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ABSTRACT

The mouse PIWI-interacting RNA (piRNA) pathway
produces a class of 26–30-nucleotide (nt) small RNAs
and is essential for spermatogenesis and retrotrans-
poson repression. In oocytes, however, its regulation
and function are poorly understood. In the present
study, we investigated the consequences of loss
of piRNA-pathway components in growing oocytes.
When MILI (or PIWIL2), a PIWI family member, was
depleted by gene knockout, almost all piRNAs dis-
appeared. This severe loss of piRNA was accompa-
nied by an increase in transcripts derived from spe-
cific retrotransposons, especially IAPs. MIWI (or PI-
WIL1) depletion had a smaller effect. In oocytes lack-
ing PLD6 (or ZUCCHINI or MITOPLD), a mitochondrial
nuclease/phospholipase involved in piRNA biogene-
sis in male germ cells, the piRNA level was decreased
to 50% compared to wild-type, a phenotype much
milder than that in males. Since PLD6 is essential
for the creation of the 5′ ends of primary piRNAs
in males, the presence of mature piRNA in PLD6-
depleted oocytes suggests the presence of compen-
sating enzymes. Furthermore, we identified novel
21–23-nt small RNAs, termed spiRNAs, possessing a
10-nt complementarity with piRNAs, which were pro-
duced dependent on MILI and independent of DICER.
Our study revealed the differences in the biogenesis
and function of the piRNA pathway between sexes.

INTRODUCTION

PIWI-interacting RNAs (piRNAs) are small, single-strand
RNAs of 26–30 nucleotides (nt) that interact with the PIWI

family proteins belonging to the Argonaute superfamily
(1,2). In most animals, the PIWI proteins are expressed in
the gonad, and the PIWI-piRNA complexes repress retro-
transposons to maintain the genomic integrity of germ cells
(3). The mouse genome encodes three PIWI family proteins:
MIWI (PIWIL1), MILI (PIWIL2) and MIWI2 (PIWIL4).
MIWI and MILI, but not MIWI2, have RNA slicer ac-
tivity essential for piRNA biogenesis and retrotransposon
repression (4,5). Genetic studies have revealed that a loss-
of-function mutation in any of the three Piwi family genes
causes defects in spermatogenesis (4–8). The PIWI pro-
teins also form complexes with Tudor-domain-containing
(TDRD) proteins, which are essential for piRNA biogene-
sis and retrotransposon repression (9–18).

Two classes of mouse piRNA have been identified:
namely, primary and secondary piRNAs. Primary piRNAs
are produced from long single-strand precursor RNAs de-
rived from genomic regions called piRNA clusters (19–
25). The pathway generating primary piRNAs is not
fully understood, but PLD6 (also known as ZUCCHINI
(ZUC) or MITOPLD), a mitochondrial protein of the
nuclease/phospholipase D family, has been proposed to
act as an endonuclease generating the 5′ ends of piRNAs
(26–28). Indeed, loss-of-function mutations of mouse Pld6
cause severe defects in piRNA biogenesis and spermatoge-
nesis (29,30). PLD6 is also proposed to possess phospholi-
pase activity that hydrolyzes cardiolipin to generate phos-
phatidic acid and has been implicated in the regulation of
mitochondrial morphology (30,31). Besides these functions,
PLD6 is involved in the formation of nuage (also known as
inter-mitochondrial cement or chromatoid body), a unique
cytoplasmic structure comprising most piRNA-related pro-
teins, as this structure is disrupted in Pld6 mutant male
germ cells (29,30). Secondary piRNAs are mostly derived
from retrotransposons and produced via the so-called ping-
pong cycle. The MILI-primary piRNA complexes slice
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retrotransposon-derived RNAs using the piRNA as a guide
and produce both MILI-bound and MIWI2-bound sec-
ondary piRNAs in male germ cells (32). However, the ping-
pong cycle is driven almost exclusively by MILI (4), con-
sistent with the previous findings that piRNA expression is
significantly decreased in Mili-deficient testes, but less so in
Miwi2-deficient ones (33–35).

The mouse piRNA pathway is relatively well studied
in male germ cells, but less so in oocytes, although there
are abundant piRNAs in oocytes (24,25,32,36). This is
partly because female mutants of the piRNA-pathway com-
ponents did not show any remarkable phenotype: they
were healthy and fertile (4–9,13,15–18,29,30,37–40). How-
ever, a limited study showed that, in primordial follicles
from Mili, Gasz and Mvh mutant females, the levels of
retrotransposon-derived and LTR-fusion RNAs were in-
creased (41). This phenomenon correlated with the de-
creased levels of the corresponding piRNAs (41).

