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ABSTRACT

PIWI proteins and their partner small RNAs, termed piRNAs, are known to control transposable elements (TEs) in the germline.
Here, we provide evidence that in humans this control is exerted in two different modes. On the one hand, production of piRNAs
specifically targeting evolutionarily youngest TEs (L1HS, L1PA2-L1PA6, LTR12C, SVA) is present both at prenatal and postnatal
stages of spermatogenesis and is performed without involvement of piRNA clusters. On the other hand, at postnatal stages,
piRNAs deriving from pachytene clusters target “older” TEs and thus complement cluster-independent piRNA production to
achieve relevant targeting of virtually all TEs expressed in postnatal testis. We also find that converging transcription of
antisense-oriented genes contributes to the origin of genic postnatal prepachytene clusters. Finally, while a fraction of
pachytene piRNAs was previously shown to arise from long intergenic noncoding RNAs (lincRNAs, i.e., pachytene piRNA
cluster primary transcripts), we ascertain that these are a specific set of lincRNAs that both possess distinguishing epigenetic
features and are expressed exclusively in testis.
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INTRODUCTION

A special class of small RNAs called piRNAs (PIWI-interact-
ing RNAs) has been extensively studied since its initial discov-
ery more than 10 years ago (Aravin et al. 2001, 2003, 2006;
Girard et al. 2006; Grivna et al. 2006; Lau et al. 2006; Vagin
et al. 2006). One of the primary functions of the piRNA path-
way is control of transposable elements (TEs) (Vagin et al.
2004; Aravin et al. 2007, 2008; Brennecke et al. 2007; Carmell
et al. 2007; Kuramochi-Miyagawa et al. 2008; Gebert and
Rosenkranz 2015; Rosenkranz et al. 2015b). Coincidentally,
expression of piRNA pathway proteins and piRNAs them-
selves is mostly restricted to germ cells, where TEs pose a
threat to genomic stability and faithful transmission of hered-
itary information to the next generation.

The role of the piRNA pathway in germ cell development
has been codified by a host of studies in a range of model or-
ganisms (for reviews, see Han and Zamore 2014; Le Thomas
et al. 2014; Czech and Hannon 2016; Hirakata and Siomi
2016). In the mammalian testis, the current picture of
piRNA biogenesis was obtained from experiments in mice.
There are three stages of piRNA production during animal

development: fetal/prenatal, prepachytene/postnatal, and
pachytene/postnatal. At the fetal/prenatal stage, TE-derived
piRNAs bound to PIWI proteins have been shown to partic-
ipate in transcriptional silencing of these TEs through DNA
methylation (Aravin et al. 2007, 2008; Kuramochi-Miyagawa
et al. 2008; Manakov et al. 2015; Nagamori et al. 2015;
Kojima-Kita et al. 2016). Later in development, most postna-
tal piRNAs are produced from specific genomic regions
termed piRNA clusters and divided into two types, depend-
ing on the stage of their expression: prepachytene clusters
arising from genic sequences, and pachytene clusters of inter-
genic origin (Li et al. 2013a). The details of both biogenesis
and function of these two types of postnatal piRNAs in the
developing testis remain unclear; however, several reports
have proposed various hypotheses relating pachytene piRNAs
to TE silencing or the control of gene expression in either an
indiscriminate or targeted manner (Gou et al. 2014; Hirano
et al. 2014; Gebert et al. 2015; Goh et al. 2015; Zhang et al.
2015; Vourekas et al. 2016).
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Though earlier work established that piRNA pathway fea-
tures are conserved between humans and other mammals
(Aravin et al. 2006; Girard et al. 2006; Yang et al. 2013; Ha
et al. 2014; Roovers et al. 2015; Rosenkranz et al. 2015a;
Rounge et al. 2015; Williams et al. 2015), due to ethical
and technical limitations, research progress in humans has
been slower. Specifically, while all postnatal human piRNAs
were previously mapped to piRNA clusters (Ha et al. 2014;
Roovers et al. 2015; Rosenkranz et al. 2015a; Williams et al.
2015), these clusters were ill-defined in the genome. Also,
no prior study has performed a thorough analysis of TE tar-
geting by the piRNA pathway at different stages of spermato-
genesis (i.e., prenatal and postnatal). In this work, we
conducted a comprehensive analysis of both newly generated
small RNA libraries and dozens of publicly available small
RNA and RNA-seq libraries. These concordant analyses al-
lowed us to reveal new features of TE targeting in the human
testis, as well as propose possible determinants governing
commitment of a genomic locus to piRNA production.

RESULTS

Definition of human postnatal prepachytene
and pachytene piRNA clusters

In order to study piRNAs targeting transposable elements
(TEs) in human testis, we generated small RNA libraries
from postnatal testis and also used publicly available data
sets from both prenatal and postnatal testis (Supplemental
Table S1A; Ha et al. 2014; Williams et al. 2015). Notably, as
in previous studies on human, marmoset, and mouse small
RNAs (Hirano et al. 2014; Rounge et al. 2015; Kumar et al.
2016; Sharma et al. 2016), we observed the presence of 31-
to 34-nt-long 5′-tiRs (long 5′ fragments of tRNAs, Kumar
et al. 2016). Moreover, using modified bioinformatics pipe-
line (see Materials andMethods), we were able to detect non-
templated tailing of miRNAs, piRNAs, and 5′-tiRs with
different biases for tailed nucleotides and nucleotide combi-
nations (Supplemental Tables S1B, S1B1 and Supplemental
Fig. S1).
Since most piRNAs in postnatal testis are known to be pro-

