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ABSTRACT

PIWI-interacting RNA (piRNA) clusters act as anti-
transposon/retrovirus centers. Integration of selfish
jumping elements into piRNA clusters generates de
novo piRNAs, which in turn exert trans-silencing
activity against these elements in animal gonads.
To date, neither genome-wide chromatin modifica-
tion states of piRNA clusters nor a mode for piRNA
precursor transcription have been well understood.
Here, to understand the chromatin landscape of
piRNA clusters and how piRNA precursors are
generated, we analyzed the transcriptome, tran-
scription start sites (TSSs) and the chromatin land-
scape of the BmN4 cell line, which harbors the
germ-line piRNA pathway. Notably, our epigenomic
map demonstrated the highly euchromatic nature of
unique piRNA clusters. RNA polymerase II was
enriched for TSSs that transcribe piRNA precursors.
piRNA precursors possessed 50-cap structures as
well as 30-poly A-tails. Collectively, we envision that
the euchromatic, opened nature of unique piRNA
clusters or piRNA cluster-associated TSSs allows
piRNA clusters to capture new insertions efficiently.

INTRODUCTION

Expanding invasion of selfish genetic elements called
transposons threats the host genome especially in germ-
line cells, as undesirable mutations caused by transpos-
ition in germ-line cells can be transmitted into the next
generation (1–4). Likewise exogenous retroviruses can

endanger a host genome. To adequately suppress these
invasive elements, eukaryotic genomes encode anti-
transposon/retrovirus loci, to which integration of exogen-
ous elements triggers sequence-specific trans-silencing in
the following generation. Previously, fly genetics identified
fly anti-transposon/retrovirus loci such as X-TAS and
flamenco (5–9).
These anti-transposon/retrovirus loci are now under-

stood to be capable of generating PIWI-interacting
RNAs (piRNAs) and hence are called piRNA clusters
(1,3,4,10). piRNA clusters provide single-stranded
piRNA precursors with yet unknown structures that are
converted into mature piRNAs through a 30–50-
exonucleolytic trimming reaction followed by 20-O-methy-
lation at the 30-terminus (10–18). piRNAs are often
complementary to transposons and thereby are capable
of guiding PIWI subfamily proteins to degrade transposon
RNAs (19–23).
Cytological analyses found that fly piRNA clusters are

often heterochromatic; Brennecke et al. (10) identified 135
out of 142 piRNA clusters to be present in peri-centromeric
and telomeric heterochromatin. Moreover, the piRNA-
guided effector protein Piwi co-localized with H3K9me3
(histone H3 harboring trimethylated lysine 9), a representa-
tive heterochromatin mark, but not with H3K4me3, a char-
acteristic euchromatin mark (24,25). Furthermore, Piwi
binds the heterochromatin-associated protein HP1a (24),
which is genetically required for trans-silencing against
transposons in the fly gonads (26). HP1d/Rhino contributes
to cluster transcription from a set of piRNA clusters such as
42AB piRNA cluster (27). Recently, it has been shown that
H3K9me3 is required for transcription of fly piRNA
clusters (28). Loss of dSETDB1, a methylase responsible
for establishing H3K9me3, disrupts piRNA production
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and causes transposon de-silencing. In addition, the muta-
tions in a set of piRNA pathway genes lead to chromatin
opening followed by transposon de-silencing (29). In
contrast to these reports showing that most piRNA
clusters are heterochromatic, 3R-TAS piRNA cluster has
nucleosomes with euchromatin marks such as H3K4me3
(30). To date, genome-wide comprehensive mapping of
chromatin modification states for piRNA clusters has not
been described, and thus the exact nature of piRNA pre-
cursor transcription has not been well understood.
Chromatin immunoprecipitation followed by deep

