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ABSTRACT

The eukaryotic genome has vast intergenic regions containing transposons, pseudogenes, and other

repetitive sequences. They produce numerous long non-coding RNAs (IncRNAs) and PIWI-interacting

RNAs (piRNAS), yet the functions of the vast intergenic regions remain largely unknown. Mammalian

piRNAs are abundantly expressed in late spermatocytes and round spermatids, coinciding with the

widespread expression of INcCRNAs in these cells. Here, we show that piRNAs derived from transposons

and pseudogenes mediate the degradation of a large number of mMRNAs and IncRNAs in mouse late

spermatocytes. In particular, they have a large impact on the IncRNA transcriptome, as a quarter of

IncRNAs expressed in late spermatocytes are up-regulated in mice deficient in the piRNA pathway.

Furthermore, our genomic and in vivo functional analyses reveal that retrotransposon sequences in the

3’UTR of mMRNAs are targeted by piRNAs for degradation. Similarly, the degradation of spermatogenic

cell-specific IncRNAs by piRNAs is mediated by retrotransposon sequences. Moreover, we show that

pseudogenes regulate MRNA stability via the piRNA pathway. The degradation of mMRNAs and IncRNAs

by piRNAs requires PIWILL1 (also known as MIWI) and, at least in part, depends on its slicer activity.

Together, these findings reveal the presence of a highly complex and global RNA regulatory network

mediated by piRNAs with retrotransposons and pseudogenes as regulatory sequences.
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INTRODUCTION

The genomes of complex eukaryotes contain vast intergenic regions that are mostly composed of

repetitive DNA, with transposons as a major constituent (Taft et al. 2007). Although protein-coding genes

have been extensively studied over the past half century and many genomes have been sequenced in the

past decade, the functions of the vast majority of the genome are largely unknown. Although it is now

apparent that some transposons and pseudogenes participate in gene regulation (Lunyak et al. 2007,

Goodier and Kazazian 2008; Tam et al. 2008; Watanabe et al. 2008; Lynch et al. 2011; Schmidt et al.

2012), the function of the majority of these sequences remains unknown. The recent advent of deep

sequencing technology further revealed that a large portion of the mammalian genome is transcribed into

an immense number of non-coding RNAs, including over ten thousand long non-coding RNAs

(IncRNAs) , thousands of expressed pseudogenes, and millions of Piwi-interacting RNAs (piRNAs)—a

class of 21-32 nucleotide small non-coding RNAs predominantly expressed in the germline (Kim et al.

2009; Cabili et al. 2011; Gong and Maquat 2011; Juliano et al. 2011; Ishizu et al. 2012;

Kalyana-Sundaram et al. 2012; Kelley and Rinn 2012). The discovery of these new types of RNAs

reveals additional levels of genome complexity and presents unprecedented challenges to understanding

the function and inter-relatedness of the non-coding regions of the genome.

piRNAs bind to Piwi proteins, which represent a subfamily of the Argonaute protein family (Kim

et al. 2009; Juliano et al. 2011; Ishizu et al. 2012; Pillai and Chuma 2012; Ross et al. 2014). piRNAs are
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generated from various portions of longer single-stranded piRNA precursors, which are transcribed from

hundreds of genomic loci named piRNA clusters that are mostly located in the intergenic regions of the

genome. Piwi proteins find their target RNAs by using piRNAs as guides, and cleave the targets through

the RNase (slicer) activity of the PIWI domain (Saito et al. 2006; Reuter et al. 2011). Additionally, they

are believed to interact with factors involved in RNA degradation and chromatin modification (Rouget et

al. 2010; Gou et al. 2014; Ross et al. 2014). Across the animal kingdom, Piwi proteins and piRNAs

suppress retrotransposons in order to prevent excessive mutations in the germline genome (Grimson et al.

2008). Although the regulation of protein-coding genes by piRNAs has been suggested by a few studies in

Drosophila and C.elegans (Ishizu et al. 2012), little is known about piRNA function beyond

retrotransposon suppression.

During mouse spermatogenesis, the three Piwi proteins, PIWIL1, PIWIL2 and PIWIL4 (a.k.a.

MIWI, MILI and MIWI2) and piRNAs are highly expressed in two phases: the gonocyte stage and the

pachytene spermatocyte to round spermatid stage (Pillai and Chuma 2012). PIWIL2 and PIWIL4 are

expressed in gonocytes and bind to gonocyte piRNAs (Aravin et al. 2008; Kuramochi-Miyagawa et al.

2008). PIWIL1 and PIWIL2 are expressed in pachytene spermatocytes and round spermatids, where they

bind to pachytene piRNAs (Robine et al. 2009; Reuter et al. 2011; Beyret et al. 2012). Ectopic expression

of artificial pachytene piRNAs leads to the degradation of the complementary reporter RNA in pachytene

spermatocytes and round spermatids (Yamamoto et al. 2013), suggesting that pachytene piRNAs degrade
4
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target RNAs during this period of spermatogenesis. LINE-1 (L1) retrotransposon suppression by PIWIL1
and pachytene piRNAs has been reported (Xu et al. 2008; Reuter et al. 2011), however, other targets of
pachytene piRNAs are unknown. Here we report the systematic identification of the target RNAs of
pachytene piRNAs and the regulatory sequences in the target RNAs. These analyses, together with
functional analyses using several newly generated mouse strains, allowed us to discover that transposons

and pseudogenes regulate mMRNAs and IncCRNAs via piRNAs.

