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ABSTRACT

PIWI-interacting RNAs (piRNAs) are a class of small RNAs abundantly expressed in animal gonads. piRNAs that map to
retrotransposons are generated by a ‘‘ping-pong’’ amplification loop to suppress the activity of retrotransposons. However, the
biogenesis and function of other categories of piRNAs have yet to be investigated. In this study, we first profiled the expression
of small RNAs in type A spermatogonia, pachytene spermatocytes, and round spermatids by deep sequencing. We then focused
on the computational analysis of the potential piRNAs generated in the present study as well as other published sets. piRNAs
mapping to retrotransposons, mRNAs, and intergenic regions had different length distributions and were differentially regulated
in spermatogenesis. piRNA-generating mRNAs (PRMRs), whose expression positively correlated with their piRNA products,
constituted one-third of the protein-coding genes and were evolutionarily conserved and enriched with splicing isoforms and
antisense transcripts. PRMRs with piRNAs preferentially mapped to CDSs and 39 UTRs partitioned into three clusters
differentially expressed during spermatogenesis and enriched with unique sets of functional annotation terms related to
housekeeping activities as well as spermatogenesis-specific processes. Intergenic piRNAs were divided into 2992 clusters
probably representing novel transcriptional units that have not been reported. The transcripts of a large number of genes
involved in spermatogenesis are the precursors of piRNAs, and these genes are intricately regulated by alternative splicing and
antisense transcripts. piRNAs, whose regulatory role in gene expression awaits to be identified, are clearly products of a novel
regulatory process that needs to be defined.
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INTRODUCTION

Spermatogenesis in the mouse is a coordinated process that
can be divided into three phases: the mitotic proliferation
of spermatogonia, the meiotic division of spermatocytes,
and the metamorphic change of spermatids into mature
spermatozoa (Oakberg 1956). Several different types of
spermatogonia that can be recognized morphologically
include the undifferentiated Asingle, Apaired, and Aaligned

spermatogonia, the differentiating A1-4 spermatogonia, the

intermediate type I spermatogonia, and the type B sper-
matogonia that are committed to undergo meiosis (Oakberg
1956; de Rooij and Grootegoed 1998). The complex nature
of spermatogenesis implies intricate gene regulation at both
transcription and post-transcription levels. As an example,
a large number of non-coding transcripts including antisense
RNAs and microRNAs are highly expressed in mammalian
testis (Amaral and Mattick 2008; Hayashi et al. 2008).

PIWI proteins are a subset of the Argonaute proteins and
are expressed predominantly in the germline of a variety of
organisms. They are essential for germ cell maintenance
and spermatogenesis in Drosophila and mammals (Thomson
and Lin 2009). MILI, MIWI, and MIWI2 are three mouse
PIWI proteins that bind small RNAs of z24–31 nt termed
PIWI-interacting RNAs (piRNAs) (Grivna et al. 2006; Lau
et al. 2006; Aravin et al. 2007b, 2008; Lin 2007). piRNAs
often initiate with a 59 uracil and contain 29-O-methyl
groups at their 39 ends (Saito et al. 2007) and are often
found in clusters throughout the genome (Aravin et al.

Abbreviations: (piRNAs) PIWI-interacting RNAs; (A) Type A spermato-
gonia; (PS) pachytene spermatocytes; (RS) round spermatids; (SI) simi-
larity index; (IP) immunoprecipitated; (FATs) functional annotation
terms; (dpp) days postpartum; (RTPRs) retrotransposon-derived piRNAs;
(MRPRs) mRNAs-derived piRNAs; (IGPRs) intergenic piRNAs; (PRMRs)
piRNA-generating mRNAs.
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2007b). PIWI proteins and piRNAs in Drosophila mela-
nogaster are implicated in transposon silencing via the ‘‘ping-
pong’’ mechanism of amplification (Aravin et al. 2007a).
The murine transposon-derived piRNAs share features with
the Drosophila repeat-associated piRNAs and are also pro-
posed to control transposable elements (Klattenhoff and
Theurkauf 2008). In addition to PIWI proteins, other
proteins such as GASZ, MOV10L1, Sun1, Tdrd9, and Tdrd1
are also required for biogenesis and/or stability of mouse
piRNAs (Chi et al. 2009; Ma et al. 2009; Reuter et al. 2009;
Shoji et al. 2009; Zheng et al. 2010).

Mouse testes also accumulate abundant piRNAs that do
not map to repeat sequences (Aravin et al. 2006; Girard
et al. 2006; Grivna et al. 2006; Lau et al. 2006), but much less
is known about their biogenesis and function. In Drosophila
ovaries, murine testes, and Xenopus eggs, 39 UTRs of an
extensive set of mRNAs are processed into piRNAs (Robine
et al. 2009). To examine the expression profile of piRNAs at
mitotic, meiotic, and post-meiotic stages of spermatogenesis
and their sequence features, we isolated type A spermato-
gonia, pachytene spermatocytes, and round spermatids
from mouse testes, collected small RNAs of 18–32 nt and
identified their sequences by deep sequencing. We mapped
the piRNAs to the genome and transcriptome and found
that most of the piRNAs that map to a unique position in
the genome are localized to the exons of protein-coding
mRNAs. The sequence features of these piRNA-generating
mRNAs (PRMRs) as well as their expression profile and
potential functions during spermatogenesis were systemat-
ically analyzed. We propose that gene expression during
spermatogenesis is regulated post-transcription by multiple
processes including alternative splicing and antisense tran-
scripts, both of which are positively correlated with the
production of piRNAs.

