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SUMMARY

Germ cells of most animals critically depend on
piRNAs and Piwi proteins. Surprisingly, piRNAs in
mouse oocytes are relatively rare and dispensable.
We present compelling evidence for strong Piwi
and piRNA expression in oocytes of other mammals.
Human fetal oocytes express PIWIL2 and trans-
poson-enriched piRNAs. Oocytes in adult human
ovary express PIWIL1 and PIWIL2, whereas those
in bovine ovary only express PIWIL1. In human,
macaque, and bovine ovaries, we find piRNAs that
resemble testis-borne pachytene piRNAs. Isolated
bovine follicular oocytes were shown to contain
abundant, relatively short piRNAs that preferentially
target transposable elements. Using label-free quan-
titative proteome analysis, we show that these
maturing oocytes strongly and specifically express
the PIWIL3 protein, alongside other, known piRNA-
pathway components. A piRNA pool is still present
in early bovine embryos, revealing a potential impact
of piRNAs on mammalian embryogenesis. Our re-
sults reveal that there are highly dynamic piRNA
pathways in mammalian oocytes and early embryos.

INTRODUCTION

piRNAs represent a predominantly germ-cell-specific class of

small RNAs that interact with a specific class of Argonaute pro-

teins, known as Piwi proteins (Ghildiyal and Zamore, 2009;

Malone and Hannon, 2009). Both Piwi proteins and piRNAs are

essential for germ cell development and function (Ketting,

2011). In their absence, germ cells can arrest during proliferation

or meiosis or they can undergo apoptosis. The molecular mech-

anisms behind these phenotypes have not been properly
Cell
described in all cases, but commonly, defects in the silencing

of repetitive sequences in the genome, such as transposable

elements, are important causative factors (Saito and Siomi,

2010). In line with this, piRNA populations are often enriched

for transposon-derived sequences. One notable exception is

the piRNA population that is expressed during spermatogenesis

in mammals. These so-called pachytene piRNAs, named after

the fact that they start to be expressed at the onset of pachytene

stage during meiosis, are depleted of transposon-derived se-

quences. Therefore, this group of piRNAs could be important

for additional regulatory developmental mechanisms (Gou

et al., 2014; Weick and Miska, 2014), even though they can still

play a role in the control of transposon activity (Di Giacomo

et al., 2013).

piRNAs such as the pachytene piRNAs are derived from so-

called piRNA-precursor transcripts that in turn come from large

clusters that are often bi-directionally transcribed (Aravin et al.,

2006; Girard et al., 2006; Lau et al., 2006). Among various mam-

mals, the sequences of these clusters are not conserved, but

their location within the genome is. The precursor transcripts

are processed by a nuclease named Zucchini (Ipsaro et al.,

2012; Voigt et al., 2012), after which a Piwi protein binds to the

50 end of one of the generated fragments. This process results

in piRNAs that are characterized by a strong bias for uracil at

their 50 ends, most likely because of a 50 nucleotide preference

of the Piwi protein involved (Kawaoka et al., 2011). Biogenesis

is finalized by trimming of the 30 end of the piRNA intermediate

(Kawaoka et al., 2011) and 20 O-methylation of the most 30

base of the piRNA (Houwing et al., 2007; Vagin et al., 2006).

This modification is placed by the enzyme Hen1 and serves to

inhibit the addition of 30 non-templated nucleotides, mostly uri-

dine and adenosine, to the 30 ends of piRNAs (Ameres et al.,

2010; Horwich et al., 2007; Kamminga et al., 2010; Saito et al.,

2007).

In addition to this Zucchini-driven pathway, also referred to as

primary biogenesis, a secondary piRNA biogenesis mechanism

exists. This has been described best in Drosophila oocytes,
Reports 10, 2069–2082, March 31, 2015 ª2015 The Authors 2069

mailto:r.ketting@imb.de
http://dx.doi.org/10.1016/j.celrep.2015.02.062
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2015.02.062&domain=pdf


(legend on next page)

2070 Cell Reports 10, 2069–2082, March 31, 2015 ª2015 The Authors



where two Piwi paralogs, Aub and Ago3, participate in this

mechanism (Brennecke et al., 2007; Gunawardane et al.,

2007), but operates in vertebrates as well (Aravin et al., 2007,

2008; Houwing et al., 2007, 2008). First, Aub is loaded through

the primary mechanism described above. Then, when Aub

cleaves a target transcript, Ago3 is loaded with the 50 cleavage
fragment generated by Aub. Reversely, when Ago3 cleaves a

target RNA, an empty Aub molecule can be loaded with the

generated 50 cleavage fragment. This results in a very character-

istic relationship, also known as the ping-pong signal, between

the piRNAs bound by the two different Piwi paralogs: they are

derived from complementary transcripts and overlap precisely

ten nucleotides at their 50 ends (Brennecke et al., 2007; Guna-

wardane et al., 2007). This derives from the fact that Argonaute

proteins cleave their target transcripts precisely between nucle-

otides 10 and 11 from the 50end of the bound small RNA. Conse-

quently, Aub-bound piRNAs are marked by a U at position one,

whereas Ago3-bound piRNAs have a characteristic adenosine

enrichment at position ten.

