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SUMMARY

Global DNA demethylation and subsequent de
novo DNA methylation take place in mammalian
male embryonic germ cells [1-3]. P-element-
induced wimpy testis (PIWI)-interacting RNAs
(piRNAs), which are germline-specific small RNAs,
have been postulated to be critically important
for de novo DNA methylation of retrotransposon
genes, and many proteins, including PIWI family
proteins, play pivotal roles in this process [4-6].
In the embryonic mouse testis, two mouse PIWI
proteins, mouse PIWI-like (MILI) and mouse PIWI2
(MIWI12), are involved in the biogenesis of piRNAs
through the so-called ping-pong amplification cy-
cle [7-10], and long single-stranded RNAs tran-
scribed from the gene regions of piRNA clusters
have been proposed to be the initial material [11-
16]. However, it remains unclear whether transcrip-
tion from the piRNA clusters is required for the
biogenesis of piRNAs. To answer this question,
we developed a novel artificial piRNA production
system by simple expression of sense and anti-
sense EGFP mRNAs in embryonic male germ cells
in the piRNA biogenesis phase. EGFP expression
was silenced by piRNA-dependent DNA methyl-
ation, indicating that concomitant expression of
sense and antisense RNA transcripts is necessary
and sufficient for piRNA production and subse-
quent piRNA-dependent gene silencing. In addi-
tion, we demonstrated that this artificial piRNA
induction paradigm could be applied to an endog-
enous gene essential for spermatogenesis, DNM
T3L [3, 17, 18]. This study not only provides novel
insights into the molecular mechanisms of piRNA
production, but also presents an innovative strat-
egy for inducing epigenetic modification in germ
cells.

P

@ CrossMark

RESULTS AND DISCUSSION

DNA Methylation of EGFP Transgene by Concomitant
Expression of Antisense Transcripts

Comprehensive sequencing of piRNAs and genomic mapping of
piRNAs suggest that long transcripts from piRNA clusters are
required as the precursors for piRNAs [11-16]. There are two
classes of murine piRNA clusters. One is embryonic piRNA
clusters, which are important for MILI- and MIWI2-dependent
retrotransposon-related ping-pong amplification of piRNAs.
The other is pachytene piRNA clusters, which are MILI and
MIWI dependent and related to intergenic sequences in general.
Previous papers suggested that RNA transcripts containing
retrotransposon sequences derived from the embryonic piRNA
clusters were important for piRNA biogenesis [4]. However,
how they are utilized as the substrate of piRNA and even
whether they are a prerequisite for piRNA production have not
yet been elucidated. It is also unknown why piRNAs corre-
sponding to retrotransposons are preferentially produced. Our
hypothesis, that neither long transcripts nor sequence prefer-
ence is important for piRNA production, challenges the
aforementioned two unproven general beliefs. In this study,
we adopted a simple experimental system wherein sense and
antisense EGFP transgenes were expressed in embryonic
male germ cells during de novo DNA methylation. We used
this paradigm to assess the induction of piRNA-dependent
DNA methylation.

In the Oct4-EGFP mouse testis, EGFP expression was detect-
able from embryonic day 7 [19] to at least 2 weeks after birth
(Figures 1A and S1B). Three lines of Miwi2-asEGFP transgenic
mice (#1, #6, and #8), in which antisense EGFP mRNA expres-
sion was controlled by the 2.5-kb Miwi2 promoter, expressed
antisense EGFP RNA transcripts in embryonic day 16.5 testes
(Figures S1A and S1B). The antisense EGFP transcript was
only expressed in the embryonic testis of the Miwi2-asEGFP
mouse, consistent with the expression of MIWI2 [5, 6] (Figures
S1B and S1C). We primarily used transgenic line #1 in subse-
quent experiments because of its high expression of antisense
EGFP RNAs.

In double transgenic mice bearing both Oct4-EGFP and
Miwi2-asEGFP transgenes, expression of EGFP was silenced
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Figure 1. Gene Silencing of EGFP by DNA
Methylation in a piRNA-Dependent Manner
(A) Bright-field and fluorescent photographs of day
14 testes of wild-type, Oct4-EGFP, and double
§ transgenic (dTg) mice, which were produced by
: crossing Oct4-EGFP mice with Miwi2-asEGFP
’ mice.