RESULTS

Protein-coding genes are negatively regulated by the piRNA pathway

Pachytene piRNAs are expressed in late spermatocytes and round spermatids, and bind to
PIWIL1 and PIWIL2 (Figure 1A). In the adult testis, PIWIL1-bound piRNAs, mostly 29-30 nt in length,
are more abundant than PIWIL2-bound piRNAs that are 25-26 nt in length (Supplemental Figure 1A).
Moreover, most of the pachytene piRNAs expressed in late spermatocytes (mid-pachytene through
diakinesis stages) are lost in Piwil1™ mice (Supplemental Figure 1B). Together, these results indicate that
the expression of a large portion of piRNAs in late spermatocytes is PIWIL1-dependent. To identify
endogenous target RNAs of PIWIL1-piRNA complexes, we performed RNA-seq analysis in Piwil1*~ and
Piwil1”™ mice (Table S1). To minimize the background signal from cells not expressing PIWIL1, we

isolated late spermatocytes by fluorescence-activated cell sorting (FACS) from 21-23 days post-partum


http://genome.cshlp.org/
http://www.cshlpress.com

86

87

88

89

90

91

93

94

95

96

97

98

99

100

101

Downloaded from genome.cship.org on July 15, 2026 . Published by Cold Spring Harbor Laboratory Press

(dpp) mouse testes (Supplemental Figures 1C, D). Although changes of RNA expression in Piwil1™ mice
were expected to be larger at the round spermatid stage, we selected the late spermatocyte stage, the
initial stage of PIWIL1 expression, to minimize secondary effects due to developmental abnormalities
(Deng and Lin 2002). We found that the L1 and RLTR41_MM retrotransposon RNAs were increased in
Piwil1™" late spermatocytes as compared with Piwil1" late spermatocytes (Figures 1B-E). Interestingly,
the expression of protein-coding mMRNAs was also affected in Piwil1™" late spermatocytes (Figure 1F).
Here, 172 genes were significantly up-regulated (>2-fold increase, P < 0.025, RPKM > 0.5), and 11 were
significantly down-regulated (>2-fold decrease, P < 0.025, RPKM > 0.5). We did not analyze
down-regulated mRNAs in this study, because decrease of these mRNAs is probably secondary due to
developmental abnormalities (Supplemental results and Supplemental Figures 1E-G). Of 14 randomly
chosen up-regulated genes, 13 were also significantly increased in g-PCR analysis (Supplemental Figure
1H), confirming that the expression of a subset of MRNAs in spermatocytes is increased in Piwil1™
mice.

To investigate whether mRNA up-regulation could also be observed in other piRNA pathway
mutants, we analyzed the transcriptome of Mov10l1 CKO mice (Mov10l1"™ Stra8-Cre). MOV10L1 is
an RNA helicase essential for piRNA biogenesis (Frost et al. 2010; Zheng et al. 2010), and piRNAs in late
spermatocytes were almost entirely absent in Mov10l1 CKO mice (Supplemental Figure 11). These mice

displayed a Piwil1"-like defect with spermatogenesis arrested after meiosis at the early round spermatid

6
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stage (Supplemental Figures 1J, K) (Deng and Lin 2002). A set of 81 genes was up-regulated (>2-fold) in
both Mov10I1 CKO and Piwil1 KO late spermatocytes (Figure 1G). No specific GO term in the biological
process ontology and the cellular component ontology was enriched among this set, but in the molecular
function ontology, “hydrolase activity, acting on glycosyl bond” was frequently observed (six of the 81

10-3

genes, P = 2.2 x =), Several genes important for spermatogenesis (Man2a2, Morcl, Tex101, and Tdrdl)
were among the set of 81 up-regulated genes. Additionally, several retrotransposons including

RLTR41_MM were up-regulated in Mov10l1 CKO mice (Figure 1H).

Testis-enriched INCRNAs are negatively regulated by the piRNA pathway

Recent transcriptome analyses in mammals revealed that a large and diverse set of InCRNAs are
specifically expressed in the testis (Cabili et al. 2011; Soumillon et al. 2013). Consistently, we found a
large number of INCRNASs (24.4%; 1074/4401) registered in Ensembl were most highly expressed in testes
as compared to other tissues and cells (Figure 1I) (Flicek et al. 2014). Many of the testis-enriched
Ensembl IncRNAs were initially expressed at 15-22 dpp, when the first wave of spermatogenesis reaches
the pachytene spermatocyte to early round spermatid stages (Figure 1J). Thus, their expression overlaps
with that of PIWIL1 and pachytene piRNAs. To analyze the impact of the piRNA pathway on IncRNA
expression, we first identified 6,014 IncRNAs (RPKM > 0.5 either in Piwil1™ or in Piwil”) from

intergenic region using our late spermatocyte RNA-seq data. Many of these INCRNAs are preferentially

7
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expressed in the testis, with expression first detected at 15-18 dpp (Supplemental Figures 1L, M); this
suggests that these INncCRNAs are expressed from the late spermatocyte stage. However, very few (2.4%)
were derived from pachytene piRNA clusters, suggesting that most of them are not piRNA precursors.
Remarkably, 485 of the 6,014 identified INcRNAs were significantly increased in Piwil1”~ mice (>2-fold
increase, P < 0.025), while only 32 were significantly decreased (>2-fold decrease, P < 0.025) (Figure 1K).
In Mov10l1 CKO mice, 473 of 4872 IncRNAs (RPKM > 0.5 either in Mov10l1 CKO or in control) were
significantly increased (>2-fold decrease, P < 0.025), and many of the increased IncRNAs were also
up-regulated in Piwil1™" mice (Figure 1L). In addition, 20.4% (1229/6014) and 21.5% (1051/4872) of
IncRNAs were up-regulated by more than 1.5-fold in Piwil1l KO and Mov10l1 CKO mice, respectively
(Figure 2B). When comparing RNA levels between Piwil1l and Mov10l1 mutant mice, a lower correlation
of fold-change in IncRNA levels (R = 0.57) was observed as compared with mRNA levels (R = 0.74).
This is at least partly due to the relatively lower expression level of IncRNAs (Supplemental Figure 1N),
because the expression levels of lowly expressed RNAs tend to be variable. Additionally, many of the
PiRNA precursors are up-regulated in Mov10l1 CKO mice, but only mildly affected in Piwil1l KO mice

(see below) (Figure 1L).

