.0), 100mM KCl, 5mM MgCl,, 0.1mM EDTA, 2mM DTT, 5%
glycerol, 80U RNasin, 0.5 uCi S-adenosyl-L-[methyl-'*C] methionine
(Amersham), 5 pg purified protein (GST or GST-hen1), and 1 nmol
of RNA substrate was incubated for 2h at 37°C. The reaction was
stopped with proteinase K for 15min at 65°C after which it was
extracted by phenol/chloroform. Small RNAs were precipitated
with ethanol and analysed on a 12% acrylamide gel. The gel was
treated with an autoradiography enhancer (En3hance, Perkin
Elmer) and exposed to X-ray film at —80°C.

Whole-mount ISH

Embryos and gonads were fixed in 4% PFA overnight at 4°C.
Embryos older than 48 h and gonads were treated with proteinase
K. ISH was performed as described previously (Houwing et al,
2007). The tissue was embedded in plastic for sectioning.

RT-PCR and qPCR

Total RNA was isolated from testis using FastRNA Pro Green kit
(Q-Bio gene). RNA was treated with DNasel (Promega) and isolated
with Trizol. cDNA was synthesized using Oligo dT primers and
subsequently used for semi-quantitative PCR or qPCR. Quantitative
PCR was performed on a Biorad ICycler system (MiQ5) with SYBR
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Green. Primers used for quantification are given in the Supplemen-
tary data.

mRNA injections

Capped full-length mRNA or mRNA from specific domains were
synthesized using mMESSAGE SP6 RNA Polymerase (Ambion) and
purified using RNeasy spin columns (Qiagen). Zebrafish embryos
were injected with 300 pg of full-length henl mRNA, 300 pg mRNA
of Henl CTD, and 150pg mRNA of the MT-domain of Henl.
Embryos were fixed for 2h in MeOH and analysed using confocal
fluorescence microscopy.

Histological analysis

Fish were killed in ice-cold water, decapitated, and fixed overnight
in 4% PFA in PBS at 4°C. Gonads were isolated from the fish and in
gradual steps transferred to 75% ethanol after which they were
embedded in paraffin for sectioning. Paraffin sections were stained
with haematoxylin and eosin for histological analysis.

Electron microscopy

Trunks of 3-week-old zebrafish were fixed with half-strength
Karnovsky fixative (pH 7.4) (Karnovski, 1965) and post-fixed with
1% 0sO4 in 0.05M cacodylate buffer (pH 7.4), dehydrated in
acetone series, and embedded in Spurr’s low viscosity resin (Spurr,
1969). Semi-thin, 1-um-thick sections were cut with a histo-Butler
diamond knife (Diatome) and mounted on glass slides. After drying,
the sections were stained with methylen blue Azur II mixture
according to Richardson (Richardson et al, 1960) for light
microscopy. Ultrathin sections (70nm in thickness) were placed
on copper grids, stained with uranyl acetate followed by lead
citrate, and examined with an electron microscope (ZEISS Libra 120
energy filter electron microscope). Image acquisition and analysis
were performed using a 2 k Vario Speed SSCCD camera (Droendle),
the iTEM software (TEM imaging platform, Olympus), and Adobe
Photoshop.

Northern blotting and B-elimination

Total RNA was isolated using FastRNA Pro Green kit (QBiogene).
For regular northern blotting, 5pg RNA was loaded on a 15%
polyacrylamide gel and blotted according to standard procedures.
To test the presence of the 3’-end modification of piRNAs, 20ug
total RNA was treated with NalO, followed by B-elimination as
described previously (Vagin et al, 2006). This was loaded on a 12%
polyacrylamide gel and blotted according to standard procedures.
Blots were prehybridized in hybridization buffer (Ambion) for
20 min and hybridized overnight at 37°C for DNA probes and 60°C
for LNA probes. After washing (20 min at 37°C in 2 x SSC/0.2%
SDS and 20min at 37°C in 1 xSSC/0.1% SDS for DNA probes;
20min at 50°C in 1xSSC/0.1% SDS and 20min at 50°C in
0.5%xSSC/0.1% SDS for LNA probes), blots were exposed to
phosphor-imager screens that were scanned on a BAS-2500 imager.

Immunoprecipitation and p-elimination

Immunoprecipitation and 5'-end 3*P-labelling of the immunopreci-
pitated RNA was performed as described previously (Houwing et al,
2008). Half of the RNA sample was treated with NalO, followed by
B-elimination (Vagin et al, 2006) and phenol/chloroform extraction.
The untreated and B-eliminated samples were loaded on a 15%
polyacrylamide-sequencing gel. The gel was fixed, dried, and
exposed overnight to phosphor-imager screens.
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