duced from a limited number of genomic loci named piRNA
clusters (Rosenkranz 2016), we defined these clusters in hu-
mans using an algorithm empirically devised in our group
and based on the approach used in seminal studies (see
Materials and Methods) (Aravin et al. 2006; Girard et al.
2006; Grivna et al. 2006; Lau et al. 2006). We also compared
this method with the probabilistic algorithm proposed by
Rosenkranz and Zischler (2012) and the meta-analysis per-
formed by Chirn et al. (2015). As a matter of fact, overlap
among the three sets of clusters (empirical, probabilistic,
and from themeta-analysis) was as high as 80%–100% (medi-
an: 94%, Supplemental Table S1C). Consequently, to gain
complementary perspectives during further analyses, we
used all threepiRNAcluster sets and confirmed that the results

obtained with each set did not diverge significantly. All three
sets were definedwith a 10 RPKM threshold, which is relevant
to the values used in the original studies (1 RPKM threshold
was also used and yielded similar results; data not shown).
Importantly, postnatal testis in mammals is reported to

possess two major piRNA cluster populations: prepachytene
and pachytene—named after temporally separated stages of
spermatogenesis at which they are found. The locations of
these clusters are different: Prepachytene piRNAs originate
mostly from clusters overlapping 3′UTRs and exons of coding
genes, whereas pachytene piRNAs arise from intergenic loci
(Li et al. 2013a,b). Another distinguishing feature of these
two populations is the piRNA length bias: Prepachytene
piRNAs peak at 26 nt since PIWIL2 is themajor PIWI protein
expressed at this stage, unlike pachytene piRNAs that are al-
most exclusively 30 nt long because PIWIL1 ismore abundant
at the pachytene stage (Li et al. 2013a,b). This length bias was
recently confirmed by IP experiments in humans (Williams
et al. 2015) and we also could observe two primary peaks of
piRNAs in the postnatal testis samples analyzed in this study
(Supplemental Fig. S1). Therefore, because there are no
available data sets of small RNAs fromdifferent stages of sper-
matogenesis for humans, we used the length of reads to com-
putationally separate prepachytene from pachytene piRNA
clusters. Clusters were considered prepachytene if the fraction
of 26-nt reads was bigger than the fraction of the 30-nt reads
fraction, and vice versa for pachytene clusters. Using just this
parameter appears to be sufficient: 26%–59% (median: 53%)
of the length of presumably prepachytene (26 nt) piRNA clus-
ters overlaps coding exons/3′UTRs, while 77%–93% (medi-
an: 83%) of the length of presumably pachytene (30 nt)
piRNA clusters maps to intergenic regions (Supplemental
Fig. S2). Hence, we will further refer to these computationally
staged sets as prepachytene and pachytene clusters, respec-
tively. Additionally, since pachytene clusters account for
about 10 times more piRNA reads than prepachytene ones
(∼40% versus∼4%, Supplemental Fig. S2), wewill mostly fo-
cus on pachytene clusters as a source of piRNAs targeting TEs.

Postnatal piRNAs relevantly target most expressed TEs
through a combination of cluster-dependent
and cluster-independent biogenesis

To study TE targeting by piRNAs, we used the following met-
rics of TE activity and TE-derived piRNA production: geno-
mic, transcriptomic, piRNA cluster fractions as well as
piRNAs produced from inside and outside piRNA clusters,
ping-pong Z-score, 1U/10A bias. Since not all copies of
TEs are still active, the genomic fraction of a TE is expected
to reflect its evolutionary history of expansion. Therefore,
we built our analyses around the TE transcriptomic fraction
because transcription is the closest step to a retrotransposi-
tion event of a TE. We also invoked TE age rank determined
by defragmentation approach and recent studies on evolu-
tionarily young TEs to assess the relationship between TE
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age and other parameters used in the study (Boissinot et al.
2000; Ostertag et al. 2003; Khan et al. 2006; Giordano et al.
2007; Bennett et al. 2008). Specifically, we will further refer
to L1PA subfamilies of LINEs, AluY subfamilies of SINEs,
LTR12C, and SVA elements as young TEs.

Initially, to gain a perspective of TE transcriptional activity
across human somatic and germline tissues, we compared TE
transcription in 26 publicly available RNA-seq data sets
(Supplemental Table S2A) and found that TE transcriptional
landscapes do not vary significantly between testis and
somatic tissues both at prenatal and postnatal stages (Pear-
son’s r = 0.82–0.99, median: 0.96, Supplemental Table S2B,
S2B1). Active youngest TE subfamilies contribute the most
variability between the tissues (e.g., relative standard devia-
tion >0.8 for L1PA2-7, LTR12C, SVA_D, etc.; Supplemental
Table S2C). Furthermore, the TE transcriptional landscape
also appears to be virtually undisturbed throughout human
male primordial germ cell development (PGCs, weeks 4–19,
single-cell RNA-seq data, 149 samples, Pearson’s r = 0.48–
0.99, median: 0.94, Supplemental Table S2D; Guo et al.
2015). Similarly, TE subfamilies with the most variable
RPM (reads per million) values in PGCs were the youngest
ones (e.g., RSD > 0.7 for L1PA2-6, AluY subfamilies, Supple-
mental Table S2E). However, we noticed that though the level
of expression of different TEs linearly correlated between var-
ious data sets, the total level of TE transcriptional activity (the
sum of RPM values for all TEs) was different between fetal
somatic and fetal testis tissues (total values in Supplemental
Table S2B1; Supplemental Fig. S3A). This could be due to
the fact that fetal PGCs undergo genome demethylation and
concomitant chromatin resetting, which could lead to activa-
tion of TE transcription (Tang et al. 2015).