Theregulation of mMRNAs and IncRNAs by PIWIL1 is piRNA-dependent

To determine if PIWIL1 regulates the potential target RNAs in a piRNA-sequence-dependent
8
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manner, we mapped the published PIWIL1-associated piRNAs (Robine et al. 2009) against mMRNAs and
IncRNAs expressed in late spermatocytes and counted the number of piRNA reads that were matched to
each mRNA and IncRNA in the antisense orientation (See Supplemental results and Supplemental Figure
2 for details on mapping and counting). Notably, piRNAs were preferentially matched to the up-regulated
MRNAs and IncRNAs (Figures 2A-D), suggesting that piRNAs guide PIWIL1 to target RNASs. In
addition, the average number of piRNA matches to the moderately up-regulated (1-2-fold) transcripts
was much higher than that to the down-regulated (>1-fold) transcripts. This result suggests that some
moderately up-regulated RNAs are also direct targets of PIWIL1 and piRNAs. We attempted to pull-down
PIWIL1 target RNAs by immunoprecipitation using the anti-PIWIL1 antibody. However, the target RNAs
were not enriched in the immunoprecipitated RNAs, possibly due to a transient association between
PIWIL1 and the target RNAs that are degraded (Supplemental results and Supplemental Figure 3).

piRNA precursors were up-regulated in Mov10l1 CKO mice but only mildly affected or
unaffected in Piwil1”~ mice (Figure 1L). Consistent with this, there was a positive correlation between
the extent of mMRNA and IncRNA up-regulation in Mov10l1 CKO mice and the number of unique sense
piRNAs (Figures 2E-G). This correlation was modest or almost absent in Piwil1™" mice (Figures 2E, G).
These results suggest that the expression of a subset of mMRNAs and IncRNAs up-regulated in Mov10I1

CKO mice is regulated by the piRNA precursor processing machinery upstream of PIWIL1.
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Pseudogene-derived piRNAsregulatetheir cognate functional gene

The most up-regulated gene in Piwill”™ late spermatocyte RNA-seq was Stambp, which
encodes a deubiquitinase required for neuronal cell survival (Ishii et al. 2001). PIWIL1-associated
piRNAs were mapped to several regions within this mRNA in the antisense orientation (Figure 3A).
Specifically, most of these piRNAs were mapped to Stambp mRNA with mismatches, but were perfectly
and uniquely matched to its processed pseudogene (Stambp-psl) in a piRNA cluster. This suggests that
piRNAs from Stambp-psl regulate Stambp MRNA. To explore this hypothesis, we generated two mouse
strains from ES lines with gene-trap insertions just upstream of Stambp-psl in the piRNA cluster (Figure
3B). In spermatocytes from mice homozygous for the insertion (Sambp-ps1®Y/®" and Stambp-ps1®%/¢?),
both putative piRNA precursor transcripts and piRNAs from the Stambp-psl region were dramatically
decreased (Figures 3B-D). As predicted, Stambp mRNA was significantly increased in late spermatocytes
from Stambp-ps1®Y®? and Stambp-ps1°%? mice, but Stambp pre-mRNA was not changed (Figure 3E).

Although we did not find any phenotype in Stambp-ps1®/c®

mice (Supplemental Figures 4A-D), a
marked increase in Stambp protein was observed in Stambp-ps1®V®" late spermatocytes and round
spermatids (Figures 3F, G). Together, these results indicate piRNAs from the Sambp pseudogene regulate
the Stambp gene at the post-transcriptional level. Inspired by this example, we aligned all mRNAs to

PiRNA clusters expressed in spermatocytes, and identified six other pseudogenes that potentially targeted

their functional cognate mRNAs. Of the six cognate mRNAs, three were significantly up-regulated in

10
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both Piwil1™" and Mov10l1 CKO spermatocytes (Supplemental Figure 4E).

Transcripts containing retrotransposon sequences are enriched in the up-regulated RNAs

To examine the piRNA target sequences within the regulated RNAs, we identified
piRNA-complementary and, therefore, potential target sequences within mRNAs. Almost all of the
piRNA-complementary sequences were located within the 3"UTR rather than 5"UTR and coding DNA
sequence (CDS) of mMRNAs (Figure 4A). The piRNA-complementary sequences were much more densely
observed in the 3"UTR of the up-regulated MRNAs than the down-regulated mMRNASs, consistent with the
results of preferential mapping of piRNAs to the up-regulated RNAs (Figure 2). Many (68.5%) of the
piRNA-complementary sequences within the up-regulated mRNASs corresponded to retrotransposon
sequences (Figure 4B), of which 83.2% corresponded to SINE, non-autonomous retrotransposons with a
length of 150-300 nt (Goodier and Kazazian 2008). When repeat sequence-derived piRNAs and
non-repeat sequence-derived piRNAs were separately mapped to mRNAs, strong preferential mapping to
the up-regulated mMRNAs was observed only for the repeat sequence-derived piRNAs and these were
mostly retrotransposon-derived (Figure 4C). A similar result was obtained for IncRNAs (Figure 4D).
These results raise the possibility that retrotransposon sequences in mRNAs and IncRNAs are targeted by
PIWILL and piRNAs.

To evaluate the importance of retrotransposon sequences in piRNA-mediated mRNA and

11
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IncRNA regulation, we classified mMRNAs and IncRNAs based on the extent of up-regulation in the
Piwil1”™ mice. Remarkably, the frequencies of mMRNAs and IncRNAs containing retrotransposon
sequences were significantly higher among the up-regulated RNAs than the down-regulated RNAs for all
retrotransposon classes analyzed (Figures 4E, F). For example, 46.4% of the up-regulated mRNAs but
only 12.9% of the down-regulated mRNAs contained SINE sequences. In addition, the density of
retrotransposon sequences was considerably higher in the 3"UTR of the up-regulated mRNAs (Figure 4G).
For IncRNAs, a higher density was observed across the entire region of the up-regulated IncRNAs (Figure
4H). This correlation implies that many of the retrotransposon sequences in the up-regulated mRNAs and

IncRNAs are targeted by PIWIL1 for degradation.