Piwi proteins can also induce transcriptional silencing. In

Drosophila, this is done by Piwi (Le Thomas et al., 2013; Rozhkov

et al., 2013; Sienski et al., 2012), a Piwi paralog that is exclusively

loaded through primary biogenesis. In mouse embryonic, male

germ cells, a nuclear Piwi pathway has been shown to be driven

by MIWI2 (PIWIL4) (Aravin et al., 2008; Kuramochi-Miyagawa

et al., 2008). MIWI2 is specifically loaded through a secondary

piRNA biogenesis mechanism, in which the Piwi-paralog MILI

(PIWIL2) acts to initiate the loading of MIWI2 (Aravin et al., 2008).

In model organisms like Drosophila and zebrafish, Piwi pro-

teins and piRNAs are essential during both spermatogenesis

and oogenesis (Ketting, 2011). Strikingly, none of the murine

Piwi proteins affect female fertility (Carmell et al., 2007; Deng

and Lin, 2002; Kuramochi-Miyagawa et al., 2004). Mouse

oocytes do express Piwi proteins (Aravin et al., 2008; Ding

et al., 2013; Lim et al., 2013), but only relatively minor amounts

of piRNAs have been detected (Tam et al., 2008; Watanabe

et al., 2008). In contrast, the siRNA-generating enzyme DICER

is essential for progression of mouse oocytes through meiosis

(Murchison et al., 2007), paralleled by relatively high levels of

siRNAs in oocytes (Tam et al., 2008; Watanabe et al., 2008).

Interestingly, Dicer expression in mouse ovary is driven by a

Muridae-specific retro-transposon insertion into the Dicer locus

(Flemr et al., 2013). Furthermore, the mouse and rat genomes

lack one of the four Piwi paralogs that are found in most other

mammals, including primates and humans, PIWIL3.

We reasoned that both the lack of PIWIL3 from the mouse and

rat genomes, as well as theMuridae-specificDicer locus, may be

indications that the small RNA status of mouse oocytes is not

representative for mammals in general. We therefore profiled
Figure 1. Bovine Ovarian piRNAs

(A) Confocal image of PIWIL1 and VASA staining on bovine ovarian section. The
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small RNAs from bovine, macaque, and human ovaries and

from isolated, maturing bovine oocytes. We also used label-

free quantitative mass spectrometry to analyze the proteome

of bovine oocytes. These experiments uncovered very dynamic

Piwi pathways in the female germline of these mammals, in-

cluding oocyte-specific expression of PIWIL3, whereas DICER-

driven pathways are only poorly represented.

RESULTS

PIWIL1 Expression in Bovine Ovary
We first tested whether Piwi proteins can be detected in adult

mammalian ovarian tissue by performing immuno-fluorescence

(IF) experiments on bovine (Bos taurus) ovarian tissue, using

testis as a positive control (Figure S1A). We observed PIWIL1

expression oocytes starting at primordial stage (Figure 1A). In

addition, we could also detect PIWIL1 transcripts using RT-

PCR in both tissues (not shown). Whereas PIWIL1 and VASA

(DDX4) displayed the typical granular structure in testis (Fig-

ure S1A), such structures were not obvious in oocytes. PIWIL2

expression was not detected in adult bovine ovary (data not

shown).

Bovine Ovarian piRNAs
To follow up on the detection of PIWIL1 in bovine adult ovary, we

made small RNA libraries frombovine ovary total RNA. As a com-

parison, we also generated small RNA libraries from testis. In

both replicates of the testis, a strong peak of �30-nucleotide

piRNAs could be observed and relatively few miRNA reads (Fig-

ures 1B, S1B, and S2), consistent with previously published data

on testis piRNAs in mouse, rat, and human (Aravin et al., 2006;

Girard et al., 2006; Lau et al., 2006). In the ovary, however, no

such population could be detected (Figures 1B and S1B). Given

that the germ cell count in ovarian tissue is much lower than in

testis, we reasoned that a piRNA population might be hidden

by somatic small RNAs. To circumvent this, we made additional

libraries of the same ovarian RNA samples following treatment

with sodium periodate (NaIO4). This makes most small RNA

species non-accessible for cloning, except when they are pro-

tected from oxidation at their 30 end, as piRNAs are, through

20O-methylation (Vagin et al., 2006). Plotting only those reads

from loci that are at least 5-fold enriched through this procedure,

a clear piRNA-like population was detected (Figures 1B and

S1B). Interestingly, the length distribution of these RNAs and

their 50 bias for uracil is virtually indistinguishable from those ob-

tained from testis (Figure 1B). The piRNAs from testis, as well as

the NaIO4-enriched population from ovary, show a pronounced

ping-pong signal (Figure 1C). Because the vast majority of these

piRNAs are presumably bound by PIWIL1, this signature likely
scale bar represents 10 mm.

ted. Orange, reads starting with a U. Grey, reads not starting with a U.

e locus (ping-pong signal).

iRNA populations.

yte-derived (see Figure 5) piRNAs. The map is ordered according to piRNA

rious samples (highest score at each locus was set to 1 and the lowest to 0).

idation.
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results from homotypic ping-pong interaction and may not play

an important role in piRNA amplification. Nevertheless, it is a

strong indication that these RNAs are bona fide piRNAs. The

transposon-repertoires of the ovarian and testicular piRNA pools

are very similar (Figures 1D, S1C, and S1D), with relatively low

transposon coverage among the total small RNA pool (14% for

ovary; 18% for testis). Finally, we defined piRNA clusters, using

previously described software (Rosenkranz and Zischler, 2012).