Interestingly, in all RNA-seq data sets, transcription of
“older” TE subfamilies was enriched in the 3′UTRs of genic
mRNAs, while their intergenic counterparts were depleted
(Supplemental Fig. S3B). On the other hand, youngest TEs
were transcribed from all genomic locations where they hap-
pened to have integrated (examples of L1PA3 and L1PA4 in
Supplemental Fig. S3B).

When comparing piRNA repertoires across various TE
subfamilies in different postnatal testis samples, we found
them to be very similar (Pearson’s r = 0.77–0.99, median:
0.95, Supplemental Table S2F). Crucially, these piRNA reper-
toires also resembled TE transcriptional landscapes from
postnatal testis (Pearson’s r = 0.57–0.87, median: 0.67,
Supplemental Table S2F; Figure 1A). That is, transcriptional
landscape in postnatal testis is relevantly represented by the
corresponding amounts of piRNAs for each TE subfamily.
Outliers were mostly comprised of LTR TEs, which are over-
represented in the piRNA repertoire compared to their frac-
tions in transcriptome (Fig. 1A). It could be explained by the
abundant production of LTR-deriving piRNAs from pachy-
tene clusters. Indeed, if the genomic fraction of a TE in
piRNA clusters is compared with random intergenic con-
trols, it is LTRs that appear to be enriched in pachytene clus-

ters (Fig. 1B). In contrast, some L1 elements seem to be
depleted from pachytene clusters compared to the random
intergenic controls (Fig. 1B), which could be due to their
preference to integrate in gene-poor heterochromatic regions
and the notion that chromatin structure of pachytene clusters
resembles that of protein-coding genes in euchromatic areas
of the genome.
Similar results were obtained when we looked at unique

piRNA reads that could be unambiguously assigned either
inside or outside pachytene piRNA clusters (Fig. 1C).

FIGURE 1. piRNAs deriving from transposable elements (TEs) in post-
natal testis. (A) Relationship between expression level of a TE and
amount of all piRNAs deriving from it. (B) Relationship between geno-
mic fractions of TE subfamilies in pachytene clusters and in randomized
intergenic controls demonstrates enrichment of pachytene piRNA clus-
ters with LTRs and depletion of LINE elements from them. TE subfam-
ilies not presented in randomized controls or pachytene clusters are
shown to the left of the y-axis and below the x-axis, respectively. (C)
Relationship between expression level of a TE and amount of piRNAs
deriving from pachytene clusters only. TE subfamilies without reads de-
riving from pachytene clusters are shown below the x-axis. All results are
presented for pachytene clusters constructed with empirical approach
(averaged across all postnatal testis small RNA-seq data sets under study
and three postnatal testis RNA-seq data sets).

Gainetdinov et al.

1616 RNA, Vol. 23, No. 11

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1


Strikingly, young subfamilies of L1s (L1PA2-7 and L1HS) as
well as LTR12C and SVA_D are either depleted from piRNA
fractions in pachytene clusters or are completely absent from
those (Fig. 1B,C; Supplemental Table S2G). It implies that
targeting of these TEs by piRNAs is performed without in-
volvement of cluster-driven piRNA production, since a rele-
vant amount of piRNAs matching these TEs seems to derive
from outside clusters (compare Fig. 1A,C).
At the same time, for approximately half of those TEs that

had a considerable share of piRNAs arising from pachytene
clusters, we were able to detect a moderate-to-significant
trend for more cluster piRNAs to be antisense to TEs than
piRNAs from outside clusters (Supplemental Table S2H).
Another finding was the length bias of TE-deriving piRNAs
from clusters that tend to be 30 nt long, whereas those
from outside clusters are predominantly 26 nt (Supplemental
Table S2I). This fact might reveal a possible separation of
roles between different PIWI proteins.
Notably, we could also observe the essential signs of TE si-

lencing by piRNAs. First, compared to transcriptome, there
are considerable 1U and 10A biases characteristic for primary
and secondary piRNA biogenesis, respectively (Supplemental
Table S2J,K). Second, the Z-score for ping-pong signature is
higher than the threshold of 2.58 for the majority of TE sub-
families (except most MIRs and some old LTRs, Supplemen-
tal Table S2L).
Because different classes of TEs use different strategies for

expansion and exhibit various evolutionary histories, we fur-
ther analyzed the relation between age and genomic/tran-
scriptomic/piRNA clusters fractions for each of the three
major classes separately. First, for SINEs, the most remark-
able feature was a high degree of correlation between SINE
subfamily fractions in the genome and the transcriptome
(Pearson’s r = 0.95–0.99, Supplemental Table S2M) and frac-
tions in the transcriptome and piRNA repertoire (Pearson’s r
= 0.59–0.97, median: 0.74, Supplemental Table S2M). Fur-
thermore, there is also a positive correlation between piRNA
fraction and the age of a SINE subfamily (Pearson’s r = 0.73–
0.83, median: 0.81, Supplemental Table S2M). In fact, the de-
gree of correlation between the age and genomic/transcrip-
tomic/piRNA/piRNA cluster fractions of a SINE subfamily
appears to be higher than for other classes of TEs (compare
Supplemental Table S2M–O). One of the possible explana-
tions could be the fact that Alu elements, which are the
most abundant type of SINE class, hijack L1 reverse tran-
scriptase for their retrotransposition (Dewannieux et al.
2003). Furthermore, less than half of the length of an Alu el-
ement is required for an actual retrotransposition (Ahl et al.
2015). Therefore, even an evolutionarily ancient and truncat-
ed insertion might still be capable of serving as substrate for a
new retrotransposition event. From an evolutionary perspec-
tive, this setting and the higher positive correlations between
genomic/transcriptomic/piRNAs/piRNA cluster fractions
could support the following hypothesis: The older a SINE
subfamily is, the longer it has been retrotransposing and