PIWIL1 degradestarget mMRNAs and IncRNAsin a slicer-dependent fashion

Among the 13 known piRNA pathway genes (Pillai and Chuma 2012), Tdrdl, Piwil2, and
Piwil1l mRNAs contain SINE sequences potentially targeted by piRNAs (Figure 5A and Supplemental
Figure 5A). Moreover, these mMRNAs were up-regulated in Piwill”™ or Mov10l1 CKO mice
(Supplemental Figure 5B). In the 3’'UTR of Tdrd1l mRNA, two SINE sequences (PB1D10 and ID2) were
found (Figure 5A). Interestingly, we observed a sharp increase in RNA-seq reads at one site in the
PB1D10 sequence of Tdrdl mRNA (Figure 5B, arrow). The reason for this sharp increase can be inferred

from our RNA-seq method: we prepared strand-specific RNA-seq libraries by fragmenting RNAs and

12
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ligating the 5° ends of the resulting RNA fragments to an RNA linker. The library was then sequenced
from the linker. Therefore, if there were many RNA ends at a particular site generated by RNase cleavage
in vivo in addition to in vitro fragmentation, more reads would be produced from the ends at that site.
Because the sharp increase in RNA-seq reads at the PB1D10 sequence was observed only in Piwil1"~ but
not Piwil1™" mice (Figure 5B), it likely resulted from the PIWIL1-mediated cleavage. In support of this,
PIWIL1-associated piRNAs were mapped predominantly to one region within the PB1D10 sequence in
the antisense orientation, and the site of sharp increase occurred between the 10th and 11th positions of
the mapped piRNAs (Figures 5A, C), exactly corresponded to the cleavage site of PIWIL1 and these
piRNAs (Brennecke et al. 2007; Gunawardane et al. 2007; Reuter et al. 2011). Additionally, the 5" end of
one of the piRNAs generated from Tdrdl mRNA exactly corresponds to the site of sharp increase
(Figures 5B, C), showing characteristics of secondary piRNAs, which are generated from 5" ends of
RNAs cleaved by Piwi-piRNAs (Juliano et al. 2011; Ishizu et al. 2012; Pillai and Chuma 2012). This
further supports the PIWIL1-mediated cleavage at the site of sharp increase. In addition, expression of
Tdrd1 and other target RNAs were increased in late spermatocytes from Piwil1 slicer mutant (Piwil17AP")

mice (Figure 5D and Supplemental results) (Reuter et al. 2011), indicating that slicer activity contributes

to the target RNA degradation.

PIWIL1 promotes the decay of a reporter mRNA containing a B1 or B2 SINE sequence at its
13
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JUTR

To further demonstrate that retrotransposon sequences in a target mMRNA indeed mediate the
degradation of the target mMRNA by the PIWIL1-piRNA pathway, we generated mice with a single-copy
transgene that expresses mCherry mRNA with a retrotransposon sequence in its 3'UTR (Figure 6A and
Supplemental Figure 7). The retrotransposon sequence in mCherry mRNA was flanked by LoxP sites, and
therefore, can be removed in the presence of Cre protein. We chose B1 and B2 SINE retrotransposons,
because they are frequently found in the up-regulated mMRNAs and IncRNAs in Piwil1™" mice (Figures 4E,
F and Supplemental Figure 7). Upon introduction of Stra8-Cre, B1 and B2 sequences in the transgenes
were deleted in late spermatocytes (Figures 6B, C), and mCherry fluorescence signal in late
spermatocytes increased by 2.2-fold (mCherry-B1" vs. mCherry-B1"° Sra8-Cre™°) and 3.2-fold
(mCherry-B2"° vs. mCherry-B2"°, Sra8-Cre™®) (Figures 6D, E left). A similar level of increase
(2.8-fold in mCherry-B" and 2.7-fold in mCherry-B1"®) was also observed at the mRNA level,
however, no change was observed at the pre-mRNA level (Figure 6E center and right). These results
indicate that B1 and B2 sequences confer instability to mature mRNAs in late spermatocytes.

To examine if the observed instability caused by B1 and B2 sequences is PIWIL1-dependent,
mCherry-B1"™° and mCherry-B2"° mice were crossed with Piwil1 mutant mice. Elevated levels of
mCherry mRNA were observed in Piwil1™ late spermatocytes as compared with the Piwil1*~ control in

both mCherry-B1"™° and mCherry-B2">° mice (Figure 6F right; 1.8-fold for mCherry-B1"° and
14
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3.4-fold for mCherry-B2"%), suggesting that PIWIL1 is involved in the degradation of Bl- and
B2-containing mCherry mRNAs. The larger increase observed for B2-containing mCherry mRNA as
compared to Bl-containing mCherry mRNA in Piwil1™ mice is consistent with the preferential
enrichment of the B2 sequence in highly up-regulated RNAs in the RNA-seq analysis (Figures 4E, F, 6F).
When B1 and B2 sequences were removed (mCherry-B14®° and mCherry-B22'®"), no increase was
observed in Piwil1”~ mice compared with Piwil1"~ mice (Figure 6G). These observations indicate that

PIWILL1 targets B1 and B2 sequences in the mCherry mRNAs for degradation.

MIWI promotes the decay of an endogenous mRNA containing conserved retrotransposon sequence
inits3’'UTR

To directly validate that retrotransposon sequences regulate the stability of endogenous mRNAs
via MIWI-piRNA-mediated mechanism, we deleted such retrotransposon sequences in the 3’"UTR of an
endogenous mRNA, Prelidl mRNA, and examined its expression in wildtype versus Miwi mutant
backgrounds. The two most frequently observed retrotransposon sequences in pachytene piRNAs were
MIR and LINE2 (L2) repeats (Supplemental Figure 8A), inactive retrotransposons that were propagated
before the mammalian radiation and widely exist in mammalian genomes (Silva et al. 2003). Their
sequences are often found in MRNAs, as 6.3% and 2.5% of mouse Ref-Seq mMRNAs contain MIR and L2a

sequences, respectively (Faulkner et al. 2009). Prelidl mRNA contains both MIR and L2a sequences in
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the 3"UTR, and PIWIL1-associated piRNAs were mapped predominantly to the MIR and L2a sequences
in the antisense orientation (Figure 7A). Up-regulation of this mRNA in Piwil1”™ mice as compared to
Piwil1" mice (approximately 4-fold) was observed only at the mRNA level, but not at the pre-mRNA
level (Supplemental Figure 8B), indicating that PIWIL1 degrades this mMRNA.