In testis, 564 clusters were called, representing 0.2% of the

genome. More than 90% of all sequenced piRNAs can come

from these loci. In ovary, 121 clusters were called (0.05% of

the genome), and these can produce 84% of all piRNAs

sequenced. The majority of ovarian clusters called are also rep-

resented among testis piRNA clusters (Figure 1E). Interestingly,

approximately 90% of the ovarian piRNAs (defined as 5-fold en-

riched following oxidation) can come from testicular piRNA clus-

ter loci. We conclude that bovine ovary expresses PIWIL1 and

piRNAs that are very similar to piRNAs expressed during pachy-

tene stage of spermatogenesis.

Ovary-Derived piRNAs from Macaque
We then turned to primates and analyzed adult macaque

(Macaca fascicularis) ovarian and testicular tissue, using the

same NaIO4 treatment strategy as for bovine ovary. We now

considered 2-fold enrichment, because 5-fold enrichment

reduced the read numbers dramatically. Using these settings,

we could clearly detect piRNA-like populations in ovarian sam-

ples of two macaque individuals (Figures 2A and S3A). Again,

the length of these piRNAs is similar between testicular and

ovarian samples (Figure 2A), although the ovarian piRNA

population seems to be a bit broader in size. Possibly, a second,

somewhat smaller piRNA population also exists next to the 30-

nucleotide PIWIL1 piRNAs (see also Expression of PIWIL1 and

piRNAs in Human Ovary).

With regard to transposons, the ovarian and testicular piRNA

pools are similar, with the exception of ERVL and L2 (Figures

2B, S3B, and S3C). Overall, transposon coverage is again low

for both ovary (14%) and testis (17%). As among bovine ovarian

and testicular piRNAs, a clear ping-pong signal for macaque

ovarian and testicular piRNAs is evident (Figure 2C). Finally,

there is again a significant overlap between the piRNA clusters

called for ovary piRNAs (264 clusters, explaining 94% of the

piRNAs) and those called for testis-derived piRNAs (605 clus-

ters, explaining 92% of the sequenced piRNAs; Figure 2D).

That said, the resemblance between ovarian and testicular clus-

ters is less convincing for macaque than for bovine piRNAs, and

accordingly, only about 10% of ovarian piRNAs can come from

testicular piRNA clusters. Based on these data, we conclude

that also the macaque ovary expresses piRNAs in a manner

that resembles pachytene piRNAs in testis, even though both tis-

sues clearly produce unique piRNAs.

Expression of PIWIL1 and piRNAs in Human Ovary
Next, we analyzed PIWIL1 expression in human adult ovaries

using IF. This revealed clear expression of PIWIL1 in oocytes

that were marked by expression of VASA (Figure 3A). The

staining pattern is very similar to the staining of PIWIL1 in

bovine ovary. In addition to PIWIL1, and different from what we
2072 Cell Reports 10, 2069–2082, March 31, 2015 ª2015 The Author
observed in bovine ovary, oocytes in human ovary also stained

positive for PIWIL2 (Figure 3B). No obvious granular structures

were observed for PIWIL1, PIWIL2, or VASA.

We then profiled the small RNAs of two human ovarian cortex

samples from two different patients with reproductive age (Fig-

ures 3C and S4A). Following NaIO4-mediated oxidation of the

RNA, and considering sequences from loci that were at least

5-fold enriched, we could detect clear piRNA-like small RNAs,

with characteristics that are very similar to those obtained from

macaque ovary. Again, the size profile of this piRNA pool sug-

gests the existence of two piRNA pools: one with a size of �30

nucleotides and one that is somewhat smaller. This would be

consistent with a PIWIL1- and a PIWIL2-bound piRNA pool in hu-

man ovary. In comparison, we only detected PIWIL1 in bovine

ovary, and the size profile for bovine ovarian piRNAs is much

sharper. Whereas we cannot prove it, our data would be consis-

tent with a more dominant, PIWIL1-bound piRNA pool in bovine

ovary compared to human and macaque ovary.

We could define only 34 human ovarian piRNA clusters that

explain only 5% of the sequences that were enriched through

oxidation. Possibly, the relatively low number of reads that was

significantly enriched following oxidation prevents efficient clus-

ter calling for these human samples. The oxidation-resistant

RNA pool revealed a clear ping-pong signal (Figure 3D), and

only 18%of these RNAs are derived from transposable elements

(Figures 3E, S4B, and S4C). Overall, these results strongly sug-

gest that adult human oocytes contain PIWIL1- and PIWIL2-

bound piRNAs.