In this report, we studied the roles of MIWI, MILI and
PLD6 proteins in the piRNA biogenesis/function in mouse
oocytes using gene knockout mutants. We examined nuage
formation, small RNA profiles and retrotransposon dere-
pression in mutant oocytes and ovaries and revealed differ-
ences in the piRNA biogenesis/function between males and
females. Furthermore, we identified novel small RNAs of
21–23 nt that are produced dependent on MILI and inde-
pendent of DICER. Our study provides the basis for further
understanding of the evolutionarily conserved piRNA sys-
tem in oocytes.

MATERIALS AND METHODS

Mutant mice and collection of ovaries and oocytes

Mouse husbandry and all mouse experiments were car-
ried out under the ethical guidelines of Kyushu University.
Mice were euthanized by cervical dislocation. The produc-
tion and characterization of Miwi, Mili, Pld6 and Nanos3
mutant mice and Flag-Mili transgenic mice have been de-
scribed elsewhere (6,7,34,42,43). The Mili catalytic mu-
tant mice (MiliDAH) (5) were a generous gift from Donal
O’Carroll. The floxed Dicer mice (Dicerflox/flox) (44) were
a generous gift from Azim Surani, Donal O’Carroll and
Alexander Tarakhovsky. They were all maintained in a
C57/BL6 background. The floxed Dicer allele was deleted
in oocytes by introducing a Zp3-cre transgene (45). Ovaries
were obtained from female mice of various developmental
stages. Growing oocytes were collected from the ovaries of
postnatal day 10 (P10) or P20 mice. The ovaries were treated
with 1 mg/ml collagenase (Sigma-Aldrich) in M2 medium
(Sigma-Aldrich) for 50 min at 37◦C, 0.25% trypsin/1 mM
ethylenediaminetetraacetic acid for 10 min at 37◦C and
0.5% protease type XIV (Sigma-Aldrich) in M2 medium
for 10 min at 37◦C, and then oocytes were individually
collected. Fully-grown oocytes (FGOs) were released from
ovaries of 7- to 8-week-old mice by pricking with a 26G
injection needle in phosphate-buffered saline and then col-
lected using glass capillary. Each oocyte was washed and
all cumulus cells were removed in a drop of M2 medium
(Sigma-Aldrich) by pipetting a few times with a glass capil-
lary tube.

Electron microscopy

P14 ovaries were de-capsulated in pre-chilled phosphate-
buffered saline and fixed with 2% glutaraldehyde, 2%
parafolmaldehyde in 0.1 M Sorensen’s phosphate buffer
(pH 7.4) for 2 h at 4◦C, washed 3 times with 0.1 M
sucrose/0.1 M Sorensen’s phosphate buffer, post-fixed with
1% OsO4, washed with 0.1 M sucrose/0.1 M Sorensen’s
phosphate buffer again and then dehydrated with graded
concentrations of ethanol and embedded in epoxy resin.
Seventy- to 90-nm sections were placed on 150-mesh cop-
per grids, stained with uranyl acetate followed by lead cit-
rate and then examined using a transmission electron mi-
croscope (Hitachi H-7650).

RNA isolation, reverse transcription polymerase chain reac-
tion (RT-PCR)

Each tissue was homogenized in TRIzol (Ambion) to iso-
late total RNA in accordance with the manufacturer’s in-
struction. cDNAs were synthesized from 1 �g of total RNA
using random primers and PrimeScript (TaKaRa). Total
RNA from oocytes was co-precipitated with yeast tRNA,
and the entire sample was used to synthesize cDNAs us-
ing random primers and SuperScript III (Invitrogen). The
primers for RT-PCR are listed in Supplementary Table S1.

Western blot analysis

Each tissue was homogenized in an isotonic buffer [10 mM
HEPES (pH 7.5), 0.3 M mannitol, 0.1% bovine serum al-
bumin and Protease Inhibitor Cocktail (Nacalai Tesque)]
and incubated with 0.1 mM digitonin (Wako) for 5 min
on ice. After centrifugation, cleared supernatant was used
for detection of MIWI and MILI. The insoluble pellet
was homogenized and sonicated in a sonication buffer [50
mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM ethylene-
diaminetetraacetic acid and 0.5% Tween20] for detection
of PLD6. Proteins were transferred on a polyvinylidene
difluoride membrane. The membrane was blocked with
3% skim milk (Nacalai Tesque) for 30–60 min at room
temperature and incubated with primary antibodies di-
luted with CangetSignal (Toyobo) as follows: MIWI (1:500,
prepared in house (antigen peptide CHREPNLSLSNR-
LYYL)), MILI (1:250, ab36764), PLD6 (1:100, MBL) and
�-actin (1:500, Santa Cruz). The membrane was washed
with Tris buffered saline with 0.05% Tween20 (pH 7.6)
three times and incubated with horseradish peroxidase-
conjugated secondary antibodies (1:20 000, Santa Cruz)
for 1 h at room temperature. Detection of chemilumines-
cence was performed with Chemi-Lumi One Ultra (Nacalai
Tesque) and ImageQuant LAS 4000mini (GE Healthcare).