RESULTS

Profiles of small RNAs in mouse spermatogenesis

To profile small RNA expression during spermatogenesis in
postnatal mice, three types of germ cells were isolated using
gravity density gradient sedimentation (Romrell et al. 1976;
Bellve et al. 1977). Type A spermatogonia (A), pachytene
spermatocytes (PS), and round spermatids (RS) were
isolated from 8-d-old mice, 17-d-old mice, and adult mice,
respectively. The three types of germ cells could be dis-
tinguished by their unique morphology under the phase
contrast microscope. Their purities all exceeded 90%,
which was further verified by measuring the expression of
three marker genes that are uniquely expressed in the three
types of germ cells (Sohlh1 for A, Scp3 for PS, and Prm2 for
RS) using real-time RT-PCR (see Supplemental Fig. 1).
Small RNAs of 18–36 nt were recovered from an agarose gel
after total RNAs were separated by electrophoresis. The
three small RNA libraries were prepared using the Illumina

small RNA preparation kit and were deep-sequenced using
Solexa technology.

After adapter sequences were trimmed, 6,917,849,
7,323,697, and 8,221,820 small RNA reads of 16–32 nt were
obtained from A, PS, and RS, respectively. These reads were
first mapped to the mouse genome using PASS (Campagna
et al. 2009) and then to the transcriptome (Ensembl Release
59). piRNAs mapped to retrotransposons, mRNAs, and
intergenic regions were regarded as retrotransposon-derived
piRNAs (RTPRs), mRNA-derived piRNAs (MRPRs), and
intergenic piRNAs (IGPRs). Accordingly, the piRNA-
generating mRNAs were named PRMRs. A number of
small RNAs were mapped to the borders of two spliced
exons. For subsequent analysis, only sequences that had
a perfect match to either the genome or the transcriptome
were considered. Consequently, about 4.3 million, 5.8
million, and 6.3 million reads corresponding to 1.2 million,
0.9 million, and 0.9 million unique sequences were ac-
quired for A, PS, and RS, respectively. Seventy-two percent
of sequences in A, 82% in PS, and 83% RS were mapped to
unique loci on the mouse genome (Table 1). These small RNA
sequences were compared with known ncRNAs (miRNAs,
rRNAs, tRNAs, snRNAs, snoRNAs, etc.). We identified 1.8
million reads in A (43% of the total reads) corresponding to
438 miRNAs (on average 4000 reads per miRNA), out of
which 338 have at least 10 reads in A. In contrast, only about
0.4 million reads in PS (7% total reads) and 0.3 million in RS
(5%) were identified for 348 and 364 miRNAs, respectively.
The average abundances were about 1000 and 800 reads per
miRNA for these two cell types, respectively. All miRNAs
detected in the three cell types and their reads are shown in
Supplemental Table 1.

After the known ncRNA reads were filtered out, the
remaining reads that were perfectly mapped to either the
mouse genome or transcriptome were further analyzed for the
three cell types. Based on their size distributions, right-skewed
peaks starting from 24 nt and ending at 32 nt were observed
(Fig. 1A). The peaks for A and PS were centered around 26 nt,
while the one for RS was centered around 30 nt. When the
percentages of small RNAs that contained a 59U were plotted
against their lengths, it was seen that the percentages exceeded
60% when the sizes were bigger than 24 nt for all three cell
types (Fig. 1B). Therefore, we thought that these small RNAs
bigger than 24 nt were not randomly degraded RNA
fragments but were potential piRNAs given the characteristics
of piRNAs reported by others (Girard et al. 2006; Grivna
et al. 2006; Lau et al. 2006; Aravin et al. 2007b). As a result,
837,777, 791,614, and 725,731 unique piRNA sequences were
derived for A, PS, and RS, respectively. If a contig was defined
as a set of overlapping piRNAs mapping to the same genomic
locus, 352,678, 143,840, and 132,104 contigs were derived for
the three cell types, respectively. The average reads per contig
in A, PS, and RS were 2.7, 30.8, and 37.8, respectively.

The three data sets generated in the present study were
compared with those generated by others, which are either
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total small RNAs or small RNAs immunoprecipitated by
antibodies against, for example, MILI, MIWI, Tdrd1, and
MOV10L1 from mice 10 days postpartum (dpp) or adult
mice (Supplemental Table 2). We defined the similarity
index (SI) of two sets as the number of elements in their

intersection divided by the number of elements in their
union. For the sake of consistency, all data sets were
reprocessed in parallel with the same procedure. The mouse
adult testis MILI-IP piRNA data, GSM400968 (Reuter et al.
2009) and GSM475280 (Robine et al. 2009), were data sets

TABLE 1. Data processing metrics for small RNA reads of type A spermatogonia, pachytene spermatocytes, and round spermatids

Libraries

Type A spermatogonia Pachytene spermatocytes Round spermatids

Reads (%) Sequences (%) Reads (%) Sequences (%) Reads (%) Sequences (%)

All 8,679,962 2,432,070 8,309,991 2,587,212 9,207,346 2,579,290
After adapters being

removeda
6,917,849 (80%) 1,693,088 (70%) 7,323,697 (88%) 1,735,126 (67%) 8,221,820 (89) 1,760,651 (68%)

Mapping to genome
or transcriptomeb

4,337,397 (50%) 1,192,008 (49%) 5,791,115 (70%) 941,680 (36%) 6,272,210 (68%) 876,408 (34%)

Uni-mappersc 2,577,082 (59%) 855,976 (72%) 5,070,683 (88%) 772,653 (82%) 5,493,427 (88) 728,576 (83%)
Multi-mappers 1,760,315 (41%) 336,032 (28%) 720,432 (12%) 169,027 (18%) 778,783 (12%) 147,832 (17%)

Annotation categories
rRNA 109,825 (3%) 16,911 (1%) 14,440 (0%) 4163 (0%) 20,185 (0%) 6888 (1%)
tRNA 121,073 (3%) 6036 (1%) 10,147 (0%) 1767 (0%) 25,863 (0%) 1961 (0%)
sno/snRNA 70,683 (2%) 7036 (1%) 6921 (0%) 1529 (0%) 9956 (0%) 2170 (0%)
miRNAs 1,849,912 (43%) 5911 (0%) 414,830 (7%) 2526 (0%) 337,320 (5%) 2662 (0%)
Others 2,185,904 (50%) 1,156,114 (97%) 5,344,777 (92%) 931,695 (99%) 5,878,886 (94%) 862,727 (98%)

aReads of 16–32 nt after adapter sequences were removed.
bReads that had a perfect match to the mouse genome or transcriptome represented by Ensembl genes.
cpiRNAs mapping to a unique position of the genome or the transcriptome including those mapping to spliced exons.