Human Fetal Oocytes Express PIWIL2
We also addressed the Piwi status of oocytes during embryonic

development using IF. For this, we analyzed both first- and sec-

ond-trimester ovary samples for PIWIL1 and PIWIL2. We did not

detect VASA, and we did not see specific PIWIL1/2 staining in

OCT4-positive cells (germ cells) in first-trimester ovaries (data

not shown). However, we detect strong staining for PIWIL2 in

second-trimester ovaries, especially in those germ cells that

are no longer OCT4 positive but VASA positive (Figure 4A). Strik-

ingly, both VASA and PIWIL2 localize to aggregates close to the

nucleus but are both absent from the nucleus itself. This is a

pattern that has been observed in mouse gonocytes as well. In

fact, VASA is known to promote the ping-pong cycle (Xiol

et al., 2014). In mouse gonocytes, PIWIL4 acts as the secondary

Piwi protein, downstream of PIWIL2 (Aravin et al., 2008), but we

could not detect convincing, germ-cell-specific staining with

available PIWIL4 antibodies. Consistent with this observation,

published RNA expression data (Gkountela et al., 2013) show

relatively low expression of PIWIL4 in fetal human oocytes

(Figure S5D).

piRNAs from Human Fetal Ovaries
We also sequenced small RNA populations from human fetal

ovaries. Two independent samples of first-trimester ovaries

(8.5 and 10.5 weeks of gestation) did not yield convincing piRNA

populations, whether we treated the RNA with NaIO4 or not

(Figure S5A). This is consistent with the fact that, during the

first trimester, oocytes typically are still negative for VASA

and PIWIL2 (data not shown). Strikingly, in two independent
s



Figure 2. Macaque Ovarian piRNAs

(A) Length profiles of the indicated libraries. Only non-annotated reads are depicted. Orange, reads starting with a U. Grey, reads not starting with a U.

(B) Diagram depicting the transposon content of macaque ovarian and testicular piRNA populations.

(C) Overlaps of 50 ends of reads that are mapped to opposite strands of the same locus.

(D) Heatmap comparing piRNA clusters called from ovarian and testicular piRNAs. The map is ordered according to piRNA density in testicular clusters and

reflects relative piRNA density between the various samples (highest score at each locus was set to 1 and the lowest to 0).
second-trimester ovaries (19 and 19.5 weeks of gestation), when

VASA and PIWIL2 are strongly expressed (Figure 4A), we detect

convincing piRNA-like profiles (Figures 4B and S5B), displaying

a prominent ping-pong signal (Figure 4C). Roughly 50% of the

oxidation-resistant RNAs can be explained by �500 clusters.

With on average 27 nucleotides, these piRNAs are significantly

smaller than the 30-nucleotide piRNAs detected in the human
Cell
adult ovary and their transposon-targeting capacity (30%) is

higher than in the adult ovary (18%; Figures 4D, S4C, and

S5C). In mouse gonocytes, the overall piRNA population peaks

at 27 nucleotides as well, with a similar shoulder toward some-

what longer piRNAs (Aravin et al., 2008). For these mouse piR-

NAs, it was established that the overall population is in fact a

merge of two piRNA populations, bound by PIWIL2 (binding
Reports 10, 2069–2082, March 31, 2015 ª2015 The Authors 2073



Figure 3. Human Adult Ovarian piRNAs

(A) Confocal image of PIWIL1 and VASA staining on human adult ovarian sections. The scale bar represents 15 mm.

(B) Confocal image of PIWIL2 and VASA staining on human adult ovarian sections. The scale bar represents 15 mm.

(C) Length profiles of the indicated libraries. Only non-annotated reads are depicted. Orange, reads starting with a U. Grey, reads not starting with a U.

(D) Overlaps of 50 ends of reads that are mapped to opposite strands of the same locus.

(E) Diagram depicting the transposon content of human ovarian piRNAs.
primary piRNAs of �26 nucleotides) and PIWIL4 (binding sec-

ondary piRNAs of �28 nucleotides; Aravin et al., 2007, 2008).

In absence of PIWIL2/4 IP data, we checked whether the sense
2074 Cell Reports 10, 2069–2082, March 31, 2015 ª2015 The Author
and antisense piRNAs from the two most abundantly repre-

sented transposons (ALU and L1) displayed a significant length

difference. We could, however, not detect a difference that
s



Figure 4. Human Fetal Ovarian piRNAs

(A) Wide-field image of PIWIL2 (green), VASA (red, cytoplasm), and OCT4 (red, nucleus) staining on human second-trimester ovary. Arrows indicate

VASA-positive cells, and arrowheads indicate OCT4-positive cells. Note the PIWIL2 and VASA aggregates in the OCT4-negative cells. The scale bar

represents 10 mm.

(B) Length profiles of the indicated libraries. Only non-annotated reads are depicted. Orange, reads starting with a U. Grey, reads not starting with a U.

(C) Overlaps of 50 ends of reads that are mapped to opposite strands of the same locus.

(D) Diagram depicting the transposon content of second-trimester human ovarian piRNAs.