the bigger the fraction of the genome it has taken and the
more transcripts it produces. In the end, older SINE subfam-
ilies take a larger fraction of pachytene piRNA clusters, which
produce more piRNAs.
On the contrary, while LTR-containing TE subfamilies

demonstrate a positive correlation between their genomic
and transcriptomic fractions (Pearson’s r = 0.62–0.83, Sup-
plemental Table S2N) as well as transcriptomic and piRNA
fractions (Pearson’s r = 0.38–0.62, median: 0.50, Supple-
mental Table S2N), relation to age is almost uncorrelated
(Pearson’s r = 0.06/0.10–0.17 for genomic/transcriptomic
fractions, Supplemental Table S2N). This might be due to
the heterogeneity of LTR subfamilies having disparate evolu-
tionary histories of expansion. In addition, the contrast be-
tween SINE and LTR piRNA fractions’ relation to the age
could be connected with different mechanisms for genera-
tion of transcripts. Indeed, transcription of SINEs is believed
to be performed by PolIII, which does not need a load of spe-
cific transcription factors (TFs). Conversely, LTR promoters
are recognized by PolII requiring certain combination of TFs,
and mutations accumulating with time might easily disturb
this intricate assembly, leading to a restricted evolutionary
period of LTR active transposition.
Finally, when studying LINE elements, we were able to ob-

serve a pattern similar to LTRs: positive correlation between
genomic and transcriptomic shares (Pearson’s r = 0.84–0.87)
and between transcriptomic and piRNA fractions (Pearson’s
r = 0.47–0.90, median: 0.81). However, no clear relation to
age was detected. Only when we focused on the youngest pri-
mate-specific subgroup of LINEs (L1PA) did we note a neg-
ative correlation between age and genomic/transcriptomic
fractions (Pearson’s r =−0.56/−0.67–0.70, respectively,
Supplemental Table S2O) as well as with piRNA shares
(Pearson’s r =−0.28–0.77, median: −0.66, Supplemental
Table S2O). This might imply that younger L1PA TEs are
more successful at acquiring genomic space and producing
transcripts, which are targeted by a bigger piRNA fraction.
Notably, although all piRNAs deriving from L1PA members
possess a 1U bias (primary biogenesis feature, Supplemental
Table S2P), only the youngest ones (L1PA1-L1PA5) display a
prominent 10A bias (secondary biogenesis sign, Supplemen-
tal Table S2P). As noted earlier, most L1PA elements lack
their copies within pachytene clusters and are presumably
targeted by piRNAs with the help of a mechanism different
from pachytene cluster-driven piRNA biogenesis.

piRNA pathway targets only evolutionary young TE
subfamilies in prenatal testis

When we analyzed small RNA data sets from prenatal testis,
we found that piRNAs do not arise from clusters as in post-
natal testis, which is consistent with previous studies on mice
and humans (Aravin et al. 2008; Williams et al. 2015).
Moreover, young subfamilies constitute the top TEs driving
piRNA production at this stage (Fig. 2A). It is known that
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PGCs undergo global genome demethylation that could lead
to reactivation of these young TE subfamilies during develop-
ment of fetal testis (Tang et al. 2015). However, this finding is
still peculiar given the fact that the transcriptional landscapes
of TEs in prenatal and postnatal testes are almost identical
(Pearson’s r = 0.93–0.97, median: 0.97, Supplemental Table
S2B). In other words, at prenatal stage the piRNA pathway
appears to be operating only in a cluster-independent man-
ner targeting evolutionarily young subfamilies, while in post-
natal testis, this mode is combined with cluster-dependent
piRNA repertoire and together they cover the whole of TE
transcriptional landscape.

Importantly, prenatal piRNAs targeting young subfamilies
possess 1U (Supplemental Table S2Q) and 10A biases (Sup-
plemental Table S2R) and display the Z-score for ping-pong
signature higher than the threshold of 2.58 (Supplemental
Table S2L). However, there is also a remarkable difference
in distribution of L1PA-deriving piRNAs along TE consensus
in prenatal and postnatal testis: Most piRNAs are concentrat-
ed around the 5′ ends of targeted L1PAs at prenatal stage,
whereas in postnatal testis they evenly cover all the length
of the TEs (Fig. 2B). This fact might imply involvement of
transcriptional silencing in addition to posttranscriptional
mechanisms for the control of L1PA expression. Together,
these two routes might form a feed-forward loop in human
prenatal testis similar to what was recently shown for flies
(Han et al. 2015; Mohn et al. 2015; Senti et al. 2015; Wang
et al. 2015).