To generate mice expressing Prelidl mRNA without the retrotransposon sequences, we inserted
a synthetic polyadenylation signal sequence just upstream of the two retrotransposon sequences in the
3"UTR using the CRISPR-Cas9 system, because the polyadenylation signal sequence of this mMRNA is in
the L2a retrotransposon sequence, which is located immediately downstream of the MIR retrotransposon
sequence (Figure 7A). Mice homozygous for the mutant allele (Prelid1”*"*) generated truncated Prelidl
MRNA lacking the retrotransposon sequences (Figure 7B). Although we did not find any phenotype in
Prelid1”" mice, Prelidl mRNA, but not its pre-mRNA, was increased approximately six-fold in late

+/+

spermatocytes from Prelid1”* mice as compared to wild-type (Prelid1™*) control mice (Figure 7C).
Such an increase was not observed in the liver where PIWIL1 is not expressed (Figure 7C). Furthermore,
in contrast to the full-length Prelidl mRNA, the truncated Prelidl mRNA was not increased in Piwil1™"
late spermatocytes (Supplemental Figure 8C), indicating that PIWIL1 targets the retrotransposon
sequences in the 3'UTR of Prelidl mRNA.

During spermatogenesis, Prelidl mRNA is expressed at high levels until the early-pachytene

stage, and it is down-regulated after the expression of pachytene piRNAs at the mid-pachytene stage,
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reaching a very low level at the round spermatid stage (Figure 7D). Although the expression of many of
the mRNAs that are down-regulated from the early spermatocyte stage to the late spermatocyte stage
were not affected in Miwi™ late spermatocytes (data not shown), a subset of these mRNAs may be
cleared or repressed by pachytene piRNAs in late spermatocytes and round spermatids, as observed for
Prelidl mRNA (Figure 7D). This low level of Prelidl expression in round spermatids, together with
strong derepression of Stambp expression in Piwil1™~ round spermatids (Figure 3F), suggests that genes
that function in round spermatids are not repressed by the piRNA pathway. Consistent with this idea,
PIWIL1-associated piRNAs were less preferentially matched to mMRNASs expressed in round spermatids
(Rspd mRNAs) compared with mRNAs expressed in early spermatocytes (Espc mMRNAs, Figures 7E, F).
Furthermore, retrotransposon sequences were found less often in Rspd mMRNAs than in Espc mMRNAS
(Figure 7G). This low frequency is likely due to the shorter 3’"UTRs of Rspd mRNAs, which have a
median 3’"UTR length of 328 nt compared to 729 nt and 973 nt for all MRNAs and Espc mRNAs,
respectively (Figure 7H). Therefore, it is tempting to speculate that round spermatid genes might have
evolved to possess short 3’'UTR in order to escape retrotransposon insertions that result in deleterious

effects on these important reproductive genes.

DISCUSSION
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We have identified a global RNA regulatory mechanism mediated by retrotransposons and

pseudogenes that regulate mMRNAs and IncRNAs through our systematic search for the potential target

RNAs of pachytene piRNAs. Pachytene piRNAs are abundantly expressed in mouse late spermatocytes

and round spermatids, and their deficiency leads to spermatogenic arrest at the early round spermatid

stage. Therefore, they have been proposed to play an important role during spermatogenesis; however, the

mechanisms and targets of their regulation were largely unknown. The present study reveals that

pachytene piRNAs and PIWIL1 negatively regulate protein-coding mRNAs and IncRNAs as well as L1

retrotransposons in late spermatocytes, with piRNAs acting as guide molecules to identify target RNAs

via sequence complementarity. The degradation of target RNAs by PIWIL1 and piRNAs is mostly

dependent on the slicer activity of PIWIL1. Furthermore, our results reveal two mechanisms for the

piRNA guidance (Figure 71). First, piRNAs generated from pseudogene sequences in piRNA clusters

target MRNAs transcribed from their functional cognate genes. Second, piRNAs from retrotransposon

sequences target RNAs that contain retrotransposon sequences.

Our results reveal that PIWIL1 and piRNAs have a large impact on the expression of InCRNAs.

Many of them are probably regulated via retrotransposon sequences. Given that 66% of mouse INcCRNAs

contain transposable elements (Kelley and Rinn 2012), the large effect on the InCRNA transcriptome is

not surprising. In late spermatocytes and round spermatids, standard histones are replaced with several

histone variants associated with an open chromatin structure, and a genome-wide low level of H3K9me2
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and high level of H3K4me2 are observed (Kimmins and Sassone-Corsi 2005; Tachibana et al. 2007;

Soumillon et al. 2013). The open chromatin structure presumably facilitates the replacement of the

histones with transition proteins (Doenecke et al. 1997). Although we cannot rule out the possibility that

widespread transcription of IncRNAs in late spermatocytes and early round spermatids have some

functional purposes such as producing a diverse and large set of pachytene piRNAs (Ha et al. 2014), most

of these intergenic RNAs could be a “by-product” of extensive chromatin remodeling occurring in these

cells (Soumillon et al. 2013). Nonfunctional RNAs generated from intergenic regions often contain

retrotransposon sequences, since ~40% of the mouse genome is derived from retrotransposon sequences.