(E) 1U and 10A bias among piRNA reads derived from the indicated repetitive elements. Reads were separated according to sense or antisense polarity. Labels

‘‘1’’ and ‘‘2’’ refer to both biological replicates.
was consistent between the two fetal ovarian samples. We did

detect a modest but consistent increase in 1U bias for antisense

piRNAs and an increase in 10A bias for sense piRNAs for both

transposon types in both samples, whereas this was absent for
Cell
other abundantly represented transposons (Figure 4E). These

results suggest that fetal human ovaries express piRNAs that

are mostly bound by PIWIL2. A clean signature hinting at a

PIWIL2-PIWIL4 interaction could not be distilled from our data.
Reports 10, 2069–2082, March 31, 2015 ª2015 The Authors 2075
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piRNAs from Isolated Bovine Oocytes from Antral
Follicles
Are piRNAs still present in more mature oocytes? We tested that

by generating and sequencing small RNA libraries from three in-

dependent sets of bovine germinal vesicle (GV) stage oocytes,

collected from antral follicles and stripped from their accompa-

nying cumulus cells. Less than 1% of the oocyte-derived small

RNAs were miRNAs (Figure S1), and the majority of sequences

were derived from a piRNA-like population (Figure 5A), �26 nu-

cleotides in length. These RNAs are strongly enriched for trans-

poson sequences (more than 50%), most notably RTE1, SINE2,

L1, and the endogenous retroviruses ERV1-3 (Figure 5B).

Overall, a strong ping-pong signal could be detected (Fig-

ure 5C). Both sense and antisense piRNAs from, for example,

RTE1 are strongly enriched for a U at position 1 (93% and

96%, respectively) and an A at position 10 (57% and 62%,

respectively), consistent with homotypic ping-pong interactions.

Finally, the distribution of piRNAs along the RTE1 element shows

a strong clustering of piRNAs at the 30 end of the element, with

clear signs of ping-pong interactions (Figure 5D).

We could define a set of 211 clusters that together span 0.13%

of the genome and explain �83% of the GV-stage piRNAs.

These oocyte clusters are very consistent between all oocyte

stages and embryos (see below) but very different from the

piRNA clusters we defined based on total ovarian or testicular

RNA (Figure 1E). Accordingly, less than 10% of the oocyte-

derived piRNAs can come from testicular piRNA clusters.

We also matured GV stage oocytes into metaphase I (MI) and

metaphase II (MII) stage oocytes and analyzed their small RNA

content. Also in these stages, abundant piRNAs can be de-

tected, and their characteristics are almost identical to those

observed at the GV stage (Figures 1E and 5A). Strikingly, a

very similar piRNA pool can still be detected in 2- to 4-cell-stage

bovine embryos that were obtained through in vitro fertilization

(IVF) (Figures 5A and 5B). No testis-derived piRNAs were

obvious in these embryos, as defined by their length preference

of �30 nucleotides, indicating that paternal piRNA contribution

is very limited. Based on size profiles, we could not detect a

distinct population of siRNAs in any of the oocyte-derived small

RNA libraries and we could not detect piRNA-like populations in

the somatic cumulus cells (Figures S6A and S6B).

All oocyte and embryo libraries were made without NaIO4 pre-

treatment, indicating that the just-described piRNA-like popula-

tions represent by far the most abundant small RNA species in

these oocytes. Surprisingly, by sequencing RNA from bovine

oocyte-cumulus complexes before and after NaIO4 treatment,

we found that the 26-nucleotide piRNAs are as sensitive to

oxidation as miRNAs (Figure 5E). The oxidation efficiency in
Figure 5. piRNAs from Bovine Oocytes and Embryos

(A) Length profiles of the indicated libraries. Only non-annotated reads are depic

(B) Diagram depicting the transposon content of bovine piRNA populations from

(C) Overlaps of 50 ends of reads that are mapped to opposite strands of the sam

(D) Distribution of sense and antisense piRNAs over the RTE1 element. The asteris

their 50 ends.
(E) Length distribution of reads obtained from small RNA libraries made from bov

Annotated bovine miRNAs are indicated in light gray, non-annotated bovine-sp

panel: non-oxidized. Right panel: oxidized. Only 20% of the macaque reads are

Cell
this experiment was demonstrated by the strong increase in

cloning frequency of macaque testis piRNAs. These were mixed

into the oocyte-cumulus RNA prior to oxidation and library

preparation.

Adenylation Is Prevalent on piRNAs from Follicular
Bovine Oocytes
Non-templated nucleotides at the 30 ends of small RNAs have

been described for multiple small RNA classes in multiple spe-

cies (Ameres et al., 2010; Katoh et al., 2009; Li et al., 2005; van

Wolfswinkel et al., 2009). Adenylation and uridylation are the

most common forms of these post-transcriptional modifications.

Uridylation has been coupled to target-dependent de-stabiliza-

tion of small RNAs (Ameres et al., 2010), whereas adenylation

has recently been shown to be involved in the clearance of

maternal miRNAs (Lee et al., 2014). We therefore checked

non-templated nucleotide addition in all bovine samples. In all

data sets, we see that around 15% of the piRNAs is marked by

such extensions of one or two nucleotides (Figure 6A). We

observed a very interesting difference for non-templated nucle-

otides on the 26-nucleotide piRNAs from antral follicle oocytes

compared to the 30-nucleotide piRNA populations. In all cases,

the 30-nucleotide populations mostly displayed uridylation,

whereas the 26-nucleotide piRNAs from antral oocytes dis-

played strong adenylation (Figure 6B). These results are consis-

tent with the proposed role for adenylation in the clearance of

maternal miRNAs in embryos. Given the abundance of piRNAs

in the 2- to 4-cell-stage embryos, the maternal clearance

pathway may not yet be activated in the IVF embryos we have

analyzed. In accordance with this, the bovine zygotic genome

is activated after the 4-cell stage (Graf et al., 2014).