Small RNA library construction and deep sequencing

Total RNA was prepared from P20 ovaries using TRIzol
(Ambion) or AllPrep DNA/RNA/miRNA Universal Kit
(Qiagen), and RNA integrity numbers were determined us-
ing an Agilent 2100 Bioanalyzer (Agilent Technologies).
Small RNA libraries were prepared from 1 �g of total RNA
(RNA integrity number ≥ 8) using a TruSeq Small RNA
Sample Prep Kit (Illumina). Briefly, adaptor-ligated RNAs
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were reverse transcribed by SuperScript III (Invitrogen),
and the synthesized cDNAs were used as templates for PCR
amplification (8 cycles). Amplified DNA was separated on
a 6% polyacrylamide gel, and the fraction corresponding to
the size range of the adaptor-ligated small RNAs was iso-
lated from the gel. The product size was measured using a
High Sensitivity DNA kit (Agilent Technologies). The yield
of the small RNA library was measured by quantitative RT-
PCR (qRT-PCR) using a KAPA Library Quantification Kit
(KAPA Biosystems), and the library concentration was ad-
justed to 8 pM. A PhiX Control Kit (Illumina) was used
as a spike-in control for sequencing. Single-end runs of 50–
51 nt were performed on Illumina MiSeq and HiSeq 1500
platforms (Illumina).

To identify the small RNAs possessing 2′-O-methylated
3′ ends, total RNA was purified from P20 ovaries us-
ing AllPrep DNA/RNA/miRNA Universal Kit (Qiagen).
The open protocol of Zamore’s laboratory (http://www.
umassmed.edu/zamore/resources/protocols/, small RNA
sequencing) was employed for oxidation of RNAs with
some modifications. Briefly, 3 �g of total RNA was treated
with 25 mM sodium periodate in the presence of 150
mM borax and 150 mM boric acid (pH 8.6) for 30 min
at room temperature, avoiding any light. After quench-
ing the oxidation reaction by adding 20 �g of glycogen
and sodium acetate (pH 5.2), the sample was incubated at
−20◦C overnight. Ethanol-precipitated RNA was washed
with 80% ethanol, dried and dissolved in 5 �l of RNase-free
water. Library preparation was done using a TruSeq Small
RNA Sample Prep Kit (Illumina), and PCR amplification
was performed for 10 cycles.

To identify small RNAs bound to MILI, P10 Flag-Mili
ovaries were homogenized in a homogenize buffer [20 mM
HEPES (pH 7.5), 150 mM NaCl, 2.5 mM MgCl2, 1 mM
dithiothreitol, 0.1% NP-40 and Protease Inhibitor Cock-
tail (Nacalai Tesque)]. After sonication and centrifugation,
cleared supernatant was incubated with 10 �g of M2 FLAG
antibody, preincubated with 50 �l Protein A/G PLUS-
Agarose (Santa Cruz), for 2 days at 4◦C. The beads were
washed twice with 20 mM HEPES (pH 7.5), 150 mM NaCl
and 0.05% NP-40 and twice with 20 mM HEPES (pH 7.5),
300 mM NaCl and 0.05% NP-40. RNA was extracted using
TRIzol and used for small RNA library preparation with a
TruSeq Small RNA Sample Prep Kit (Illumina). PCR am-
plification was performed for 15 cycles.

Analysis of small RNA sequence reads

Raw sequence reads were first trimmed to remove the
adapter sequences. Small RNA reads of 18–34 nt were an-
alyzed according to the flowchart shown in Supplemen-
tary Figure S1. Filtering was done using BLASTN and se-
quences retrieved from the miRBase (46–50) and GenBank.
The mouse genome (mm10) and annotation of retrotrans-
posons (RepeatMasker track) were downloaded from the
UCSC Genome Browser (51). After mapping the unique
reads to the mouse genome using Bowtie v1 (52), per-
fectly and uniquely matched reads were used to identify
small RNA clusters. A cluster was defined as a group of at
least 10 26–30-nt (putative piRNAs) or 10 21–23-nt small
RNAs (putative siRNAs), where any adjacent pair was less

than 2000-nt away. To identify ping-pong signatures (10-
nt complementarity) in small RNAs derived from long in-
terspersed nuclear element 1 (LINE1, L1) and intracister-
nal A-particle (IAP) retrotransposons, one mismatch was
allowed. The L1MdTf I consensus sequence was down-
loaded from the Repbase (53). The IAP (MIA14) consen-
sus sequence was obtained from the GenBank (accession
no. M17551). miRNAs were used for normalization of the
piRNA population.