(B) Bisulfite sequencing analysis of the Oct4 pro-
moter and EGFP gene of the Oct4-EGFP trans-
genic mice. Genomic DNA from day 14 EpCAM-
positive germ cells from Oct4-EGFP transgenic
mice and double transgenic mice was used to
analyze Oct4-EGFP. White and black circles
represent unmethylated and methylated cytosine,
respectively.
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at embryonic day 16.5 (Figure S1D) and at day 14 after birth (Fig-
ure 1A). Not only the representative EGFP antisense transgenic
line (#1) but also the other lines (#6 and #8) showed essentially
same silencing (Figure S1E). This suppression is unlikely to be
a result of a direct effect of the antisense EGFP transcript
because antisense EGFP was minimally or not at all expressed
in male germ cells at day 14 (Figure S1C).

Next, we examined the DNA methylation status of the Oct4-
EGFP transgene by bisulfite sequencing (Figure 1B). In male
germ cells of double transgenic mice, methylation of the
Oct4-EGFP promoter and the EGFP-coding region was signifi-
cantly higher than that of the Oct4-EGFP mice. Although the
expression of EGFP was utilized as a marker to visualize
EGFP gene silencing, sense and antisense EGFP transgenes
can be considered equivalent from the point of view of gene
silencing through piRNA-dependent DNA methylation. Next,
we examined the expression and DNA methylation of the
Miwi2-asEGFP transgene (Figures S1F and 1C). Similar to the
results for the Oct4-EGFP transgene, silenced expression of
antisense EGFP and high DNA methylation of its promoter
were detected in the double transgenic male germ cells. These
data clearly demonstrate that expression of both sense and

(E) Western blot analysis of day 14 Oct4-EGFP and
double transgenic testes under the MILI null con-
dition, using anti-EGFP and anti-MILI antibodies.
B-ACTIN was used as an internal control.

(F) Bisulfite sequencing analysis of day 14 EpCAM-
positive germ cells of double transgenic mice un-
der MILI and MIWI2 null conditions.

antisense transgenes was silenced by

DNA methylation of their promoters. To

exclude the possibility that the activity

of the endogenous Oct4 and Miwi2 pro-

moters in the double transgenic mice

were affected by some unknown rea-
sons, we carried out western blotting of the OCT4 and MIWI2
proteins (Figure S1G). The amounts of OCT4 and MIWI2 pro-
teins in dTg embryonic testes were essentially the same as
those in the control testes.

Involvement of Artificially Induced EGFP-Related

piRNAs in the Gene Silencing of EGFP Transgenes

A critical question to answer was whether or not DNA methyl-
ation and subsequent gene silencing were dependent upon the
piRNA pathway. To resolve this, we examined the expression
of EGFP in double transgenic mice under Mili- and Miwi2-defi-
cient conditions (described as dTg/Mili Null and dTg/Miwi2 Null
mice, respectively). Gross examination and western blotting
analysis clearly demonstrated that the expression of EGFP,
which was abrogated in the double transgenic mice, was recov-
ered under Mili and Miwi2 null conditions (Figures 1D and 1E and
data not shown). Levels of methylation of the Oct4-EGFP pro-
moter in the dTg/Mili Null and dTg/Miwi2 Null mice were quite
low, compared to the simple double transgenic mice (Figures
1B and 1F). These data demonstrate that gene silencing of
Oct4-EGFP was dependent on MILI and MIWI2, i.e., the piRNA
pathway.
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Figure 2. Deep Sequencing Analysis of
Small RNAs in the Whole Embryonic Gonads
of EGFP Double Transgenic

(A) Length distribution of the small RNAs corre-
sponding to EGFP.

(B) Mapping of EGFP piRNAs. Red and blue bars
indicate sense and antisense EGFP piRNAs,
respectively.

(C) Numbers of the first and tenth nucleotides in
EGFP piRNAs.