Prepachytene and pachytene piRNA clusters originate
from converging transcription and testis-specific
lincRNAs, respectively

Previous studies on prepachytene piRNA clusters probed for
different factors defining genes whose 3′UTRs and exons will

most contribute to production of piRNAs. Among possible
determinants, level of gene expression was considered
because PIWI machinery could simply recruit most ex-
pressed mRNAs into piRNA processing (Robine et al. 2009;
Saito et al. 2009; Ha et al. 2014). During analysis of our
data sets, we came to the same conclusion as earlier reports:
There is no significant correlation between a gene’s expres-
sion and its piRNA production levels. Also, many highly ex-
pressed genes do not produce piRNAs at all (Supplemental
Fig. S4).
Nevertheless, a recurring setting came up with the top

piRNA producing 3′UTRs: Each of them is almost invariably
located adjacent to another piRNA-producing 3′UTR in an-
tisense orientation so that both are transcribed in a converg-
ing manner (Fig. 3A). This layout might prompt piRNA
production by slicing and further “phasing/inchworming”
with PIWI proteins in the presence of two complementary
strands (Han et al. 2015; Homolka et al. 2015; Mohn et al.
2015). Since ping-pong Z-scores for 3′UTR deriving
piRNAs are above the threshold of 2.58 for almost all samples
of postnatal testis (Supplemental Table S3A), this mechanism
may indeed participate in the biogenesis of a prepachytene
fraction of piRNAs. Notably, no signs of endo-siRNAs were
detected for these cases (Fig. 3A, “21–23-nt reads” track,
and low Z19-Z22 scores, data not shown).
To assess on the whole-genome scale, whether converging

transcription is a common underlying feature of piRNA pro-
ducing 3′UTRs, we looked at two parameters. First, how fre-
quently is the adjacent 3′UTR located in antisense to the
piRNA producing 3′UTR? For a random sample, the frequen-
cy is expected to be around 50%. Second, how close is a
piRNA producing 3′UTR to another antisense oriented
3′UTR? For a randomly sampled set, the value will range
from zero in the case of overlapping 3′UTRs to millions of
bases. In fact, we observed a significant deviation of these

FIGURE 2. Production of piRNAs deriving from transposable elements (TEs) in prenatal testis. (A) Top 30 TE subfamilies producing most piRNAs
sorted in descending order for library F1 (prenatal testis, nonoxidized). (B) Distribution of piRNA reads along L1HS consensus in prenatal (F1, non-
oxidized; FO1–FO2, oxidized) and postnatal testis libraries (A1–A6, nonoxidized). Scale ranges in RPM (reads per million) are given in brackets.

Gainetdinov et al.

1618 RNA, Vol. 23, No. 11

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.060939.117/-/DC1


two parameters for the top 1/3/5% piRNA-producing 3′UTRs
(accounting for 28%–70% of all 3′UTR piRNA reads) from
relevantly sized random sets of 3′UTRs (Fig. 3B,C).
Needless to say, this mechanism might not be the only one

playing a role in the production of 3′UTR-derived piRNAs,
and further experimental evidence is necessary to make the
case for it and to assess its relative contribution. Incidentally,
we compared different characteristics of piRNAs originating
from the top 1/3/5% and the randomly chosen piRNA-pro-
ducing 3′UTRs and found indirect evidence to support this
mechanism: The top 1/3/5% piRNA-producing 3′UTRs ex-
hibited a higher 10A bias and more unique piRNAs able to
prime slicing through imperfect base-pairing (Supplemental
Fig. S5).
The other type of piRNA genomic loci is referred to as

pachytene clusters. As in marmoset, we were able to find
pachytene clusters that are transcribed divergently from a
promoter region shared with a protein-coding gene (Hirano
et al. 2014): e.g., BUB1,WDR1 as in marmoset and a new in-
stance with TDRD5, which was described neither in mouse
nor in marmoset.
However, most pachytene clusters tend to be located in

intergenic regions and frequently overlap long intergenic
noncoding RNAs (lincRNAs), unlike prepachytene clusters
(Supplemental Fig. S6). An appreciable amount of human
piRNAs was earlier reported to originate from lincRNAs;

yet the original study did not divide them into prepachytene
and pachytene fractions (Ha et al. 2014). Therefore, we
looked into the nature of the relationship between these
“piRNA-producing lincRNAs” and pachytene/30-nt piRNA
clusters. While analyzing piRNAs deriving from “piRNA-
producing lincRNAs,” we observed a significant 10A bias
and high ping-pong Z-score values for these piRNAs (Sup-
plemental Table S3B). Another common feature of
“piRNA-producing lincRNAs” was their testis-specific ex-
pression (Supplemental Fig. S7). We conducted a whole-ge-
nome survey with the data available from the GTEx project
(RNA-seq assessed expression in 53 tissues from 544 human
donors) (GTEx Consortium 2013; Melé et al. 2015). Impor-
tantly, a relevant “baseline” control is crucial in this analysis,
since a considerable number of lincRNAs in annotation data-
bases are found only in testis. In other words, when randomly
sampling lincRNAs from any given annotation list, the
chance of finding a testis-specific one is as high as 33%
(Fig. 4), which is larger than for any other tissue. Further-
more, if this test is constrained to only testis-expressed linc-
RNAs, the number of testis-specific ones will increase to 50%
(Fig. 4). Nevertheless, for “piRNA-producing lincRNAs,” we
observed that ∼72%–96% of them were testis-specific (Fig.
4). This finding, 10A bias, and ping-pong signature together
imply that “piRNA-producing lincRNAs” should essentially
be equated with pachytene piRNA primary transcripts.