RNA library construction and deep sequencing

Libraries were constructed from total RNA prepared
from P20 ovaries using a TruSeq Stranded Total RNA
Kit with Ribo-Zero Human/Mouse/Rat (Illumina) or an
NEBNext® rRNA Depletion Kit (Human/Mouse/Rat)
followed by NEBNext® Ultra II DNA Library Prep Kit for
Illumina (New England Biolabs). Fragmentation of RNA
was performed for 5 min. PCR amplification was performed
for 8 cycles. The yield of the library was measured by qRT-
PCR using a KAPA Library Quantification Kit (KAPA
Biosystems), and the product size was checked by elec-
trophoresis on a 2% agarose gel. Paired-end runs of 101 nt
or single-end runs of 78 nt and 108 nt were performed in
rapid or high output mode on an Illumina HiSeq 1500 plat-
form.

Analysis of RNA sequence reads

The reads were mapped to the consensus sequences of retro-
transposons obtained from Repbase using Bowtie v1. The
sequence of the first 50 nt of read 1 was used for mapping.
Uniquely mapped reads having up to 5 mismatches were
used as retrotransposon-derived RNAs for further analyses.

Data from other sources

Previously published mouse small RNA sequences
from mid-sized growing oocytes (AB334800–AB349184)
(25), metaphase II (MII) oocytes (ALAAA0000001–
ALAAA0130942, GSE45983) (36,54) and embryonic day
16.5 (E16.5) testes (GSE20327) (34) were downloaded from
the public databases and reprocessed using our pipeline.

RESULTS

Miwi, Mili and Pld6 are expressed in growing oocytes

All three Piwi family genes and Pld6 are known to be ex-
pressed in male germ cells (16,29,55). In developing ovaries
and growing oocytes, the expression of these genes was also
detected, except for Miwi2 (16,29,41,56). To examine the ex-
pression patterns of these genes in more detail, RT-PCR was
performed with RNAs from mouse ovaries, oocytes and cu-
mulus cells collected at different developmental stages (Fig-
ure 1A). Mili was expressed throughout the oocyte growth
(from P10 oocytes to adult FGOs), consistent with the find-
ings from a previous report (25). Miwi expression was first
detectable in P20 oocytes and increased in adult FGOs. Pld6
expression was detectable at all stages and highest in P20
oocytes. Miwi2 was undetectable. Expression of all of these
genes was negligible in cumulus cells except for P10 (Figure
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Figure 1. Expression of piRNA-related genes in wild-type oocytes and nuage formation in Mili and Pld6 mutant oocytes. (A) Expression of the genes
involved in the piRNA biogenesis/function. Growing oocytes were obtained from P10 and P20 ovaries and fully grown oocytes (FGOs) from adult ovaries.
RT-PCR was performed with total RNA from the indicated tissues and cells from wild-type mice. Gapdh was used as a control. (B) Expression of the above
genes in oocytes was studied using published RNA sequencing data (accession no. GSE70116) (56). FPKM, Fragments per kilobase of exon per million
mapped reads; NGO, non-growing oocyte (10–40 �m); GO1, growing oocyte (25–70 �m); GO2, growing oocyte (50–70 �m); FGO, fully grown oocyte
(>70 �m). (C) Expression of the above proteins in ovaries. Western blot analysis was performed with total proteins from ovaries and testes at indicated
stages. (D) Electron microscopy of Mili−/− and Pld6−/− oocytes in P14 ovary sections. The control sections were from either a wild-type or a heterozygous
ovary. The arrows indicate the nuage structure formed in the inter-mitochondrial spaces. The scale bars are 500 nm.

1A). Processing of the recently published data from RNA
sequencing of oocytes at different stages (57) confirmed
these expression patterns of the Piwi family genes and Pld6
(Figure 1B). Furthermore, expression of MIWI, MILI and
PLD6 proteins was detected in developing ovaries, consis-
tent with their RNA expression patterns (Figure 1C). These
results suggest that Miwi, Mili and Pld6 are expressed dur-
ing oocyte growth with a distinct developmental regulation.