(D and E) Mapping of 1%t U and 10" A EGFP piR-
NAs. Sense 15t U and antisense 10" A piRNAs
corresponding to the sense EGFP are shown in (D).
Antisense 15t U and sense 10" A piRNAs corre-
sponding to the antisense EGFP are shown in (E).

orientations, and the results are shown
in Figure S2. Approximately 50%-60%
of the piRNAs matched the ping-pong
signature (Figures S2A and S2C). Repre-
sentative ping-pong signature data for
sense and antisense EGFP sequences
are shown in Figures S2B and S2D,
respectively. These data clearly show
that piRNAs for EGFP were produced via
the ping-pong amplification cycle.

Silencing of Dnmt3L Gene through
DNA Methylation Introduced by the
Expression of Antisense Dnmt3L
Next, we aimed to establish whether
this piRNA-dependent germ cell-specific
gene silencing was applicable to endo-
genous genes. We selected Dnmt3L
(DNA methyltransferase 3-like) as a model
gene because it is expressed in embry-
onic male germ cells, and null mutant
mice show defective DNA methylation of

To examine the production of EGFP-related piRNAs, we car-
ried out deep sequencing analysis of small RNAs in the whole
embryonic gonads of double transgenic mice. A total of 552
reads of EGFP-related RNAs were obtained from the RNA
sequence data (11,747,822) of 18-45 nt in length. The length of
EGFP-related small RNAs showed a single peak of 25-31 nt (Fig-
ure 2A), which was consistent with the length of piRNAs. Both
sense and antisense piRNAs related to EGFP were mapped to
the entire EGFP sequence (Figure 2B). A strong sequence bias,
namely, uracil in the first position (15* U) and adenine in the tenth
position (10" A), has been reported as a signature of piRNA pro-
duction [8-10]. As shown in Figure 2C, the majority of both sense
and antisense EGFP piRNAs demonstrated a high 15 U bias
(54% [113/209] and 88% [302/343], respectively). A strong 10"
A bias was only evident in sense EGFP-piRNAs (64 % [134/209]).

The distributions of 15U and 10" A piRNAs against sense and
antisense EGFP transgenes are shown in Figures 2D and 2E.
These piRNAs were screened for the ping-pong signature (ten
bases matching between 15t U and 10" A piRNAs with reverse

retrotransposon genes and impairment
of spermatogenesis [3, 17, 18], similar to
the Mili or Miwi2 null mice [5, 6, 20]. We produced Miwi2-
asDnmt3L transgenic mice expressing the antisense mRNA of
Dnmt3L under the control of the Miwi2 promoter. These trans-
genic mouse lines (#3 and #6, described as asDnmt3L#3 and
asDnmt3L#6, respectively) had significantly smaller testes than
control mice (Figures 3A and S3A).

We used the asDnmt3L#3 line in further experiments because
it showed the more severe impairment of spermatogenesis (Fig-
ure S3B). Although asDnmt3L#6 did not produce offsprings by
natural mating, microscopic analysis showed some spermato-
genesis in the mice. These germ cells possessed the fertiliza-
tion ability when tested by intracytoplasmic sperm injection
(ICSI) and elongating spermatid injection (ELSI) (Figure S3C).
We assumed that this insufficient spermatogenesis was due
to the lower DNA methylation level of the mice, presumably
caused by the lower expression of the antisense transgene
(Figure S3D).

DNMTS3L proteins were drastically reduced in asDnmt3L em-
bryonic testes, and spermatogenesis was severely impaired
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Figure 3. Impaired Spermatogenesis,
Silencing of Dnmt3L Gene, and Increased
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(B) Western blotting analysis of embryonic day 16.5
wild-type and asDnmt3L testes, using anti-
DNMTS3L and anti-B-ACTIN antibodies.

(C) Hematoxylin-eosin staining of 5-week-old wild-
type, asDnmt3L, and Dnmt3L-null mice.

(D) Bisulfite sequencing analysis of LINE-A, LINE-
Tf, and IAP retrotransposon promoter regions.
Genomic DNA was extracted from the EpCAM-
positive germ cells of 2-week-old wild-type,
asDnmt3L, and Dnmt3L-null mice.