FIGURE 1. Small RNA profiles at different stages of spermatogenesis. (A) Size distribution of small RNAs in type A spermatogonia (A),
pachytene spermatocytes (PS), and round spermatids (RS). (B) Distribution of percentages of piRNAs with a 59U in length. (C) Distribution of
piRNAs from 11 libraries in different categories. (D) Reads of three types of MRPRs in three cell types.

Computational analysis of mouse piRNAs
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generated independently by two groups. The SI of these two
sets of piRNAs represented by sequences was 12%, and was
only 16% even if piRNAs were represented by contigs,
indicating that each of these two libraries covered only
a small fraction of all contigs. However, the shared contigs
of these two libraries covered >40% of all reads in each of
the libraries, suggesting that each library was able to detect
the highly productive contigs while it may miss less pro-
ductive ones. The comparisons between more data sets in
pairs were shown in Table 2. It can be seen that these
libraries only represent limited samples of all possible
piRNAs, and the coverages are far from completion.

Genomic mapping of piRNAs showed that MRPRs and
RTPRs were mainly expressed in A and 10-dpp testis, while
IGPRs were mainly expressed in PS and RS and adult testis
(Fig. 1C). Therefore, piRNAs generated at different stages
in spermatogenesis are different in terms of their sequence
origins.

Retrotransposon-derived piRNAs

The piRNAs are required for suppressing retrotransposable
elements in the germline of various species containing
Drosophila, zebrafish, and mouse (Aravin et al. 2007b;
Brennecke et al. 2007; Houwing et al. 2007). As indicated
in Figure 1C, RTPRs at different stages only constitute of
small portions of total piRNAs. Three major classes of
retrotransposable elements exist in mammalian genomes:
LTRs, LINEs, and SINEs. Representative elements of each
class that produced the larger number of piRNAs were
SINE/B1, LINE/L1_MM, and LTR/IAPEZI. As shown by
Supplemental Figure 2, the abundance of both the sense
and the antisense piRNAs in the three classes drop along
with the differentiation of A into PS and RS.

piRNAs are processed from one-third
of mouse mRNAs

MRPRs from A, 10-dpp testis, or MILI-IP piRNAs consti-
tute the largest group among all categories (Fig. 1C). The

majority of MRPRs mapped to exons of mRNAs, and some
(z1%) mapped across splice sites (Supplemental Fig. 3),
while few mapped to introns, strongly suggesting the
MRPRs are generated from spliced mRNAs. In the sub-
sequent analysis, only MRPRs with at least 10 mapped
piRNAs were considered. Consequently, 13,883, 6023, and
4742 PRMRs were identified in A, PS, and RS, respectively,
corresponding to 6896, 3218, and 2595 genes. Collectively,
the three PRMR sets contained 15,288 unique PRMRs from
7559 genes. According to Ensembl Genes (Release 59),
47,676 mouse mRNAs corresponding to 22,809 genes are
annotated. Hence, around one-third of the mouse mRNAs
were processed into piRNAs during spermatogenesis. Three
thousand nine hundred and fifteen pseudogenes correspond-
ing to 1452 parent genes were obtained from the pseudogene
database (http://www.pseudogene.org/mouse/). Eighty per-
cent of parent genes had at least one piRNA, and 63%
had at least 10 piRNAs. Therefore, a parent gene of pseudo-
genes is more likely a PRMR and tends to produce more
piRNAs.

piRNAs preferentially map to 39 UTR and CDS regions
of mRNAs

piRNAs mainly mapped to 39 UTRs and CDSs but in-
frequently to 59 UTRs of PRMRs (Fig. 1D). It was in-
teresting to notice that piRNAs tended to map to CDSs
when their abundance was low but tended to map to 39

UTRs when their abundance was high, as indicated by the
distribution of piRNAs in A (Fig. 2). A PRMR was defined
as either a CDS-PRMR or a 39UTR-PRMR if the percentage
of either its CDS-piRNAs or its 39UTR-piRNAs is at least
70%. Sixty-seven percent and 21% of PRMRs in A are
CDS-PRMRs and 39UTR-PRMRs, respectively. On average,
32 piRNAs corresponding to 15 contigs mapped to a CDS-
PRMR, while 113 piRNAs corresponding to 33 contigs
mapped to a 39UTR-PRMR.

Considering the uneven distribution of piRNAs in
PRMRs, we wondered whether piRNA processing from these
precursors was guided by any RNA motif(s) recognized by

TABLE 2. The pairwise comparison of piRNA libraries assessed by similarity indices (SI) in terms of shared sequences and contigs

A PS RS d10_mili adult_miwi adult_mili adult_tdrd1 adult_mili* adult_Mov10L1

A 100
PS 3/12 100
RS 2/9 23/23 100
d10_mili 3/13 1/8 1/6 100
adult_miwi 1/6 11/16 15/18 0/6 100
adult_mili 1/12 14/18 14/16 1/11 18/18 100
adult_tdrd1 2/9 15/21 14/19 1/7 9/15 13/17 100
adult_mili 2/8 14/20 12/18 1/6 7/15 12/16 25/27 100
adult_Mov10L1 2/8 14/19 13/18 1/6 9/14 11/14 26/27 23/26 100

The similarity index (SI) of two sets as the number of elements in their intersection divided by the number of elements in their union. The two
numbers separated by a slash in each cell are the SI values measured by sequences and contigs, respectively.
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the processing machinery. To this end, the piRNA-enriched
regions of 100 nt were extracted from PRMRs and were
scanned with the MEME software (Bailey and Elkan 1994).
As shown in Figure 3, CDS-PRMRs in all three cell types
were enriched with motifs that contain several core
sequences mainly composed of TGAA (Fig. 3; Supplemen-
tal Fig. 4). In contrast, 39UTR-PRMRs were not enriched
with any motif significantly.