FIGURE 3. piRNA production from 3′UTRs is associated with converging transcription of genes (transcription of antisense-oriented 3′UTRs). (A)
Examples of converging transcription of 3′UTRs accompanied by significant piRNA production. Genome coordinates (assembly hg38) and a separate
track for 21- to 23-nt reads (putative endo-siRNAs) are shown. (B) Fractions of antisense oriented genes adjacent to 1/3/5% of top piRNA-producing
3′UTRs. Top piRNA-producing 3′UTRs were defined based on the density of piRNAs per kilobase. Controls are random size-matched sets of 3′UTRs.
(C) Median distance to antisense-oriented genes adjacent to 1/3/5% of top piRNA-producing 3′UTRs. Top piRNA-producing 3′UTRs and controls
were defined as in panel B. The graphs in panels B and C show median, interquartile range (box), and min/max range (whiskers) across 11 postnatal
libraries. P-value for two-tailed Mann–Whitney test is presented.
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Wealsoobservedonly a veryweaknonlinear correlationbe-
tween the expression level of testis-specific lincRNAs and the
amount of piRNAs produced from them (both normalized to
length, Spearmans ρ = 0.42). This notion suggests that the lev-
el of lincRNA expression is not a strong predictor of piRNA
production. Furthermore, not all testis-specific lincRNAs
are “piRNA-producing lincRNAs” (Supplemental Fig. S8).
Therefore, we probed for various epigenetic aspects as defin-
ing determinants of lincRNA commitment to piRNA produc-
tion. First, using ChIP-seq data sets published for human
pachytene spermatocytes (Lesch et al. 2016), we found that
“piRNA-producing lincRNAs” are enriched for H3K4me3
and depleted for H3K27me3 chromatin modifications unlike
all testis-expressed and all testis-specific lincRNAs (Sup-
plemental Fig. S6). Importantly, pachytene clusters follow a
similar pattern, which allows us to consider “piRNA-produc-
ing lincRNAs” and pachytene piRNA primary transcripts as
the same entities. It is also in agreement with previous reports
claiming that the epigenetic architecture of pachytene piRNA
primary transcripts is similar to protein-coding genes: the
presence of H3K4me3 enriched promoter region and lack of
H3K27me3-marked facultative heterochromatin. Second,
we looked at positions of “piRNA-producing lincRNAs” rela-
tive to such constitutive heterochromatic features as centro-
meres/telomeres and lamina-associated domains (LADs)
(Guelen et al. 2008; Meuleman et al. 2013). Depletion of cen-
tromere/telomere fractions was detected for “piRNA-produc-
ing lincRNAs” compared to all testis-expressed/testis-specific
lincRNAs with a similar pattern for pachytene clusters (Sup-

plemental Fig. S6). On the contrary, a fraction of LADs was
slightly but statistically significantly enriched in “piRNA-pro-
ducing lincRNAs” compared to all testis-expressed/testis-spe-
cific lincRNAs (Supplemental Fig. S6). Taken together, these
findings suggest that a testis-specific lincRNA is likely to be re-
cruited for production of piRNAs (i.e., become a “piRNA-
producing lincRNA”/pachytene piRNA primary transcript)
given two features: protein-coding gene-like chromatin envi-
ronment and proximity to lamina.

DISCUSSION

A multitude of studies on the role of piRNAs and PIWI pro-
teins in spermatogenesis in mammals have been published to
date, but human studies have been cursory thus far. Here, we
performed a comprehensive analysis of both newly generated
small RNA libraries and publicly available data sets, enabling
us to shed more light on piRNA biogenesis and TE targeting
in prenatal and postnatal human testis.
Specifically, though previous reports noted some degree of

proportionality between expression level and amount of
piRNAs deriving from a TE (Mourier 2011; Vandewege
et al. 2016), we studied this aspect in detail and found that
the TE transcriptional landscape is matched by a relevant
piRNA repertoire in the postnatal testis. This relationship is
achieved through a combination of cluster-independent tar-
geting of evolutionarily young TEs (L1HS, L1PA2-L1PA7,
LTR12C, SVA_D), and pachytene cluster-driven targeting
of “older” ones. Notably, only the first component control-
ling young TEs is functioning in prenatal testes. Among the
possible candidates contributing to tethering piRNAmachin-
ery to young TEs are KRAB-ZNF proteins, since they have
been shown to participate in silencing some L1PA and SVA
elements in embryonic stem cells (Jacobs et al. 2014). Impor-
tantly, our findings in humans are in line with previous stud-
ies on silencing TEs in mammalian model organisms (De
Fazio et al. 2011; Reuter et al. 2011; Di Giacomo et al.
2013; Hirano et al. 2014). The two routes to target TEs
may reflect the need for both “piRNA cluster-dependent”
long-term memory of TE invasion to control “older” repeats
and an immediate ad hoc response, which is cluster-indepen-
dent. Possibly, with time, as soon as a young TE subfamily
member happens to integrate inside a pachytene piRNA clus-
ter, its repression is mediated by cluster-deriving piRNAs,
and evolutionary pressure to keep cluster-independent tar-
geting might wear away.
Interestingly, only the youngest subfamilies of LINEs

(L1Hs and L1PAs) exhibit negative correlation between their
evolutionary age and abundance of piRNAs. This is probably
because L1HS and several L1PATEs are the only currently ac-
tive autonomous retrotransposons in the human genome. At
the same time, other LINEs and LTR TEs are mostly transpo-
sitionally incompetent and the selective pressure for the
piRNA pathway to silence them is possibly decreased. On
the contrary, abundance of SINE-derived piRNAs is positively