PIWIL3 Is Expressed in Bovine Oocytes
To see which known Piwi-pathway- or RNAi-related proteins are

expressed in oocytes, we analyzed the proteome of bovine GV-

and MII-stage oocytes using label-free quantitative mass spec-

trometry. As comparison, we also determined the proteomes

of bovine testis and of the oocyte-associated cumulus cells. In

the complete data set, we identified 7,031 bovine protein groups

(FDR = 0.01) and quantified 5,359 in at least half of the replicates

of any sample. The individual replicates of each sample show

excellent reproducibility (Figure 7A), with a correlation between

0.76 in testis and 0.94 in oocytes (Figure S7A). On the overall pro-

teome, oocytes of both maturation stages (GV and MII) are

extremely similar (Figure 7B; correlation of 0.87) but clearly

distinct from testis and cumulus cells (Figures 7B and S7B).

DICER and AGO2 were lowly expressed in our testis samples

but escaped detection in oocytes and cumulus cells. In contrast,
ted. Orange, reads starting with a U. Grey, reads not starting with a U.

oocytes and embryos of the indicated developmental stages.

e locus.

ks indicate pairs of sense and antisense piRNAs that overlap ten nucleotides at

ine oocyte-cumulus complexes. Mixed into the RNA was macaque testis RNA.

ecific RNA fragments in black. Macaque-specific reads are in dark gray. Left

displayed in both panels in order to improve visualization of the data.
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Figure 6. Non-templated Nucleotide Anal-

ysis

(A) Frequencies of non-templated bases at the 30

end of the reads of the indicated libraries.

(B) Separation of the identified non-templated

nucleotides into ‘‘A,’’ ‘‘U,’’ or ‘‘other’’ tails.
many Piwi pathway components, including PLD6, VASA, MAEL,

TDRD1, and others, were expressed at significant levels in the

oocytes, but not in the cumulus cells (Figure 7C). Strikingly, we

detected just one of the four bovine Piwi paralogues in the

oocyte samples: PIWIL3. In fact, PIWIL3 was among the most

highly expressed proteins in oocytes and displayed extensive

peptide coverage (Figure S7C), whereas we could not identify

it in testis. In contrast, PIWIL1, and to some extent PIWIL2,

both known to be expressed in testis, were easily detectable in

testis (Figure 7C). Finally, in the cumulus cells, no PIWIL3 could

be detected (Figures 7C and S7B). We conclude that PIWIL3 is

strongly and specifically expressed in bovine oocytes from GV

stage onward. We note that PIWIL3 might also be expressed

during earlier stages of oogenesis.

DISCUSSION

Piwi Proteins and piRNAs in Mammalian Ovaries
In the adult ovaries of three mammalian species, we have de-

tected populations of small RNAs that bear resemblance to the

PIWIL1-bound, pachytene piRNAs found in the testis of these

species. Their transposon-targeting competence is relatively

limited, and hence a role outside transposon regulation seems

likely. In parallel, we describe expression of PIWIL1, and in hu-

man and macaque also of PIWIL2, in oocytes.

Based on our data, we cannot determine the functions of these

ovarian piRNAs, but extrapolating from work performed previ-
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ously on testicular piRNAs (Aravin et al.,

2007; Di Giacomo et al., 2013; Grivna

et al., 2006; Hirano et al., 2014; Li et al.,

2013; Robine et al., 2009; Gou et al.,

2014), we may anticipate diverse roles

for these piRNAs in themammalian ovary.

One of these roles could be inhibition of

transposon activity. In fact, even though

in mouse oocytes siRNAs are the domi-

nating small RNA species, repressive

effects of MILI on transposon-derived

transcripts have been described (Lim

et al., 2013; Watanabe et al., 2008).

Nevertheless, no obvious effects of

mouse Piwi genes on female fertility

have been reported. This contrasts

starkly with the strong phenotype of ze-

brafish Piwi mutant oocytes (Houwing

et al., 2008). Possibly, siRNAs have taken

over parts of the Piwi pathway in mouse

oocytes. Indeed, Dicer is essential for

oocyte development in mice (Murchison

et al., 2007), whereas Dicer is non-essen-
tial in zebrafish oocytes (Giraldez et al., 2005). Extrapolating from

these data, and the data we here report, we would predict that

piRNAs are required for proper development of non-Muridae

oocytes.

It has been shown that the transcription factor A-MYB drives

pachytene piRNA cluster transcription, as well as transcription

of core Piwi pathway factors, in mouse testes (Li et al., 2013).

Consistent with this finding, we observe strong enrichment of

A-MYB-binding sites at piRNA clusters in all our testis data

sets. Whereas A-MYB sites seem to be enriched in ovarian clus-

ters in the various species we analyzed, this enrichment does not

reach significance inmost cases (not shown). Interestingly, in the

most deeply sequenced ovarian data set (macaque oxidized

ovary; Figure 2A), A-MYB enrichment is as significant as in testis

(p < 10�20), suggesting that transcription of the ovarian clusters

may also be driven by A-MYB. Possibly, the coverage of the

other ovarian data sets is too limited to reach significance.