(E) Quantitative RT-PCR analysis of LINE-A, LINE-

LINE-Tf IAP

Tf, and IAP retrotransposon expression. RNAs

15.6%  were extracted from whole testes of 2-week-old
wild-type, asDnmt3L, and Dnmt3L-null mice. Error
bars indicate SD of n = 3 biological replicates.
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(Figures 3B and 3C). DNA hypomethylation of the promoter re-
gions of LINE-1 and IAP retrotransposons and subsequent abro-
gation of gene silencing were observed in asDnmt3L male germ
cells (Figures 3D and 3E). This phenotype was essentially iden-
tical to that of the Dnmt3L-null mice, strongly suggesting that
piRNA-mediated gene silencing of Dnmt3L takes place in
asDnmt3L embryonic testes. The DNA methylation status of con-
trol regions of the Dnmt3L gene, spanning from the promoter to
the second exon [21-23], was significantly increased in the
asDnmt3L male germ cells (Figure 4A). It is quite likely that the
observed phenotype is manifested by DNA methylation of
Dnmt3L in a piRNA-dependent manner. Otherwise, the pheno-
type of these transgenic mice cannot be explained.

Comprehensive Analysis of Dnmt3L-Related piRNAs

Next, we carried out deep sequencing analysis of small RNAs in
the asDnmt3L whole embryonic gonads. Although there were
very few Dnmt3L-related piRNAs in the control male embryonic
germ cells, a significant number of piRNAs were observed in
the transgenic mice (Figures 4B, 4C, and S4A-S4C). Mapping
of Dnmt3L-associated piRNAs demonstrated that these piRNAs
were produced from various regions of the Dnmt3L mRNAs
(Figure 4D). In addition, both sense and antisense Dnmt3L
piRNAs harbor high 15t U (43.6% [5,323/12,205] sense; 63.2%

147% 14.1%
[14,069/22,266] antisense) and 10 A

ure 4E), and approximately 90% of
L Dnmt3L piRNAs harbored the ping-pong
signature (Figure S4D). These data clearly
demonstrate that expression of antisense

LINE-Tf 14 AP bias (70.7% [8,625/12,205] sense;
I I 12 43.4% [9,670/22,266] antisense) (Fig-

Dnmt3L mRNA induces the production of
corresponding Dnmt3L piRNAs and sub-

y S y S
S &f L & FF sequent DNA methylation. We cannot
S o

Qé&\’ exclude the possibility of post-transcrip-
9 tional degradation of Dnmt3L because
there exist antisense RNAs, which can
potentially introduce the post-transcriptional modification. Tran-
scriptional repression and post-transcriptional degradation are
mutually unexclusive, and our results clearly showed that signif-
icant DNA methylation and subsequent transcriptional repres-
sion took place.

The absolute reads number of Dnmt3L piRNAs was much
larger than that of EGFP piRNAs (34,471 and 552, respectively).
Even taking the reads of miRNAs as an internal control (the reads
of the dTg and asDnmt3L cells were 1,204,399 and 8,092,774,
respectively), the relative amount of Dnmt3L piRNAs was still
nine times higher compared to that of EGFP piRNAs (Figure S4E).
Meanwhile, the characteristics of Dnmt3L piRNAs and EGFP
piRNAs were a little different. Although sense and antisense
Dnmt3L piRNAs showed the tendency of 10" A bias (Figure 4E),
only antisense, but not sense, EGFP piRNAs possessed this pre-
ponderance (Figure 2C). These differences would be due to the
amount of RNA transcripts, the balance between sense and anti-
sense transcripts, and/or the sequence differences of the two
kinds of genes.