PRMRs are more conserved and have more isoforms

Based on the NCBI HomoloGene database (Release 64),
94% of the mouse PRMRs have homologs in humans, while
40% have homologs in both humans and fruit flies. In
contrast, only 60% and 7% of non-PRMR mRNAs have
homologs in humans and in both humans and fruit flies.
PRMRs have significantly higher number of isoforms (on
average 4.2 isoforms per PRMR) than non-PRMR mRNAs
(2.2 isoforms per mRNA; P < 10�4, unpaired t-test). 68%
of PRMRs have at least two isoforms, which produce
different amount of piRNAs. For example, the mRNA of
Cbx5 (chromobox homolog 5), which produces the greatest
number of piRNAs in A, has four isoforms generating 1469,
364, 67, and 15 piRNAs (Supplemental Fig. 5). The testicu-
lar expression of different isoforms was
compared using the exon microarray
data set GSE15998 downloaded from
the NCBI GEO database. The mRNA
levels of the isoforms producing the
highest amount of piRNAs were signif-
icantly higher than that of the isoforms
producing the lowest amount of piRNAs
when only isoform pairs with at least
twofold difference in piRNA abundance
are considered (P < 10�4). PRMRs with-
out isoforms are as abundant as those
PRMR isoforms generating the highest
amount of piRNAs (Fig. 4).

Expression of CDS-PRMRs and 39UTR-PRMRs
is developmentally regulated

The expression of CDS-PRMRs and 39UTR-PRMRs in
different germ cell types was analyzed using two microarray
mRNA expression data sets—GSE4193 (Namekawa et al.
2006) and GSE2736 (Shima et al. 2004). Expression levels
of CDS-PRMRs in three cell types were significantly higher
than those of 39UTR-PRMR (P < 10�4, unpaired t-test).
The expression of CDS-PRMRs and 39UTR-PRMRs of
piRNAs immunoprecipitated by antibodies against MILI,
TDRD, and MOV10L1 in 10-dpp or adult testis were also
compared based on the GSE926 data set, consisting of mRNA
expression profiles at different stages of mouse spermatogen-
esis (Shima et al. 2004). As can be seen from Supplemental
Table 3, the levels of CDS-PRMRs were consistently higher
than 39UTR-PRMRs regardless of the sources of piRNAs or
the stages of spermatogenesis.

CDS-PRMRs and 39UTR-PRMRs were clustered accord-
ing to piRNA abundance in three cell types, and three
classes were identified in each category based on which cell
type had the highest level of piRNAs (Fig. 5A). For example,
the piRNA level of Class A PRMRs was the highest in A
among all three cell types. CDS-PRMRs and 39UTR-PRMRs

FIGURE 2. Distribution of piRNAs in 59 UTR, CDS, and 39 UTR regions as a function of the abundance of piRNAs in PRMRs. PRMRs were
sorted and grouped according to the number of piRNAs that they contain. The group interval was 20. The percentages of piRNAs in the three
regions were plotted for each group. As can be seen, piRNAs tend to map to 39 UTR as their abundance increases.

FIGURE 3. The motif enriched in type A spermatogonia CDS-PRMRs identified by MEME
software prediction. (E-value) The statistical significance of the motif.
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were also clustered according to their mRNA levels in three
cell types using data sets GSE4193 and GSE2736, and the
same three classes were again identified (Fig. 5B). In other
words, abundances of piRNAs and mRNAs were positively
correlated.

The mRNA levels of each cluster of the two categories
were checked in 15 mouse tissues using the microarray data
sets GSE15998 and GSE1133 (Su et al. 2004). The levels of
PRMRs in Class A and Class PS are significantly higher
than the mean of all genes in most of the tissues. The levels
of PRMRs in Class PS and Class RS in testis are significantly
higher than in other tissues (Supplemental Fig. 6).

PRMRs are enriched with unique sets of functional
annotation terms

The enrichment of functional annotation terms (FATs) in
these classes was analyzed using the Functional Annotation
Tool of DAVID (Dennis et al. 2003; Huang et al. 2009).
Genes expressed at stages of A, PS, and RS were used as
reference sets for Class A, PS, and RS PRMRs, respectively.
FATs with enrichment score $3 were regarded as enriched
(Supplemental Table 4). Class A CDS-PRMRs were en-
riched with FATs such as translation, RNA processing,
nucleotide binding, proteolysis, chromosome organization,
ribosome biogenesis, ATPase activity, RNA localization,
mitosis, and DNA repair, suggesting that the proteins of
this cluster were mainly involved in regulation of gene
expression. This is consistent with the high-level expression
of these genes in different tissues. Cluster RS CDS-PRMRs
were enriched with FATs related to spermatogenesis, and

this was consistent with their higher expression in testis.
Class A 39UTR-PRMRs were enriched with FATs related to
zinc ion binding and transcription. It was noted that the
enriched FAT nucleotide binding contained the highest
number of genes in Class A CDS-PRMRs, and most of these
genes are not well studied. However, some of them such as
ERCC3, INO80, CHD3, PMS2, BLM, MSH2, and LIG4 are
reported to participate in chromatin remodeling, DNA
repair, and genome maintenance (Kim et al. 1999; Mills
et al. 2004; Chu et al. 2010; Jiang et al. 2010; Larocque and
Jasin 2010; Rybanska et al. 2010; van Oers et al. 2010). For
example, mice with a mutation in the ATP-binding domain
of MLH1 were sterile due to its inability to interact with
meiotic chromosomes of pachynema (Avdievich et al. 2008).