Mili, but not Pld6, is essential for nuage formation

Many factors involved in piRNA biogenesis have been re-
ported to be localized in the nuage, a germ-cell-specific cy-
toplasmic structure associated with mitochondria (58–60).
The factors localized in the nuage include MIWI, MILI and
PLD6, and a loss-of-function mutation of any of these fac-
tors in male germ cells disrupts nuage formation and causes
derepression of retrotransposons (5,29,30,61). The nuage is

also present in early-stage oocytes of primordial/primary
follicles (9), and it has been reported that MILI is an impor-
tant component (41). We therefore examined whether or not
the nuage is affected in Mili−/− and Pld6−/− oocytes. Elec-
tron microscopy showed that the nuage disappeared from
Mili−/− oocytes in P14 primary follicles (Figure 1D) as in
mutant male germ cells (61). However, the nuage forma-
tion and MILI and TDRD1 localization were unaffected
in Pld6−/− oocytes (Figure 1D and Supplementary Figure
S1), despite the fact that Pld6−/− prospermatogonia showed
diminished formation of nuage, mislocalization of its major
components and dislocation of mitochondria (29). Thus, al-
though MILI is essential for nuage formation in both male
and female germ cells, PLD6 appears to be dispensable in
oocytes.
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Oocyte-derived piRNAs are detected by deep sequencing

The observations described above prompted us to profile
the piRNAs in wild-type and mutant oocytes. We previously
obtained a small RNA profile from 12 000 wild-type grow-
ing oocytes (25). To reduce the number of mice to be sac-
rificed and avoid labor-intensive collection of oocytes, we
tested whether or not we could detect piRNAs in whole
ovaries. Using the analysis flow described in Supplementary
Figure S2, we obtained 200 345 retrotransposon-derived
small RNA reads of 18–34 nt from 1 �g of pooled total
RNA, corresponding to one-third of a whole P20 wild-type
ovary (Supplementary Table S2). The size distribution of
the small RNAs showed two peaks at 21–23 nt and 26–30
nt (Supplementary Figure S3A), corresponding to endoge-
nous siRNAs (endo-siRNAs) and piRNAs, respectively
(25). Consistent with the assumption that retrotransposon-
derived small RNAs were from oocytes, these peaks were
not observed in Nanos3−/− ovaries (Supplementary Figure
S3A), which basically lacked all follicles and oocytes (42).

Genomic mapping of a small RNA fraction (731 651
reads) excluding miRNAs and degradation products of
abundant non-coding RNAs revealed the presence of a to-
tal of 345 small RNA clusters in the genome of P20 ovaries
(Supplementary Table S3). Among the 345 clusters, 250 pre-
dominantly produced 26–30-nt RNAs and 95 produced 21–
23-nt RNAs (Supplementary Table S3), suggesting the pres-
ence of piRNA and endo-siRNA clusters. The 250 clusters
predominantly producing 26–30-nt RNAs overlapped with
67% (97/144) of the piRNA clusters previously reported in
growing oocytes (25). Furthermore, the small RNAs from
219 of the 250 clusters (87%) were confirmed to possess an
oxidation-resistant (2′-O-methylated) 3′ end (Supplemen-
tary Figure S3B), which is a hallmark of piRNA (62–65).
These small RNAs from the 250 clusters showed a ten-
dency to possess uridine at the first position (1U) (Fig-
ure 2A), which is a feature of primary piRNA (19–22). We
also investigated the 26–30-nt putative piRNA fraction de-
rived from retrotransposons and found a bias toward ade-
nine at position 10 (10A), as well as the bias toward 1U
(Figure 2B), which are the features of secondary piRNA
(23,66,67). While a similar 1U bias was observed in both
cluster- and retrotransposon-derived 21–23-nt RNAs, no
10A bias was present, consistent with the assumption that
these small RNAs are endo-siRNAs (Figure 2A and B). In
addition to the above, a predominant 10-nt complemen-
tarity was observed between the retrotransposon-derived
sense/antisense 26–30-nt putative piRNAs (Figure 2C). To-
gether with the fact that these putative RNAs were indeed
affected by Piwi family gene mutations (see next section),
the above results indicate that there is abundant piRNA in
mouse oocytes and that the so-called ‘ping-pong’ amplifi-
cation cycle functions.

Miwi−/− , Mili−/− and Pld6−/− ovaries show impaired
piRNA biogenesis

We then performed deep sequencing of small RNAs col-
lected from Miwi−/−, Mili−/− and Pld6−/− ovaries (Sup-
plementary Table S2). In Miwi−/− ovaries, only a small
proportion of 26–30-nt piRNAs was affected, with a pref-
erential reduction in larger piRNAs (29–30 nt) (Figure

2D), consistent with the reported binding preference of
MIWI (20,21,68). In Mili−/− ovaries, both cluster- and
retrotransposon-derived piRNAs were almost completely
lost (Figure 2D and Supplementary Table S3), indicating
that MILI is essential for either biogenesis or stability of all
piRNAs in oocytes. This formally proves that these small
RNAs are piRNAs. Among the retrotransposon-derived
piRNAs, only those derived from short interspersed nuclear
elements (SINE) were relatively well retained (48% of the
wild-type) (Figure 2E and Supplementary Figure S4). How-
ever, the SINE-derived piRNAs constituted a minor frac-
tion. The results were consistent with the observed loss of
nuage in Mili−/− oocytes (Figure 1B) and a severe loss of
piRNA in Mili−/− male germ cells (33,34).