Some of them might have harmful effects on spermatogenesis. The piRNA pathway would be ideal for

regulating such IncRNAs, as it mainly targets retrotransposon sequences. Because the expression of

PIWIL1 and pachytene piRNAs occurs at the same time as the chromatin remodeling and the resultant

pervasive transcription, it is possible that piRNAs are abundantly expressed in late spermatocytes and

round spermatids in part to degrade “leaked” intergenic transcripts that may cause harmful effects.

Our results reveal that piRNAs derived from inactive as well as active retrotransposons regulate

MRNAs, including Tdrdl and Prelidl mRNA. piRNAs are generated from two biogenesis pathways, the

primary and secondary pathways (Kim et al. 2009; Juliano et al. 2011; Ishizu et al. 2012; Pillai and

Chuma 2012). The secondary pathway specifically amplifies piRNAs derived from active

retrotransposons. Given that amplification of active retrotransposon-derived piRNAs depends on high
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similarity among active retrotransposon copies, inactive retrotransposon-derived piRNAs are unlikely to

be efficiently amplified by the secondary pathway. Mouse pachytene piRNAs are known to be generated

mostly through the primary pathway (Reuter et al. 2011; Beyret et al. 2012; Pillai and Chuma 2012).

Similarly, it has just been reported that adult testicular piRNAs in the common marmoset are generated

mainly via the primary pathway, and both young and old retrotransposon sequences equally contribute to

the production of these piRNAs (Hirano et al. 2014). In addition, this study also identified

pseudogene-derived piRNAs that potentially regulate parental mMRNAs. Thus, generation of piRNAs from

inactive retrotransposons and pseudogenes via the primary pathway in adult testes seems to be a

conserved phenomenon in mammals. Although it is unclear whether this is due to the predominant

presence of cellular mechanisms activating the primary pathway and/or the involvement of only a small

subset of pachytene piRNAs in silencing active retrotransposons, it is possible that pachytene piRNA

generation highly depends on the primary pathway in order to generate sufficient unamplifiable piRNAs

such as inactive retrotransposon-derived piRNAs to regulate mRNAs and IncRNAs.

In summary, our genome-wide analysis of pachytene piRNA targets in late spermatocytes reveals

a regulatory network in which the stability of many IncRNAs and mRNAs are regulated by

retrotransposons and pseudogenes via their derivative piRNAs. In addition, retrotransposons auto-regulate

the turnover of their own RNAs also via the piRNA pathway. Interestingly, the expression of an unusually

large number of INcCRNAs as well as pachytene-like piRNAs in the testis is a well conserved phenomenon
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among mammals and birds (Li et al. 2013; Soumillon et al. 2013; Hirano et al. 2014). Therefore the

genome-wide inter-regulatory mechanisms reported here for piRNAs, IncRNAs, mRNAs, pseudogene

RNAs, and transposon RNAs may be well conserved in the testes of vertebrates.

METHODS

RNA-seq library construction and sequencing

Total RNAs were isolated from FACS-isolated cells or testes using TRIzol (Invitrogen).

RNA-seq data from several tissues and cell types that were sequenced in Bing Ren’s laboratory were

obtained from the Gene Expression Omnibus (GEO) database under accession number GSE36026. See

Supplemental Methods for details on RNA-seq library preparation, mapping, calculation of RPKM values

and IncRNA identification.

Flow cytometry and sorting of sper matogenic cells

To prepare single-cell suspensions, decapsulated testes were treated with a digestion solution (0.5 mg/ml

collagenase type IV, 0.05% trypsin-EDTA, and 25 ug/ml DNasel in DMEM) at 35°C for 10 min. See

Supplemental methods for details.
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Generation of knock-in, gene-trap, and transgenic mice

An oligo DNA for homologous recombination (50 nt homologous sequence — polyadenylation signal

sequence — 50 nt homologous sequence), Cas9 mMRNA, and chimeric guide RNA were mixed and then

injected into the cytoplasm of 1-cell embryos of B6;SJL F2 mice. See Supplemental methods for details

about CRISPR-mediated knock-in mouse, gene-trap mouse and transgenic mouse generation.

Mapping of PIWIL 1-associated piRNAsto mRNAsand IncRNAs

PIWIL1-associated small RNA reads (SRR033657) were annotated as previously described (Watanabe et

al. 2011), and miRNAs and degradation products of abundant noncoding RNAs (rRNA, tRNA, snRNA,

SnoRNA, scRNA, srpRNA and RNA) were removed. The remaining small RNAs were mapped to the

masked MRNASs and INcRNASs using SeqMap software

(http://www-personal.umich.edu/~jianghui/seqmap/) allowing up to four mismatches including two indels.

See Supplemental methods for details about piRNA mapping analyses.

Small RNA analysisin Stambp pseudogene mutant mice

+/Gtl

Small RNA libraries were constructed using total RNAs isolated from 23 dpp Stambp-psl and

Gtl/GtL
1

Stambp-ps mouse testes. See Supplemental methods for details.
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Analyses of retrotransposon sequencesin mMRNAsand IncRNAs

The mRNA (IncRNA) sequences with 5" and 3' flanking intergenic sequences were obtained from the

UCSC Table Browser (http://genome.ucsc.edu/cgi-bin/hgTables). Retrotransposon sequences in the

downloaded sequences were identified using RepeatMasker (http://www.repeatmasker.org). See

Supplemental methods for details about retrotransposon analyses.

I dentification of pseudogenesin piRNA clusters

Pseudogenes in piRNA clusters were identified by aligning mMRNA sequences to piRNA cluster sequences. See

Supplemental methods for details.

DATA ACCESS

The sequence data from this study have been submitted to the Gene Expression Omnibus (GEO)

database (http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE42004.