FIGURE 4. Expression of “piRNA-producing lincRNA” is mostly re-
stricted to testis. Fraction of testis-specific lincRNAs among all
lincRNAs, testis-expressed lincRNAs, and “piRNA-producing
lincRNAs” selected with a threshold of 1 RPKM or 10 RPKM. The graph
showsmedian, interquartile range (box), andmin/max range (whiskers)
across either 100 randomly sampled sets of lincRNAs (for all/testis-ex-
pressed lincRNAs from GENOCODE v.23) or 11 postnatal libraries
(for 1RPKM and 10RPKM piRNA-producing lincRNAs). P-value for
two-tailed Mann–Whitney test is presented.
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correlated with their age, genomic and transcriptomic frac-
tions. This observation could be explained by the fact that
even evolutionarily old but transcriptionally active Alu inser-
tions are capable of retrotransposition and, therefore, need to
be posttranscriptionally repressed. Conversely, since the frac-
tion of actively retrotransposing TEs in Drosophila mela-
nogaster is significantly higher than in humans and piRNA
clusters in flies are specifically enriched in TE sequences, the
relation between TE age and piRNA production is probably
influenced by both transcriptional and transpositional activity
of a TE in combination with limited selective advantage for
host repression of retrotransposition (Lu and Clark 2010;
Kelleher and Barbash 2013).
We also found that production of piRNAs from postnatal

prepachytene clusters can be governed by converging tran-
scription of 3′UTRs, which offers an elegant explanation
for biogenesis of genic piRNAs. Moreover, we showed that
a fraction of lincRNAs, here referred to as “piRNA-produc-
ing lincRNAs,” are essentially pachytene piRNA primary
transcripts, since their expression is restricted to the testis
and piRNAs derived from them exhibit a 10A bias and a
ping-pong signature. This observation prompts us to put for-
ward a new framework for speculating on the origin of
pachytene piRNAs and their contribution to TE silencing.
Specifically, despite the fact that lincRNAs are generally de-
pleted of TEs (Kapusta et al. 2013; Washietl et al. 2014),
many of those lincRNAs that were recently acquired in the
primate lineage possess a significantly higher fraction of
TEs (Washietl et al. 2014). Moreover, expression of most
of these hominid-specific lincRNAs is predominantly tes-
tis-specific (Washietl et al. 2014). Additionally, a sharp in-
crease in the number of testis-specific lincRNAs is also
seen in amniotes (Hezroni et al. 2015). Therefore, constant
evolutionary turnover of sets of testis-specific lincRNAs
might be, at least in part, responsible for the definition of
pachytene piRNA repertoires, reminiscent of piRNA cluster
evolution in rodents (Assis and Kondrashov 2009). It is
also noteworthy that transcription of many of these evolu-
tionary young lincRNAs is driven by LTR elements both in
humans and rodents (Kapusta et al. 2013; Chen et al.
2016). Interestingly, there is a slight negative correlation be-
tween age rank of LTR subfamilies with their piRNA cluster
fractions (Pearson’s r =−0.23/−0.19/−0.22 for empirical/
probabilistic/meta-analysis approaches, Supplemental Table
S2N). In other words, the piRNA clusters are slightly en-
riched for young LTR subfamilies. Therefore, some testis-
specific lincRNAs may provide a scaffold for pachytene
piRNA production, serving as long single-stranded precur-
sors and becoming “piRNA-producing lincRNAs”/pachy-
tene piRNA primary transcripts.
Another peculiar finding is the seemingly contradicting

epigenetic features of “piRNA-producing lincRNAs.” First,
they possess a chromatin environment similar to protein-
coding genes (H3K4me3 enrichment and H3K27me3 deple-
tion) and, second, they tend to be closer to lamina than testis-

specific lincRNAs that do not produce piRNAs. However,
both aspects are expected to support pachytene piRNA pro-
duction: A gene-like chromatin environment is supposed to
stimulate transcription of pachytene piRNA precursors,
while proximity to the lamina can facilitate transport of these
precursors outside the nucleus for further processing.
To conclude, the machinery involving the piRNA pathway

in silencing evolutionarily recent TE subfamilies appears to
operate both on prenatal and postnatal stages of spermato-
genesis, in order to prevent the presence of RT activity at
both stages of germ cell development. At the postnatal phase,
pachytene cluster-driven piRNA production targets almost
all TE subfamilies in late spermatogenesis. Despite this intri-
cate mechanism designed for the purpose of tackling TE ex-
pansion, repeats have been consistently overcoming barriers
to their transposition and spreading throughout genomes
and populations (Haig 2016). This host–parasite coevolution
is reminiscent of an arms race (Jacobs et al. 2014); it is also
conceivable, however, that repeat expansion is successful
partly due to the co-option of TEs within host regulatory net-
works (Chuong et al. 2016, 2017; Shapiro 2016). Perhaps
there is simply insufficient evolutionary pressure to
completely suppress TE expansion, or host organisms might
have managed to strike the delicate balance between over-
spending host energy on absolute restriction of TEs from
the genome and underspending such that TEs become detri-
mental to the host’s existence.

MATERIALS AND METHODS

Tissue collection

Three samples of normal testis tissues adjacent to nonseminoma
were obtained from three orchiectomy specimens. One sample of
normal testis tissue was obtained from prostate cancer patients un-
dergoing surgical castration. The samples were immediately frozen
in liquid nitrogen. Histological evaluation was used to confirm the
absence of tumor contamination. All patients provided written in-
formed consent according to federal law, and the study was ap-
proved by the ethical committees of the Shemyakin-Ovchinnikov
Institute of Bioorganic Chemistry of the Russian Academy of
Sciences and the Blokhin Russian Cancer Research Center, after re-
viewing patients’ consent and information forms.