Usefulness and Utility of Artificial piRNA Induction
System

Our data support two important concepts. One is that retro-
transposon sequences and transcription from piRNA clusters

904 Current Biology 25, 901-906, March 30, 2015 ©2015 Elsevier Ltd All rights reserved
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are irrelevant to the piRNA biosynthesis of embryonic mouse
male germ cells. Recently, it was demonstrated that EGFP-
related piRNAs were produced in flies, mice, and cultured silk-
worm ovary cells, as shown by inserting an EGFP sequence
into their piRNA clusters, suggesting that the locus of the
gene is important for piRNA production [24-26]. These papers
highlighted the importance of the piRNA cluster region in piRNA
production. To identify the insertion sites of Miwi2-asEGFP
transgenes, capture sequence analysis was performed as
described in Figure S2E and Table S1. In silico piRNA cluster
analysis by proTRAC [27] showed that there were 821 typical
piRNA clusters in the dTg mice and that the genomic insertion
sites of the transgenes were not in the piRNA clusters (Table
S2). RT-PCR analysis using the primers between the exoge-
nous Miwi2 promoter and the antisense EGFP revealed that
there were no RNA transcripts from the upstream regions of
antisense EGFP (data not shown). These data supported the

m sense
m antisense

Dnmt3L

w
= sense
= antisense

Dnmt3L mRNA
E —— 1669nt — >

Figure 4. Induction of Dnmt3L Gene piRNA
Production and DNA Methylation by Expres-
sion of Antisense Dnmt3L mRNA

(A) Bisulfite sequencing of the control region of
the Dnmt3L gene. Genomic DNA was extracted
from EpCAM-positive germ cells of 2-day-old
wild-type and asDnmt3L mice. Black bars indi-
cate exons in the Dnmt3L promoter. Red arrows
represent the primers used for the bisulfite
sequence.

(B-E) Deep sequencing analysis of small RNAs in
asDnmt3L whole embryonic gonads. Numbers of
small RNAs with 25-31 nt length corresponding
to the Dnmt3L sequence are shown in (B).
Length distribution of small RNAs corresponding
to the Dnmt3L sequence is shown in (C). Map-
ping of Dnmt3L piRNAs is shown in (D). Red and
blue bars indicate the sense and antisense
strands, respectively. Numbers of the first and
tenth nucleotides in Dnmt3L piRNAs are shown
in (E).

asDnmt3L

notion that the transgene integration
site was not in the active piRNA clusters.
Thus, our data suggest that the tran-
scription from the piRNA cluster is not
necessarily a critical factor for piRNA
biogenesis if sense and antisense RNAs
are co-expressed.

There were EGFP-related piRNAs in
the Oct4-EGFP and Miwi2-asEGFP
transgenic mice embryonic testes (8 in
22,098,877 and 273 in 18,792,650 of
the RNAs with 18 to 45 nt length,
respectively). Similarly, although the
numbers were quite low, there were
endogenous sense piRNAs including
the piRNAs corresponding to Dnmt3L
in the control embryonic male germ cells
(Figures S4A-S4C). Such “seed” EGFP
and Dnmt3L piRNAs may have some
roles in the initial step of ping-pong cy-
cle in the dTg and Dnmt3L antisense
transgenic mice. However, considering that there were many
more abundant sense piRNAs in these transgenic mice embry-
onic testes, both sense and antisense transcripts should have
been necessary for the efficient piRNA production even in this
case.

The second important finding is the utility of piRNA-depen-
dent silencing of endogenous gene(s). Our simple experi-
mental system for inducing artificial piRNAs and subsequent
DNA methylation-dependent gene silencing provides a novel
procedure for induction of DNA methylation to inhibit gene
expression during spermatogenesis. Now we are producing
transgenic mouse lines that express antisense RNAs of
various genes in the embryonic germ cells under the control
of Miwi2 promoter. Moreover, we believe that sperm contain-
ing abnormal DNA methylation patterns introduced by piRNA
represent a useful tool for the study of transgenerational
epigenetic inheritance.
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EXPERIMENTAL PROCEDURES

Details are shown in the Supplemental Experimental Procedures. All animal
experiments were performed in accordance with the general guidelines of
The Institute of Experimental Animal Sciences, Osaka University Medical
School.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
four figures, and two tables and can be found with this article online at
http://dx.doi.org/10.1016/j.cub.2015.01.060.
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