ACKNOWLEDGEMENTS

We thank Timothy Nottoli and Carole Pease for generating transgenic and

CRISPR-Cas9-medaited KO mice, Michael Reuter and Ramesh Pillai for Piwil1l slicer mutant mice,

23


http://genome.cshlp.org/
http://www.cshlpress.com

408

409

410

411

413

414

415

416

417

418

Downloaded from genome.cship.org on July 15, 2026 . Published by Cold Spring Harbor Laboratory Press

Robert Frost and Eric Olson for Mov10l1 mutant mice, Sandra Martin for anti-L1 ORF1, Celina Juliano,

Robert Ross, Molly Weiner and Anastasios Vourekas for comments on manuscript, Yoshiaki Tanaka and

Mengjie Chen for discussion about bioinformatics analysis, Chia-ling Hsieh for help with sample

preparation. This work was supported by the NIH grant R37HD42012 and a Mathers Foundation award to

H.L.. T.W. was a Fellow of the Japan Society for the promotion of Science (JSPS) and The Uehara

Memorial Foundation during part of this work. E.C. was supported by Connecticut’s Stem Cell Research

grant (LOSCA13). T.W. performed the experiments and conducted bioinformatics analysis. E.C. was

involved in FACS sorting. M.Z. performed the sequencing. T.W. and H.L. designed the study and wrote

the paper.

24


http://genome.cshlp.org/
http://www.cshlpress.com

419

420

421

424

425

426

427

428

429

430

433

434

435

436

Downloaded from genome.cship.org on July 15, 2026 . Published by Cold Spring Harbor Laboratory Press

FIGURE LEGENDS

Figure 1. piRNAs negatively regulate mRNAS in spermatocytes

(A) A schematic drawing of mouse spermatogenesis, with the expression patterns of PIWIL1, PIWIL2,
pre-pachytene piRNAs and pachytene piRNAs. The stages of developmental arrest in Piwil1”~ and
Piwil2” mice are shown.

(B, F, K) RNA-seq comparison of retrotransposon (B), mRNA (F), and spermatocyte IncRNA (K)
expression between Piwil1”™ and Piwill™" late spermatocytes. Lines flanking the diagonal represent
2-fold differences. Significantly changed genes (P < 0.025, Student's t-test) are indicated in red (n = 3).
RPKM stands for Reads Per Kilobase of transcript per Million mapped reads.

(C, D) Northern blot analysis of L1 full-length RNA (C) and Western blot analysis of L1 ORF1 (D) in
23-dpp testes of Piwil1”~ and Piwill”™ mice. Two biological replicates from different mice were
analyzed.

(E) Immunohistochemical analysis of L1 ORF1 in sections of 28-dpp testes from Piwil1"~ and Piwil1™"
mice. Spermatocytes (Spc) and round spermatids (RS) are indicated.

(G, L) Piwill and Mov10l1 mutations have similar impacts on mRNA (G) and spermatocyte IncRNA (L)
expression. INcRNAs derived from the top 50 pachytene piRNA clusters are indicated in red.

(H) RNA-seq analysis of retrotransposon expression in late spermatocytes from Mov10l1 CKO and

control mice. See (B) for more information
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(1) Approximately 25% of IncRNAs registered in Ensembl are preferentially expressed in the testis.

Shown are the expression levels of 4401 Ensembl IncRNAs (rows) across tissues and cells (columns).

(J) Expression levels of 1074 testis-enriched Ensembl IncRNAs during spermatogenesis.

Figure 2. The extent of mMRNA and IncRNA upregulation is strongly correlated to the number of

piRNA matches.

(A, B) piRNAs are preferentially mapped to the up-regulated mRNAs (A) and IncRNAs (B). Y-axis

represents the numbers (RPM) of piRNAs mapped in the antisense orientation by allowing up to four

mismatches including up to 2 indels. Protein-coding genes and IncCRNAs on the X-axis are sorted based

on the extent of changes in the RNA-seq analysis in Piwill KO. RPM stands for Reads Per Million

sequenced reads.

(C, D) A box plot analyzing the number of piRNA matches in the antisense orientation. Protein-coding

genes (C) and IncRNAs (D) are classified into five groups based on the extent of up-regulation in

Piwil 1™ mice.

(E) MA plot analysis of mMRNA (left) and IncRNA (right) expression in Piwill KO and Mov10I1 CKO.

The top 200 MRNAs and IncRNAs generating many sense unique piRNAs are highlighted in red. The top

200 mRNAs and IncRNAs having many antisense piRNA hits (four mismatch condition) are highlighted

in blue.
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(F) piRNAs are preferentially generated from the up-regulated mMRNAs (top) and IncRNAs (bottom) in
Mov10l1 CKO. Protein-coding genes and IncRNAs on the X-axis are sorted based on the extent of
changes in the RNA-seq analysis in Mov10l1 CKO.

(G) Box plots analyzing the number of unique sense piRNAs generated from mRNAs (top) and IncRNAs
(bottom). mRNAs and IncRNAs are classified into five groups based on the extent of up-regulation in

Mov10l1 CKO (left) and Piwil1 KO (right) mice.

Figure 3. The Stambp pseudogene regulatesits cognate mRNA via the piRNA pathway

(A) Distribution of PIWIL1-associated piRNAs matched to Sambp mRNA in the antisense orientation.
CDS is represented by the hatched region in mRNA.

(B) Structure of the Stambp-psl piRNA cluster. The Stambp pseudogene (Stambp-psl) is indicated in
green. The insertion sites of the two gene trap lines (Gtl and Gt2) are indicated in arrows and brown bars.
PiRNAs generated from this locus and Chrl7 piRNA cluster (control) in Stambp-psi”®" and

Gt1/Gt1
S

Stambp-p! mice are shown. Watson (Crick) strand piRNAs are shown in red (blue).
(C) Northern blotting analysis of a piRNA derived from Stambp-psl. The location of the probe used is
shown in (B).

(D) g-PCR analysis of the putative piRNA precursor in Stambp-ps1®V®" (left) and Stambp-ps1°%c?