PRMRs were enriched with antisense transcripts

It has been well known that siRNAs and miRNAs both
target to complementary mRNAs to regulate the stability
and translation of the latter. Moreover, retrotransposon-
derived piRNAs also target retrotransposon mRNAs for
their degradation through the ping-pong amplification
loop. We noticed that majority of piRNAs only mapped
to the sense strand of PRMRs, indicating that the mecha-
nism for the generation of MRPRs might be different from
that for RTPRs. However, it is still possible that the sense–
antisense complement is established but ping-pong ampli-
fication does not ensue for MRPR processing. This hy-
pothesis implies the enrichment of antisense transcripts in
PRMRs. Indeed, when PRMRs were compared with the
ESTs and mRNAs sequences in the UCSC database using
the BLAT software with a stringent condition (length of
reverse complement match $100 nt and percentage of
identity $99%) (Kent 2002), a majority of PRMRs had
antisense transcripts. For instance, 64% PRMRs in A had
antisense transcripts, while only 20% non-PRMR mRNAs
had antisense transcripts (P < 10�4). According to the
gbCdnaInfo table (the information table about ESTs and
mRNAs) of the UCSC database, most of these antisense
transcripts were from unknown genes, and no information
about their expression pattern was available. In addition to
EST data, SAGE (serial analysis of gene expression) tags
were also used to search for antisense transcripts (Velculescu
et al. 1995). PRMRs were compared with the LongSAGE
data set GSE4726 (Siddiqui et al. 2005), and antisense
transcripts from testis tissue were identified for 52%
PRMRs in A. In contrast, only 5% of non-PRMR tran-
scripts had antisense transcripts identified from this data
set. Again, this difference is statistically significant (P <
10�4). The enrichment of antisense transcripts for PRMRs
was also confirmed in other sets of PRMRs. Some antisense
transcripts were derived from the antisense strand of
a pseudogene of a PRMR. Indeed, Chan et al. (2006) have
reported that pseudogenes are another source of antisense
transcripts.

FIGURE 4. Box plot of the expression levels of splicing isoforms of
PRMRs in three cell types: (1) PRMRs without isoforms; (2, 3) the
two isoforms that contain the highest and lowest number of piRNAs.
Splicing isoforms of 1, 2, and 3 were identified from the mouse testis
exon expression data set GSE15998, and the expression levels were
plotted using the SPSS software.

Gan et al.

1196 RNA, Vol. 17, No. 7



Intergenic piRNA clusters

Most piRNAs in PS and RS mapped to intergenic regions.
Their locations on the chromosomes might provide clues
about their production at transcriptional and post-tran-
scriptional levels. It is known that piRNAs tend to form
clusters along the chromosomes. IGPRs from 11 small
RNAs libraries (A, PS, RS, d10_total, d10_mili, adult_total,
adult_mili, adult_miwi, adult_tdrd1, adult_mili*, adult_
Mov10L1) were partitioned into 2992 clusters when the
clusters were presumed to be 10,000 nt long and to contain
at least 50 piRNA sequences. The average cluster length was
32,000 nt with the largest one being 356,000 nt and the
shortest one being 75 nt. Ninety-seven percent of the
clusters are within 100,000 nt. The average piRNA contigs
in each cluster were 3.2 per 1000 nt (Supplemental Fig. 7).

Four types of clusters were discovered based on whether
their piRNAs mapped to both sense and antisense strands
and how the mapped regions overlapped (Fig. 6A): type 1, 2,
and 3 clusters were piRNAs mapped to both strands with
different types of overlaps, while type 4 were piRNAs mapped
to only the sense strand. piRNAs from A and 10-dpp testis

were mainly from the type 4 clusters, while those from PS
and later-stage testis were from type 1 and type 2 clusters
(Fig. 6B). Eighty-six percent of piRNA reads of clusters
mapped to the overlapping regions. Similar to MRPRs,
IGPRs also preferentially mapped one strand rather than
the other. This is illustrated by two clusters shown in Figure
6C, which contained many piRNAs belonging to type 1.
Moreover, both sense and antisense strand-mapped piRNAs
had the 59 ends biased to U, but the 10A preference was not
observed. It seemed that the mechanism of intergenic piRNA
generation was different from the ping-pong generation
mechanism of transposon-derived piRNAs, where piRNAs
from the one strand have the 59U bias, while those from the
complementary strand have the 10A bias. It was observed
that piRNAs from the same cluster showed different length
distributions at different stages of spermatogenesis (Fig. 6D).

DISCUSSION

It was striking to see that 43% of the 4.3 million small RNA
reads were from the 438 miRNAs in A, while this

FIGURE 5. Heat maps of piRNA and mRNA expression profiles of CDS-PRMRs and 39UTR-PRMRs. (A) Heat map of piRNA expression
profiles of PRMRs. Expression intensities are displayed from green (low expression) to red (high expression). Expression profiles are clustered
using hierarchical clustering. Data were visualized with Treeview. According to the clustering results, the CDS-PRMRs and 39UTR-PRMRs were
divided into three groups (Class A, PS, and RS), respectively. (B) Heat map of mRNA expression profiles of PRMRs according to GEO data sets
GSE4193 and GSE2736. The order of rows is the same as in A.
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percentage dropped to 7% and 5% in PS and RS despite the
total reads increasing slightly to 5.8 million and 6.3 million,
respectively. Conversely, the percentages of piRNA reads
increased from 50% in A to 92% in PS to 94% in RS.
Moreover, the major types of piRNAs switched from
MRPR and RTPRs in A to IGPRs in PS and RS. Even for
IGPRs, their average lengths changed from 26 nt in PS to
30 nt in RS. Therefore, it is apparent that different types
of small RNAs vary during spermatogenesis in a well-
coordinated manner. A similar change in major small RNA
classes also occurs during pre-implantation development
(Ohnishi et al. 2010).