In Pld6−/− ovaries, the cluster-derived piRNAs were
severely affected (Figure 2D), showing that PLD6 is essen-
tial for the biogenesis of the primary piRNA in oocytes, just
as in male germ cells (34) (Supplementary Figure S5). In-
terestingly, however, the retrotransposon-derived piRNAs
were decreased to only a 54% level of that seen in wild-type
ovaries (Figure 2D). This observation contrasts with the
almost complete loss of retrotransposon-derived piRNAs
in Pld6−/− E16.5 testes (34) (Supplementary Figure S5).
Classification of the retrotransposon-derived piRNAs from
Pld6−/− ovaries showed that those derived from long in-
terspersed nuclear elements 1 (LINE1, L1) and LTR retro-
transposons were decreased to levels of 11–29% (Figure 2E).
However, piRNAs derived from endogenous retroviruses
group K (ERVK), including those from IAP family mem-
bers, were not affected (Figure 2E). Since the IAP-derived
piRNAs from Pld6−/− ovaries had ping-pong signatures
(Supplementary Figure S6A and B), they must have been
produced in the same way as in wild-type ovaries. Again,
the SINE-derived piRNA population was well retained.
Thus, although PLD6 is required for the biogenesis of piR-
NAs from many retrotransposons, there must be other en-
zymes filling its role, at least for the ERVK-derived piRNAs.
Lastly, any of the above mutations did not affect the pro-
file of 21–23-nt endo-siRNAs (Supplementary Figure S6C),
confirming that the piRNA and siRNA pathways are inde-
pendent.

Derepression of LTR retrotransposons in Mili−/− ovaries

To examine whether or not the piRNAs have a role in retro-
transposon repression in oocytes, we performed deep se-
quencing of total RNA. In Mili−/−ovaries, several LTR
retrotransposons, most predominantly IAP family mem-
bers, were derepressed more than 2-fold (Figure 3). In con-
trast, L1 retrotransposons remained repressed (Figure 3),
despite the clear loss of nuage and piRNAs. The latter find-
ing closely correlates with our previous report (25), but con-
trasts with the results of limited qRT-PCR assays on P5 pri-
mordial follicles by others (41). Since a catalytic mutant of
MILI showed derepression of L1 but not IAP proteins in fe-
tal testes (4), our results suggest a sex-dependent asymmetry
in retrotransposon repression by MILI. Overall, there was
no correlation between the degrees of piRNA downregula-
tion and retrotransposon derepression in Mili−/−ovaries. In
Pld6−/− ovaries, no detectable derepression of retrotrans-
posons occurred (Figure 3). This again contrasts with the
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findings in fetal testes where a Pld6 mutation causes L1 and
IAP derepression (29). Taken together, these findings sug-
gest that IAP, but not L1 retrotransposons, are repressed
by the piRNA pathway in mouse oocytes.

Small RNAs of 21–23 nt are also affected in Mili−/− and
Pld6−/− ovaries

In the course of the above study, we found that the abun-
dance of L1- and LTR-derived 21–23-nt RNAs, occupy-
ing a large proportion of total retrotransposon-derived 21–
23-nt RNAs in wild-type ovaries (Supplementary Figure
S7A), decreased in both Mili−/− and Pld6−/− ovaries (Fig-
ure 4A and Supplementary Figure S7B). This was unex-
pected because retrotransposon-derived 21–23-nt RNAs in
oocytes are mostly endo-siRNAs (24,25), which are pro-
duced independently from piRNAs. The L1-derived 21–
23-nt RNAs showed a 10-nt complementarity with L1-
derived 26–30-nt piRNAs in wild-type ovaries (Figure 4B),
although this was not observed between the L1-derived
sense/antisense 21–23-nt RNAs. Instead, the L1-derived
sense/antisense 21–23-nt RNAs showed a less prominent
19-nt complementarity (Supplementary Figure S7C) (see
later). The 10-nt complementarity between the L1-derived
21–23-nt RNAs and 26–30-nt piRNAs were also found in
growing oocytes and MII oocytes (Supplementary Figure
S7D). These L1-derived 21–23-nt RNAs with 10-nt com-
plementarity showed both 1U and 10A nucleotide biases
(Figure 4C). In Pld6−/− ovaries, ERVK-derived 21–23-nt
RNAs, including IAP-derived ones, were unaffected (Figure
4A and Supplementary Figure S7B), and a 10-nt comple-
mentarity was observed between the IAP-derived 21–23-nt
RNAs and IAP-derived 26–30-nt piRNAs (Supplementary
Figure S7E). However, the IAP-derived 21–23-nt RNAs
decreased along with the IAP-derived piRNAs in Mili−/−
ovaries (Supplementary Figure S7B), suggesting that the
biogenesis of the 21–23-nt RNAs is closely related to that
of 26–30-nt piRNAs.