RNA extraction, gene expression assays, and small
RNA libraries generation

Total RNA extraction and purification was performed with TRIzol
reagent (Thermo Fisher Scientific). Small RNA libraries were gener-
ated from 2 mkg of total RNA with the TruSeq Small RNA Library
Preparation Kit (Illumina) according to manufacturer’s instructions
and sequenced on the HiSeq 2000 Sequencing System to generate
50-nt-long reads. Raw sequencing reads were deposited in SRA as
bioproject PRJNA352412 (https://www.ncbi.nlm.nih.gov/bioproject/?
term=PRJNA352412): runs SRR4896698, SRR4896699, SRR4896700,
SRR4896694.
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Small RNA data sets

Raw reads were quality filtered and trimmed with the FASTX-
Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). Bowtie v1.0.0
(Langmead et al. 2009) was used to align trimmed reads to hg38
Human Genome Assembly with zero mismatches. Alignment pro-
cedure was based on the Tailor aligner (Chou et al. 2015). Briefly,
unaligned reads were trimmed by 1 nt from the 3′ end and realigned
again with zero mismatches allowed. This step was repeated two
more times and only aligned reads (four alignments in total: after
0/1/2/3 nucleotides trimmed from 3′ end) were kept for further
analyses.

The Integrative Genomics Viewer v2.3.74 (Robinson et al. 2011)
was used to visualize alignment data. Statistical calculations were
performed with R custom scripts or GraphPad Prism v5.00.
Miscellaneous data processing was conducted with custom Bash/
Awk/Perl scripts available on request.

Assessment of small RNA coverage of transposable elements was
done with the approach described earlier in Pezic et al. (2014).
Briefly, up to 10,000 genomic hits mapped with zero mismatches
were reported for each read and 1/N score was assigned for each ge-
nomic hit found, where N is the total number of all possible geno-
mic hits for a read. Further, scores for all genomic hits were summed
by a transposable element subfamily.

Ping-pong Z-score was calculated as described earlier (Zhang
et al. 2011). Briefly, the Z-score is the difference of the number of
piRNAs complementary to each other at a 5′-to-5′ distance of 10
nt and the mean number of piRNAs at background 5′-to-5′ distanc-
es (i.e., 1–9/11–20 nt), divided by the standard deviation of the
numbers of piRNAs at background distances. Z-scores of Z19,
Z20, Z21, and Z22 were calculated similarly with background dis-
tances at 1–18/20–22, 1–19/21–22, 1–20/22, 1–21, respectively.

Alignments to transposable element consensi were performed
with two mismatches allowed and were used to interrogate TE-spe-
cific ping-pong Z-scores and distribution of reads along the
consensi.

RNA-seq data sets

Publicly available RNA-seq libraries used in the analyses are listed in
Supplemental Table S2A.

For protein-coding genes, after filtering with FASTX-Toolkit, a
conventional TopHat v2.0.9/Cufflinks v2.1.1 pipeline with default
parameters and reference annotation from Ensembl release 83 was
used (Trapnell et al. 2009, 2010, 2012; Kim et al. 2013).

For quantification of transposable elements’ transcription level,
we applied the same approach as for small RNA data sets with an
additional preliminary step: All FASTX-Toolkit quality-filtered
reads were trimmed to 50 nt to standardize the pipeline for RNA-
seq data sets from different studies.

ChIP-seq data sets

H3K4me3, H3K27me3 ChIP-seq data sets as well as corresponding
Input controls for pachytene spermatocytes from three human indi-
viduals (Lesch et al. 2016) were filtered with the FASTX-Toolkit and
aligned to hg38Human Genome Assembly with Bowtie2 v2.1.0 with
default parameters (Langmead and Salzberg 2012). H3K4me3 and
H3K27me3 peaks were called with MACS v2.0.9 (Zhang et al.

2008) using default parameters for “narrow” and “broad” peaks, re-
spectively. Only peaks detected for all three individuals were further
considered for analysis.

piRNA clusters definition

For empirical identification of piRNA cluster boundaries, we divid-
ed the genome into 100-bp bins and calculated piRNA coverage in
them to further merge bins with density above 10RPKM and located
within 1 kb of each other. Probabilistic piRNA cluster calling was
done with TBr2_duster.pl/sRNAmapper.pl/ proTRAC_2.1.2.pl
pipeline by Rosenkranz and Zischler (Rosenkranz 2016; Rosenkranz
and Zischler 2012) with proTRAC parameters as follows: -pdens
0.05 -1Tor10A 0.1 -1Tand10A 0.1 -clstrand 0.5 -clsplit 0.05. Finally,
a list of 1299 of human piRNA clusters frommeta-analysis by Chirn
et al. (2015) was also used. At the last filtering step, we kept only
those empirical/probabilistic/meta-analysis clusters, whose piRNA
coverage was higher than either 1RPKM or 10RPKM threshold,
the fraction of 25- to 31-nt reads was at least 70%, and the length
was more than 1 kb. These were further divided into prepachytene
and pachytene clusters depending on whether the 26-nt or 30-nt
fraction was bigger, respectively. For pachytene clusters, an addi-
tional filter of minimal length (3 kb) was used. Randomized controls
were generated with “bedtools shuffle” (excluding protein-coding
gene regions for pachytene clusters) (Quinlan and Hall 2010).

GTEx data

Expression data quantified in RPKM were downloaded from http://
gtexportal.org/ for all tissues available, and bothmeans and standard
deviations were separately calculated for “testis” and “non-testis”
samples. A transcript was considered testis-specific if its “testis”
mean expression was at least two “non-testis” standard deviations
above the “non-testis” mean expression.

lincRNAs

GENCODE v23 annotation (Harrow et al. 2012) filtered to remove
small noncoding RNAs was used to create a list of 8455 testis-ex-
pressed and 3837 testis-specific lincRNA transcripts: All noncoding
transcripts that do not overlap a protein-coding gene on either
strand were considered. If lincRNA transcripts overlapped on the
same strand they were merged and expression quantification for
the most highly expressed one was used for the merged entity.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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