It is puzzling that piRNAs are processed from mRNAs of
one-third of the protein-coding genes. The observations
that piRNAs mainly mapped to within exons and some to
the borders of two spliced exons indicate that piRNAs are
processed from spliced mRNAs. Our observation that
piRNAs preferentially mapped to 39 UTRs and then to
CDSs but only infrequently to 59 UTRs suggested that their
generation is well regulated. PRMR genes not only are more
conserved but also have more splicing isoforms than non-
PRMR genes. The expression of CDS-PRMRs are about
twofold higher than 39UTR-PRMRs. PRMRs are either
involved in the basic activities of cells such as chromosome
remodeling, transcription, RNA processing, and proteolysis
and are more abundantly expressed than the average of all

mRNAs or are involved in spermatogenesis-specific activ-
ities and are more abundantly expressed in testis than in
other tissues. All these features indicated that only certain
groups of mRNAs are selected to be PRMRs. However, the
selection could be made only when multiple standards
are met by a candidate. For example, as also observed by
Robine et al. (2009), some highly expressed transcripts in
testes are not PRMRs. While one such standard could be
the presence of a motif containing the TGAA core sequence
as identified in most CDS-PRMRs, others could be higher-
order structures that could not be easily discovered.

Since PRMRs have more splicing isoforms, we examined
the distribution of truncated regions in relation to piRNAs
in these isoforms. Longer isoforms produced more piRNA
reads than shorter ones. Eighty percent of 39UTR-PRMRs
had isoforms that are truncated at the 39 UTRs, resulting
in the reduction of piRNA reads to #20% on the short
isoforms compared with the longer ones. For example, the
39 UTR of the transcription factor Sp1 has many mapped
piRNAs (Fig. 7). Persengiev et al. (1995) have reported that
the normal 8.2-kb transcript started to disappear in the
pachytene stage of meiosis, and a germ-cell-specific 2.4-kb
isoform with a truncated 39 UTR appeared in late-meiotic
and early-haploid cells. Thomas et al. (2005) further reported
that a few 3–4-kb Sp1 transcripts, all with a truncated 39 UTR,
were detected in a pachytene cDNA library. More examples

FIGURE 6. Types of intergenic piRNA clusters. (A) Four types of clusters of IGPRs are illustrated according to the locations of piRNAs in sense
and antisense strands. Arrows indicate the transcriptional orientations of the piRNA clusters. The vertical lines indicate the overlap region of two
clusters. Types 1–3 show pairs of clusters with different overlapping patterns. Type 4 is a single cluster that does not overlap with other clusters.
(B) Distribution of IGPRs from different libraries in these four types. (C) Annotation of a two type 1 clusters. piRNA clusters on the plus strands
(red boxes) and minus strands (blue boxes). The vertical coordinate indicates the number of piRNA reads. (Green bars) Negative values show
piRNAs that are on the minus strand of the chromosome. (Red bars) Positive values indicate piRNAs that are on the plus strand. Repeat elements
were marked at the bottom. (D) The length distribution of the sense and antisense piRNAs of two type 1 clusters in pachytene spermatocytes (PS)
and round spermatid (RS) piRNAs. It is noted that the lengths of piRNAs from the same cluster at different stages have different distributions.
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similar to Sp1 include Rnf4, Nr6a1, Snon2, Pdpk1, and Tsn
(Gu et al. 1998; Dong et al. 2002; Pero et al. 2003; Yang
et al. 2003; Itman et al. 2009). For CDS-PRMRs, the truncated
exons did not locate in the CDSs preferentially. Therefore, it
seems that PRMRs are regulated both by alternative splicing
and a process related to the production of piRNA generation,
and these two processes could be coupled in the case of
39UTR-PRMRs. Consistent with our results, Robine et al.
(2009) reported lately that the 39 UTRs of mRNAs could be
processed into piRNAs in Drosophila ovaries, murine testes,
and Xenopus eggs; in addition, IP experiments were per-
formed to show that MILI and MIWI, proteins bind directly
to 39 UTRs. In addition, PRMRs were also more conserved
evolutionarily and probably involved in gene regulation at all
levels from chromosome remodeling to protein degradation
as well as spermatogenesis-specific activities. All these features
suggested that the expression of both housekeeping and cell-
type-specific genes was intricately regulated at multiple levels
in the complex process of spermatogenesis.

The fact that piRNAs were mainly generated from the
sense strands of PRMRs even though antisense transcripts
were transcribed indicated that the mechanism for MRPRs
is different from that for RTPRs. The presence of antisense
transcripts has been recognized as a pervasive feature of
mammalian genomes (Faghihi and Wahlestedt 2009), and
high-level expression of antisense transcripts in testis has been
reported in several species (Werner et al. 2009). However,
their enrichment in PRMRs deserves more investigation.
Although it is possible that these antisense transcripts could

directly regulate the transcription of
PRMRs during or after their transcrip-
tion either through a transcription col-
lision mechanism or through their di-
rect interaction with promoters of sense
transcripts, it is also likely that they
regulate their sense strands through
forming complementary duplexes. The
consequences of the sense–antisense
duplexes, if they exist, could be complex
because each of the diverse outcomes
such as changes in mRNA stability and
translation, blocking the accessibility of
miRNAs, and formation of endogenous
siRNAs are all possible (Faghihi and
Wahlestedt 2009).