To examine whether or not the biogenesis of L1-and IAP-
derived 21–23-nt RNAs involves DICER (24,25), small

RNAs from ovaries of oocyte-specific Dicer knockout mice
(Dicerflox/flox; Zp3-cre), referred to as DicerCKO, were se-
quenced. The DicerCKO mutation abolishes both somatic
and oocyte-specific DICER isoforms (44). While non-
retrotranposon 21–23-nt RNAs (mostly from endo-siRNA
clusters) were completely lost in DicerCKO ovaries, a fraction
of retrotransposon-derived 21–23-nt RNAs was still present
(Figure 4D and Supplementary Table S3). In contrast
and as expected, both cluster- and retrotransposon-derived
26–30-nt piRNAs were unaffected in this mutant (Figure
4D and Supplementary Table S3). Among the DICER-
independent 21–23-nt RNAs, there were L1-derived RNAs
showing a 10-nt complementarity with L1-derived 26–30-
nt piRNAs (Figure 4E). However, the L1-derived 21–23-nt
RNAs did not possess an oxidation-resistant 3′ end (Sup-
plementary Figure S8), a feature of canonical piRNA.

Interestingly, the L1-derived DICER-independent 21–
23-nt RNAs showed a 19-nt complementarity between
themselves (Supplementary Figure S7C), a well-defined 5′
end and a short 3′ overhang of 2–4 nt, which are the fea-
tures of the products of RNase III-type enzymes, includ-
ing DICER (69–71) (Supplementary Figure S7F). Further-
more, some of these RNAs showed, in addition to the 10-
nt complementarity with 26–30-nt piRNAs, a 19-nt com-
plementarity with 21–23-nt RNAs (Supplementary Figure
S7F). These results suggest that the biogenesis of DICER-
independent 21–23-nt RNAs in oocytes involves the piRNA
pathway components, but in a non-canonical way.

Novel small RNAs are bound to MILI and produced depen-
dent on its slicer activity

We previously reported that RNAs smaller than 24 nt are
bound by MILI in P8 ovaries (25). Of the 313 MILI-bound,
retrotransposon-derived small RNA reads of 21–23 nt, 73
and 67 reads were derived from L1s and IAPs, respectively.
However, since the number of sequenced MILI-bound 21–
23-nt RNAs was too small for in-depth analyses, we per-
formed immunoprecipitation in P10 Flag-Mili ovaries (43)
using anti-FLAG antibody and sequenced the MILI-bound
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small RNAs (Figure 4F). In addition to the canonical
26–30-nt piRNAs, we obtained sequence reads of 37 272
retrotransposon-derived 21–23-nt RNAs, of which 10 786
and 4748 were from L1s and IAPs, respectively. The MILI-
bound, L1MdTf I-derived 21–23-nt RNAs clearly showed
10-nt complementarity with the MILI-bound 26–30-nt piR-
NAs (Figure 4G) and also both 1U and 10A nucleotide bi-
ases (Figure 4H). To examine whether biogenesis of these
21–23-nt RNAs requires the slicer activity of MILI, we se-
quenced small RNAs from the ovaries of MiliDAH slicer mu-
tant mice (5). It was found that the biogenesis of L1-derived
21–23-nt RNAs was greatly affected in MiliDAH ovaries, to-
gether with 26–30-nt piRNAs (Supplementary Figure S9A).
Furthermore, the 10-nt complementarity (ping-pong sig-
nature) between L1MdTf I-derived 21–23-nt RNAs and
26–30-nt piRNAs became undetectable in MiliDAH ovaries
(Supplementary Figure S9B). These results indicate that the
ping-pong cycle driven by the MILI slicer activity is in-
volved in the biogenesis of the 21–23-nt RNA class. We
wish to term these 21–23-nt RNAs ‘short PIWI-interacting
RNA’ or ‘spiRNA’.

DISCUSSION

In this study, we examined the roles of three major piRNA-
pathway components––MIWI, MILI and PLD6––in the
piRNA biogenesis/function in mouse oocytes. MIWI2, an
important component of the piRNA pathway in male germ
cells, was excluded from our study, since its expression was
negligible throughout oocyte development (Figure 1). By
small RNA profiling of mutant oocytes using deep sequenc-
ing, we revealed that all three components have a role in
piRNA biogenesis in oocytes (Figure 2). Thus, the PIWI
family members and PLD6 are shared between the piRNA
pathways of male and female germ cells, except for MIWI2.
We also obtained clear evidence that the so-called ping-
pong cycle operates in oocytes as in male germ cells (Fig-
ure 2). However, we noted the following differences in the
piRNA biogenesis/function between male and females.