(right) late spermatocytes. The locations of the primers used are shown in (B). Error bars represent the SD
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(n=4). *P < 0.01 (Student's t-test).
(E) g-PCR analysis of Stambp mRNA and pre-mRNA in Sambp-ps1®®", Sambp-ps1®©?, Piwil1™,
and Mov10l1 CKO late spermatocytes. Error bars represent the SE (n = 3 for Mov10l1 CKO and n = 4 for
others). *P < 0.01 (Student's t-test).
(F) Immunofluorescence analysis of Stambp protein. Round spermatids (RS) are located at the center of
seminiferous tubules and indicated.
(G) Western blot analysis of Stambp protein. Late spermatocytes and round spermatids were

FACS-isolated from 26-dpp mouse testes.

Figure 4. Retrotransposon sequences are enriched in the up-regulated mRNAs and IncRNAs

(A) Most piRNA-complementary sequences were observed within 3’'UTR. The average humber (RPM) of
antisense piRNA matches at each position was calculated using a moving window of 100 bases (step size
= 100 bases). TSS represents transcription start site.

(B) Many of the piRNA-complementary sequences in mRNAs were SINE sequences. Each position in
piRNA-complementary sequences within the up-regulated mMRNASs was annotated.

(C, D) The number of matches to repeat-derived piRNAs was correlated with the extent of up-regulation.
Box plots analyzing the number of matches to nonrepeat-derived piRNAs (left) and repeat-derived

PiRNAs (right) are shown.
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(E, F) The up-regulated mRNAs (E) and IncRNAs (F) frequently contain retrotransposon sequences. The

number of genes and INcCRNAs in each class is shown above the bar on the left graph. P-values between

the <1 and >2 groups were calculated by the R prop.test.

(G, H) High density of retrotransposon sequences in the 3'UTR of the up-regulated mRNAs (G) and

across the entire region of the up-regulated INcRNAs (H). Regions examined are divided into 0.1 kb bins

(window size = 100 bases, step size = 100 bases).

Figure5. PIWIL 1 dlicer activity contributesto the degradation of target RNAs

(A) PIWIL1-associated piRNAs are predominantly mapped to PB1D10 SINE sequences (gray box) in the

3'UTR of Tdrd1 mRNA.

(B) The sharp increase in RNA-seq reads at the PB1D10 region. Shown are RNA-seq reads and

PIWIL1-associated piRNAs derived from this region (below).

(C) A magnified view of the site of the sharp increase. The location is indicated with the blue line in (A).

(D) g-PCR analysis of several target mMRNAs (top) and IncRNAs (bottom) in Piwill KO (blue) and in

Piwil1 slicer mutant (red) mice. The locations of PCR amplicons are shown in Figure 3A (Stambp),

Figure 5A (Tdrdl) and Figure 7A (Prelidl). Error bars represent the SE (n = 3).
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Figure 6. B1 and B2 SINE sequences confer instability to mRNAs

(A) A schematic representation of a transgene construct. The PEST motif was fused to the C terminus of
the mCherry protein, which results in shorter half-life of the protein.

(B) FACS analysis of testicular cells from 28 dpp mice using Hoechst 33342.

(C) Deletion of B1 (top) and B2 (bottom) sequences from transgenes in late spermatocytes from
Stra8-Cre mice. A set of PCR primers spanning LoxP sites was used for PCR.

(D) The increase of mCherry fluorescence upon deletion of retrotransposon sequences.

(E) mCherry fluorescence (left), mCherry mRNA (center) and mCherry pre-mRNA (right) levels in the
absence (blue) or the presence (red) of Stra8-Cre allele in late spermatocytes are shown. RNA levels were
measured by g-PCR. Error bars represent the SE (n = 3). *P < 0.05 (Student's t-test).

(F, G) PIWIL1 targets B1 and B2 sequences for degradation. mCherry fluorescence (left) and mCherry
mRNA (right) levels in Piwil1”~ (blue) and Piwil1”™ (red) late spermatocytes are shown. Error bars

represent the SE (n = 3). *P < 0.05 (Student's t-test).

Figure 7. The mammalian conserved retrotransposon sequence in Prelidl mRNA regulates its
stability in late sper matocytes.

(A) The distribution of PIWIL1-associated piRNAs mapped to Prelidl mRNA in the antisense orientation.
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PIWIL1-associated piRNAs are mapped to the MIR and L2 retrotransposon sequences (gray boxes) in the
antisense orientation.

(B) 3'RACE analysis of Prelidl mRNA in Prelid1”™ late spermatocytes. The arrows indicate 3’ RACE
PCR products amplified from the 3" ends of wildtype and truncated Prelidl mRNAs. The insertion site of
the polyadenylation signal sequence and the location of the primer used is shown in (A).

(C) g-PCR analysis of Prelidl mRNA and pre-mRNA in Prelid1”* late spermatocytes (left) and livers.
Error bars represent the SE (n = 3). *P < 0.05 (Student's t-test). The locations of the primers used for the
analyses of the mRNA are shown in (A).

(D) Published microarray data (1431420 _a_at probe) are shown (Fallahi et al. 2010).

(E) Clustering analysis of the relative expression levels of 12,077 Ensemble protein-coding genes among
early spermatocytes (Espc), late spermatocytes (Lspc) and round spermatids (RS) is shown. Expression
levels were determined by RNA-seq in individual cell types.

(F) The read number (RPM) of PIWIL1-associated piRNAs complementary to mRNA(S) of each gene is

shown.

(G) Retrotransposons are less frequently found in round spermatid (RS) mRNAs than early spermatocyte
(Espc) mRNAs. The number of genes in each class is shown above the bar on the left graph. P-values

between the <1 and >2 groups were calculated using the R prop.test.
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(H) RS mRNAs have a short 3"UTR. Box plots analyzing the length of 5UTR, CDS and 3"UTR of all

Ensembl mRNAs, Espc mRNAs and RS mRNAs are shown.

() PIWILL and piRNAs derived from pseudogenes and retrotransposons in piRNA clusters degrade

spermatocyte-expressed mRNAs and IncRNAs at the mature RNA level via piRNA-complementary

sequences in the RNAs. The PIWIL1 and piRNA-induced degradation is mostly dependent on the slicer

activity of PIWILL.
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