MILI-KO resulted in reduction in
piRNA expression (Aravin et al. 2008).
Robine et al. (2009) reported that the
abundance of 39UTR-PRMRs did not
change in MILI�/� testes compared with
MILI+/� at 10 dpp, and Unhavaithaya
et al. (2009) reported that levels of MILI-
associated mRNAs also did not change in
MILI-KO 24-dpp testis. Therefore, MILI
probably does not have an essential role

in the processing of piRNAs but may protect piRNAs from
degradation. It has been shown that MILI proteins were
associated with translational machinery and positively regu-
late translation (Grivna et al. 2006; Unhavaithaya et al. 2009).

Based on these results acquired in this study and previous
reports, we propose a hypothetical model for gene regulation
at the post-transcriptional level centered on the production
of piRNAs as follows: In A that undergo mitosis actively,
the expression of a set of genes that is involved in gene
regulation is required. The translation of these PRMRs is
up-regulated when they are targeted by antisense tran-
scripts, and MILI protein could be recruited as a component
of this regulatory machinery. When spermatogonia change
their division from mitosis to meiosis, some genes need to
be down-regulated, and the degradation of their PRMRs
and the concurrent production of piRNAs are induced. For
a subset of PRMRs whose proteins are needed at later
stages, their mRNAs could be transcribed at an earlier time
point and are stabilized by the formation of a sense–
antisense duplex, and this phenomenon is more popular
at post-meiotic stages than early ones. Whether MRPRs
themselves have regulatory function during spermatogen-
esis remains as an open question, although some indication
has been reported (Saito et al. 2009).

The majority of piRNAs generated in PS and RS are
IGPRs, which have been reported by previous studies but
whose production and function have not been well addressed.
According to the distribution of inter contig distances of 11
piRNA libraries, we identified 2992 clusters that could be

FIGURE 7. Annotation of a PRMR gene, Sp1, with piRNAs from the cell types and antisense
transcripts identified by SAGE tags and ESTs, as well as splicing isoforms. (A) The distribution
of piRNA reads on the sp1 locus in three cell types. piRNAs are enriched in the 39 UTR. (B)
(Solid bars) Antisense SAGE tags identified from the testis and antisense transcripts. (C) The
structure of five sp1 isoforms with exons mapped to the plus strand of chromosome 15.
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novel transcription units. IGPRs are more like PRMRs in
terms of the presence of antisense transcripts as well as their
preferential mapping to one strand. Four types of clusters
can be identified, and three of them have antisense tran-
scripts identified. Although piRNAs map to both strands,
their abundance levels are very different even in the over-
lapping regions. The IGPRs do not have the 10A bias,
although the 59U preference is kept. Therefore, the pro-
duction of IGPRs may not be mediated by the ‘‘ping-pong’’
amplification loop. Marcon et al. (2008) have observed that
some piRNAs are located in the meiotic nucleus of the male
mouse. Given the large amount of IGPRs generated at
meiosis and post-meiotic stages during which chromosomes
are dramatically remodeled, these piRNAs could be heavily
involved in chromosome remodeling.

In summary, we have identified a large amount of piRNAs
that can be divided into three major classes (RTPRs, MRPRs,
and IGPRs) based on their mapping to either retrotrans-
posons, mRNAs, or intergenic regions. While it has been
reported that the production of RTPRs and their anti-
retrotransposon function are the two sides of one coin, we
propose that MRPRs are products of gene regulation at the
post-transcriptional level, although they may also serve other
regulatory functions, and that IGPRs could be involved in
chromosome remodeling, a prominent feature of spermato-
genesis. We also propose that antisense transcripts may play
an important role for the production of piRNAs, although
only the sense strands are processed to generate piRNAs. It
is apparent that these hypotheses are based on correlated
observations derived from computational analysis rather
than on experimental results. However, they are valuable
guides for the design of future experiments by which they
can either be justified or rejected.

MATERIALS AND METHODS

Isolation of germ cells from postnatal mice

Because the first wave of spermatogenesis in postnatal mice occurs
in a sequential and synchronized manner, different types of germ
cells appear in the testis on particular days postpartum (dpp) and
can be isolated using mice of different ages. Type A spermatogonia
(A), pachytene spermatocytes (PS), and round spermatids (RS)
were isolated from 8-dpp, 17-dpp, and adult mice using the unit
gravity sedimentation procedure as described by others (Romrell
et al. 1976; Bellve et al. 1977). Briefly, 25, 15, and five mice of
corresponding ages were used for isolating A, PS, and RS. Total
testis cells were prepared by digestion of decapsulated testes with
collagenase (1 mg/mL, 2 min, 37°C) and trypsin (0.25%, 5 min,
37°C) after albuginea was removed. About 108 dispersed cells were
suspended in MEM medium and bottom-loaded into a glass
cylinder 12.5 cm in diameter followed by 600 mL of BSA solution
of 2%–4% gradient in DMEM (Hyclone). After 3 h of sedimen-
tation at unit gravity, the cell fractions (10 mL/fraction) were
collected from the bottom of the cylinder at a rate of 10 mL/min.
The purity of the three cell types all exceeded 90% based on

morphological evaluation and was confirmed by quantitative real-
time RT-PCR evaluation of cell-type-specific marker genes (Sup-
plemental Fig. 1).

Sequencing of small RNA libraries

Total RNA was isolated from A, PS, and RS using Trizol reagent
following a standard protocol. Ten micrograms of total RNA of
each sample was separated by 15% denaturing PAGE gel and
visualized by SYBR-gold staining. Small RNAs of 18–36 nt were
gel-purified, and cDNAs were prepared using the Illumina small
RNA preparation kit (Illumina) and were sequenced using the
Illumina Genome Analyzer system.