Finally, we show that the �26-nucleotide, potentially PIWIL3-

bound piRNAs inmaturing oocytes (also see below) are notmeth-

ylated.Hence,becausewedependonoxidation todetectpiRNAs

inovarian tissue, our setupwouldnotbeable todetect these�26-

nucleotide piRNAs during earlier oogenesis stages. An efficient

PIWIL3-specific antibody would help to address this issue.

A Secondary piRNA Pathway in Human Fetal Ovaries?
In human fetal ovary, starting around week 9, we have un-

covered a piRNA population that bears resemblances to the



Figure 7. Quantitative Mass Spectrometry

on Bovine Oocytes and Testis

(A) Principal-component analysis (PCA) calculated

for the LFQ (label-free quantitation) protein

expression level measured by mass spectrometry

measurements show specific groups for testis,

oocytes, and cumulus cells. The quadruplicate

measurements cluster together according to

sample type.

(B) Scatterplot comparing the LFQ expression

levels of protein groups between GV- and MII-

stage oocytes. Important members of the piRNA

pathway are labeled. DICER and AGO1-4 involved

in miRNA processing were not detectable in

oocytes.

(C) Scatterplot comparing the LFQ expression

levels of protein groups between GV-stage oo-

cytes and testis. Selected piRNA (marked in blue)

and miRNA (marked in red) pathway components

are labeled.

(D) Heatmap showing the normalized relative

expression of several piRNA- and miRNA-related

proteins. PIWIL3 expression could only be de-

tected in oocytes, whereas PIWIL1 and PIWIL2,

but not PIWIL3, are expressed in testis. Grey, not

detected.
MILI-MIWI2-bound piRNAs from mouse male primordial germ

cells (PGCs) (Aravin et al., 2007, 2008; Kuramochi-Miyagawa

et al., 2008). In human fetal ovaries, starting at the second

trimester, we could detect PIWIL2, but not PIWIL1 or PIWIL4.

Even though we currently lack piRNA-sequencing data from

immuno-precipitates, the size profile and transposon coverage

of the total piRNA population resemble the piRNA profile from

mouse gonocytes closely, suggesting that PIWIL4 may be ex-

pressed in these human fetal oocytes. Everything considered,

a PIWIL2-PIWIL4-driven piRNA pathway that primarily targets

transposons might be active in human fetal oocytes. This should

be further tested by more extensive analysis of PIWIL4 expres-

sion and, if feasible, immuno-precipitation of the Piwi proteins

followed by sequencing.

PIWI Proteins and piRNAs in Mammalian Follicular
Oocytes and Early Embryos
We find that oocytes of GV and MII stage and early embryos

contain an abundant pool of non-20O-methylated, �26-nucleo-

tide-long piRNAs that is strongly enriched for transposon-

derived sequences. Given that PIWIL3 is the dominating Piwi

protein in these maturing oocytes, it seems likely that this

RNA pool is bound by PIWIL3. Whereas we could not detect

PIWIL1 in our mass spectrometric analysis, we did detect

a minor fraction of �30-nucleotide piRNAs in one of our

oocyte data sets, suggesting a relatively low expression of

PIWIL1 in these later-stage oocytes. However, this particular

data set was derived from a sample that also contains

macaque testis RNA, and it is possible that these PIWIL1-like

piRNAs are derived from non-sequenced parts of the macaque

genome.
Cell
It is presently unclear whether the piRNAs in these oocytes

are required for oogenesis or whether they are made to serve

later. As we could not detect PIWIL3 in testis, PIWIL3 might

be specialized for oocyte-specific functions or for early em-

bryonic processes. Indeed, we can still detect these piRNAs

in 2- to 4-cell-stage bovine embryos. Given the striking ad-

enylation marks on these piRNAs, and the recent evidence

that adenylation plays a role in clearing maternal miRNAs

(Lee et al., 2014), it is unlikely that these piRNAs will still be

present when the PGCs are specified. Hence, they most likely

do not serve to prime the piRNA pathway in the PGCs, as has

been described in Drosophila (Le Thomas et al., 2014a, b).

Possibly, mammalian embryonic piRNAs act during the early

embryonic genome-reprogramming steps, much like piRNAs

in mouse gonocytes help to prevent transposon activity dur-

ing genome reprogramming. Alternatively, these piRNAs

might execute a continuous regulatory program during both

oogenesis and early embryogenesis. Testing such, not mutu-

ally exclusive, hypotheses will require the establishment of

a model system in which PIWIL3 is naturally expressed and

in which it can be manipulated. Given the current power

of genome-editing techniques, such experiments should be

feasible.

PIWIL3 Loss from Muridae Oocytes?
Why have PIWIL3 and its accompanying piRNAs disappeared

from mouse oocytes, and why do other mammals appear not

to have a significant siRNA-mediated pathway in their oocytes?