First, in addition to the lack of MIWI2 in oocytes, the
contribution of MIWI to piRNA biogenesis appears to be
much smaller in oocytes than in male germ cells, although
MIWI is a key player in piRNA biogenesis in male germ
cells (5,68,72). Instead, the contribution of MILI is much
more predominant, as its knockout mutation caused almost
a complete loss of piRNAs (Figure 2), a phenotype much
stronger than that in male germ cells. One possible reason
for this is the much lower expression of MIWI protein than
MILI protein in non-growing oocytes, growing oocytes and
FGOs (25). Consistent with the observed protein levels, our
RT-PCR and published RNA sequencing data (57) showed
a lower expression of Miwi than Mili in growing oocytes,
although their expression appears to be comparable in adult
FGOs (Figure 1).

Second, we found that PLD6 is not the only enzyme that
processes piRNA precursors for the creation of the 5′ ends
in oocytes. Based on the small RNA profile in Pld6 mutant
ovaries (Figure 2), we speculate that there must be at least
one other enzyme that processes retrotransposon-derived
piRNA precursors, especially those derived from ERVK
family members. Consistent with the presence of these piR-

NAs in Pld6 mutant ovaries, the mutant oocytes possess
appropriately formed nuage structures (Figure 1). This is
surprising, because PLD6 has been shown to be essential
for proper mitochondrial localization, nuage formation and
production of almost all piRNAs in male germ cells (29–
31). Since five other members are known to be present in
the mouse PLD family, we are currently examining these
PLD proteins for endonuclease activity.

Third, in contrast to the crucial role of the piRNA path-
way in retrotransposon repression in male germ cells, Mili
and Pld6 mutations caused only limited derepression (more
than 2-fold) of certain families of LTR retrotransposons
(mostly IAPs) in P20 ovaries (Figure 3). In a previous re-
port, however, the same Mili mutation derepressed not only
IAPs, but also other LTR retrotransposons, L1s and SINEs
in P5 primordial follicles (41): the discrepancy could arise
from the differences in material, developmental stage, or
both. Disruptions of other piRNA-pathway genes, such as
Mvh, Gasz and Mael, also cause derepression of retrotrans-
posons other than IAPs in primordial follicles (41) and fe-
tal oocytes (73). The developmental regulation of individual
retrotransposons by the piRNA pathway is an important
issue to be addressed in future studies. All female mutants
of the piRNA-pathway-component genes studied so far, in-
cluding the Mili and Pld6 mutants, are known to be fertile.
However, a recent study on Mael mutant females showed a
decreased number of primordial follicles in adult ovary, re-
sulting in a loss of folliculogenesis a year later (73). Since
Mili expression can be detected as early as E13.5 in wild-
type ovaries (16), it will be interesting to examine whether
or not Mili mutant females also have a shortened reproduc-
tive lifespan.

Lastly, we discovered a class of 21–23-nt RNAs that are
derived from retrotransposons and produced dependent on
the piRNA-pathway components (MILI and PLD6), but
independent of the canonical siRNA-pathway component
(DICER) (Figure 4). We termed these RNAs spiRNAs (for
short PIWI-interacting RNAs). Despite their smaller size,
spiRNAs have the sequence features of piRNAs that are
amplified via the ping-pong cycle. Indeed, spiRNAs were
bound by MILI (Figure 4) and produced dependent on its
slicer activity (Supplementary Figure S9). In Drosophila,
similar 21-nt RNAs have been observed among the piR-
NAs derived from a particular piRNA cluster (42AB) (74),
which is composed of different LTR and LINE retrotrans-
posons (65). In addition, it appears that small RNAs of
about 21 nt derived from telomeric retrotransposons are af-
fected in a piRNA-pathway mutant, ago3 (75). Similar 19–
22-nt RNAs are significantly decreased in other Drosophila
mutants, armi and aub, as well (76). Despite all of the above,
we found that spiRNAs in mouse oocytes do not possess
the 2′-O-methyl modification at their 3′ ends, a hallmark of
mature piRNAs. Further studies are needed to elucidate the
precise mechanism of spiRNA biogenesis.

In summary, our study revealed some interesting differ-
ences in the biogenesis and function of the piRNA pathway
between male and female germ cells. Our data should pro-
vide a firm basis and a better understanding of the evolu-
tionarily conserved piRNA system in mammalian oocytes.
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