Annotation of the small RNAs

Small RNA sequences from the raw sequencing data were
processed sequentially as indicated by the flowchart in Supple-
mental Figure 8. Basically, adapter sequences were first removed,
and reads with any ambiguous calls represented by Ns were
discarded. Small RNA data sets generated by others from mouse
testis and other non-testicle tissues were downloaded in the
format of FASTQ data files from SRA (http://www.ncbi.nlm.nih.
gov/sra) and are described in Supplemental Table 2. All reads were
mapped to the mouse genome (mm9/Build 37) using PASS
(Campagna et al. 2009). Reads that cannot be mapped perfectly to
the genome were mapped to the transcriptome represented by
Ensembl Genes (http://www.ensembl.org/index.html). Reads that
mapped neither to the genome nor to the transcriptome perfectly
were discarded.

Reads from known small RNAs such as miRNAs, rRNAs,
tRNAs, snRNAs, and snoRNAs were identified by comparing with
sequences in the miRBase database (v13, http://www.mirbase.org)
and fRNAdb database (http://www.ncrna.org/frnadb/) with PASS.
Sequences of 24–32 nt that were not from known small RNAs and
mapped perfectly to the genome or transcriptome were classified
as candidate piRNAs.

piRNAs were compared with sequences of repeats, exons,
ncRNAs, and introns in separate files downloaded from the UCSC
Genome Browser (http://genome.ucsc.edu/index.html) and were
classified as a particular type if exact matches were found. piRNAs
that have matches in more than one file were classified exclusively
in the order of repeat > exons > ncRNA > introns. piRNAs that
did not have matches in any of the files were classified as the
intergenic type. piRNAs that map to repeats were further classified
as three retrotransposon types (LRT, SINE, and LINE) according
to the Repbase database (Release 14.10) downloaded from http://
www.girinst.org. When comparison were made, at most three
mismatches were allowed.

piRNA cluster analysis

IGPRs that map to unique loci of the genome from 11 libraries
were used for cluster analysis. Because piRNAs are processed from
long transcripts, we assumed that distances of piRNAs within
clusters were much smaller than the distances between clusters. As
a result, we expected that the number of clusters dropped quickly
as the presumed cluster length increased in the beginning and
reached a plateau when the cluster length increased to a certain
value. Indeed, we observed that the number of clusters reached the
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plateau when the cluster length increased to 1000–10,000 nt re-
gardless of how the minimum number of piRNAs in each cluster
was set (Supplemental Fig. 9). Therefore, the average length of a
cluster, or the average maximum distance between two clusters, was
defined to be 10,000 nt.

Motif search

A 100-nt sliding window was used to identify the region of
a PRMR that has the highest number of piRNA sequences. These
regions of CDS-PRMRs and 39UTR-PRMRs were used to search
for any motif(s) using the MEME program (http://meme.sdsc.
edu/meme/meme.html). The parameters of MEME (Bailey and
Elkan 1994) are set so that on average one motif of 8–50 nt was
identified in one sequence with the E-value not exceeding 0.01.

Heatmap construction

The CDS-PRMR and 39UTR-PRMR were clustered according to
their piRNAs expression in A, PS, and RS using Cluster (http://
bonsai.hgc.jp/zmdehoon/software/cluster/software.htm#ctv). We
first log-transformed the read counts of each PRMR in the three
cell types and centered values by the mean. Hierarchical clustering
approach with a Spearman rank correlation similarity metric was
used to objectively classify the various types of expression profiles.
Data were visualized with the TreeView program (Saldanha 2004).
According to the clustering results, the CDS-PRMRs and 39UTR-
PRMRs were divided into three classes, respectively. In Class A,
the piRNAs were highly expressed in the type A spermatogonia. In
Class PS, the piRNAs were highly expressed in the pachytene
spermatocytes. And in Class RS, the piRNAs were highly expressed
in the round spermatids.

Enrichment analysis of GO functions

The DAVID functional annotation tool (Dennis et al. 2003;
Huang et al. 2009) was used to perform Gene Ontology classifi-
cation of various classes of PRMRs. Genes expressed at different
stages of spermatogenesis were used as reference sets for the
corresponding classes of PRMRs. For example, the gene set
expressed in A (labeled as P in GSE4193) was used as the reference
set for Class A PRMRs. FATs from the ontologies of ‘‘biological
processes’’ and ‘‘molecular function’’ were recorded. The enrich-
ment score cutoff was set to 3.0.

Identification of antisense transcripts

In order to identify antisense transcripts, we downloaded the ESTs
and mRNAs sequences from the UCSC Genome Browser. Because
the orientation of many ESTs has been known to be mis-annotated,
we combined multiple evidence to infer the correct orientation for
mRNAs and ESTs, including sequence type (mRNA or EST),
poly(A) signal/tail, and consensus splicing junctions according to
the strategy by Zhang et al. (2007). That information on mRNAs
and ESTs was imported from the GoldenPath tables estOrientInfo,
est_direction, and mrnaOrientInfo (http://hgdownload.cse.ucsc.
edu/goldenPath/mm9/database/). The Ensembl mRNA sequences
were aligned with the sequences of mRNAs and ESTs that were
reliably oriented by the BLAT tool (Kent 2002). Only BLAT align-
ments with nucleotide identity $99% and overlap length $100 nt
were used.

Identification of antisense SAGE tags

The LongSAGE tags analysis was conducted according to the
strategy of Ge et al. (2006). The LongSAGE tags of testis
(GSM106609, GSM106634, GSM106645, GSM106666, GSM106674)
samples from GSE4726 (Siddiqui et al. 2005) were used for the
study (http://www.ncbi.nlm.nih.gov/geo/). All tags were matched
through PASS to the mouse genome sequences (mm9).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article. The sequence
data from this study have been submitted to the NCBI Gene
Expression Omnibus under accession number GSE24822. A re-
viewer link to these data is at http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?token=jdelfismoswmkra&acc=GSE24822. The infor-
mation on piRNA clusters and PRMRs can be queried and obtained
from the piRNA db (http://kbrb.ioz.ac.cn/piRNA/).
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