These questions can only be speculated about. The fact

that the Muridae constellation, loss of PIWIL3 combined with

gained expression of DICER in oocytes, is the most restricted
Reports 10, 2069–2082, March 31, 2015 ª2015 The Authors 2079



one, it seems reasonable to assume that a state of PIWIL3

expression combined with low levels of siRNAs represents

the ancestral state that arose after the emergence of PIWIL3

in a common ancestor of eutherians. It is possible that the

acquisition of DICER within the oocyte, driven by the Muri-

dae-specific retro-transposon insertion in the Dicer gene (Flemr

et al., 2013), had an adaptive value in maintaining PIWIL3-

related functionality during and after the elimination of PIWIL3

function from ancestral populations, thus facilitating the

decrease of Piwi-mediated regulation in Muridae oocytes. The

fact that only PIWIL3 has been lost from the Muridae, and

that PIWIL1, PIWIL2, and PIWIL4 have been conserved, is

in line with our observation that only PIWIL3 specifically func-

tions in oocytes, whereas the other Piwi paralogs are also ex-

pressed in male germ cells. Our findings reinforce the notion

that piRNA pathways are extremely flexible on evolutionary

timescales and that one should be very careful to extrapolate

from one species to another when it comes to piRNA-related

biology. In addition, we should consider an impact of Piwi/

piRNAs on human reproductive biology and early embryonic

development.

EXPERIMENTAL PROCEDURES

RNA Isolation, Oxidation, and Library Construction and Sequencing

Detailed information about these procedures can be found in the Supple-

mental Information. Library statistics and information about which library is

used for which figure are provided in Table S1.

Bovine Oocytes Collection, Maturation, and Fertilization

Whole bovine ovaries and testes were collected from a local slaughterhouse

and transported to the laboratory within 2 hr after slaughter at room

temperature.

For oocyte collection, after washing and removal of connective tissue, the

ovaries were transferred to 0.9%NaCl supplemented with 1% penicillin/strep-

tomycin (GIBCO-BRL) and maintained at 30�C in a water bath. Cumulus

oocyte complexes (COCs) were recovered by aspiration from follicles with a

diameter between 2 and 8 mm. Only COCs with an intact cumulus oophorus

were used for further experiments.

For the collection of MI and MII oocytes, COCs were cultured from 8 and

23 hr, respectively, in M199 medium supplemented with 12.2 mM NaHCO3

at 39�C 5% CO2 in a humidified incubator (van Tol et al., 2008). Cumulus cells

were removed by vortexing for 3 min.

Embryos at the 2- to 4-cell stage were obtained by culturing COCs for

23 hr as described, after which they were co-incubated with 0.5 3 106/ml

frozen-thawed sperm from a bull of proven fertility. After 20 hr, presumed

zygotes were denuded by vortexing and were subsequently cultured in

synthetic oviductal fluid (SOF) in a humidified incubator at 39�C 5%

CO2 and 7% O2. At 10–14 hr of culture in SOF, 2- to 4-cell-stage em-

bryos were snap frozen in liquid nitrogen and stored at �80�C until further

use.

Immunohistochemistry

Details can be found in the Supplemental Information.

Biological Samples

Ovary (animal no. 9858, 21 years old, and 11825, 9 years old) and testis (animal

no. 10787, 7 years old) tissue samples from M. fascicularis were provided by

the German Primate Center (Deutsches Primatenzentrum [DPZ]). Human adult

ovary samples used were from cancer patients that underwent unilateral

oophorectomy for fertility preservation and have signed informed consent.

The human fetal material used was from elective abortions and donated for

research with informed consent. The research on human material was
2080 Cell Reports 10, 2069–2082, March 31, 2015 ª2015 The Author
approved by the Medical Ethical Committee of the Leiden University Medical

Center (CME P08.087 and CME 05/03 K/YR).

Bioinformatic Data Processing

Detailed information can be found in the Supplemental Information.

Mass Spectrometry

Samples were boiled in LDS sample buffer (Life Technologies) and separated

on a 4%–12% gradient NOVEX gel (Life Technologies). Each lane was pro-

cessed independently by in-gel digestions (Butter et al., 2013). Digested pep-

tides were further separated on a 30-cm-long reverse-phase capillary (75-mm

inner diameter) packed with Reprosil C18 (1.9 mm; Dr. Maisch). Peptides were

eluted within a 4-hr gradient from 5%–60% acetonitrile at 200 nl/min using an

Easy LC1000 HPLC system (Thermo Scientific) directly mounted to a Q Exac-

tive Plus mass spectrometer (Thermo Scientific). The mass spectrometer was

operated with a Top10 data-dependent MS/MS acquisition method per full

scan. The raw files were processed with MaxQuant (Cox and Mann, 2008)

standard settings, except quantitation was solely performed on unique

peptides with the ENSEMBL bovine protein database (UMD3.1; 22,118 se-

quences). The data have been deposited to the ProteomeXchange Con-

sortium (Vizcaı́no et al., 2014) via the PRIDE partner repository with the data

set identifier PXD001741. Details on data analysis can be found in the Supple-

mental Information.

ACCESSION NUMBERS

Sequencing data have been deposited to the NCBI GEO and are available

under accession number GSE64942 and PXD001741. Proteomics data are

available at the ProteomeXchange Consortium under accession number

PXD001741.
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