sequencing (ChIP-seq) or polymerase chain reaction
(PCR) (ChIP-PCR) are the most straightforward
methods to analyze chromatin modification states.
However, these strategies cannot determine whether a
modified histone is actually derived from a specific cell
type when original samples are composed of different
types of cells (31). Thus, it is important to use uniform
cell populations. Testis and ovary samples used for
piRNA studies usually contain substantial amount of
somatic tissues. In contrast, the silkworm ovary-derived
BmN4 cell line is an excellent model for studying the chro-
matin landscape of piRNA clusters, because BmN4 cells
are uniform and harbor a fully functional, ping-pong
capable germ-line piRNA pathway (32).
Here, to understand how piRNA clusters are

epigenetically controlled and how piRNA precursors are
born, we performed genome-wide analyses on the transcrip-
tome, transcription start sites (TSSs) and chromatin modi-
fication states of BmN4 cells. We first determined which
domains were actively transcribed in the BmN4 genome
with the aid of RNA-seq analysis. By combining ChIP-seq
with RNA-seq and TSS-seq, we next revealed which histone
modifications define euchromatin and heterochromatin.
Finally, we integrated and applied our findings to charac-
terize the genomic nature of piRNA clusters. Our analyses
uncovered the epigenomic states of piRNA clusters and the
nature of piRNA precursor transcription.

MATERIALS AND METHODS

Cell culture

BmN4 cells were cultured at 27�C in IPL-41 medium
(Applichem) supplemented with 10% fetal bovine serum.
Stable cell lines expressing Flag-BmHP1a and
Flag-BmHP1b were generated as described previously by
using pIZ vector as a backbone (32).

RNA extraction

Total RNAs were extracted by using Trizol reagent
(Invitrogen) or miRVana miRNA isolation kit (Ambion)
according to the manufacture’s instruction.

RNA-seq

Using 1 mg of total RNAs, RNA-seq library was con-
structed using mRNA Seq Sample Preparation Kit
according to the manufacturer’s instructions (Illumina).
Briefly, RNA was subjected to polyA selection using
Sera-Mag Magnetic Oligo-dT Beads. polyA+ RNA was

partially degraded by incubating in fragmentation buffer
at 94�C for 5 min. First strand cDNA was synthesized
using random primer and SuperScript II (Invitrogen)
and second strand cDNA was synthesized using
RNaseH and DNA pol I (Illumina). Double-stranded
cDNA was size fractionated by 6% polyacrylamide gel
electrophoresis (PAGE) and cDNAs of 250–300 bp were
recovered. Illumina GA sequencing adaptors were ligated
to cDNA ends. cDNAs were amplified by 15 cycles of
PCR reactions, using Phusion DNA Polymerase
(Finnzymes). Thirty-six base pair single-end-read
RNA-seq tags were generated using an Illumina GA se-
quencer according to the standard protocol.

TSS-seq

Two hundred micrograms of the total RNA obtained was
subjected to oligo-capping, with some modifications from
the original protocol. Briefly, after successive treatment of
the RNA with 2.5 U bacterial alkaline phosphatase (BAP)
(TaKaRa) at 37�C for 1h and 40 U tabacco acid
pyrophosphatase (TAP) (Ambion) at 37�C for 1h, the
BAP–TAP-treated RNAs were ligated to 1.2mg of the
RNA oligonucleotide 50-AAUGAUACGGCGACCACCG
AGAUCUACACUCUUUCCCUACACGACGCUCUUC
CGAUCUGG-30 using 250 U T4 RNA ligase (TaKaRa) at
20�C for 3h. After DNase I treatment (TaKaRa),
polyA-containing RNA was selected using oligo-dT
powder (Collaborative). The first strand cDNA was
synthesized with 10pmol random hexamer primer (50-CA
AGCAGAAGACGGCATACGANNNNNNC-30) using
SuperScript II (Invitrogen), with incubation at 12�C for
1 h and 42�C overnight. The template RNA was degraded
by alkaline treatment. For PCR, 20% of the first strand
cDNA was used as the PCR template. Gene Amp PCR kits
(PerkinElmer) were used with the PCR primers 50-AATGA
TACGGCGACCACCGAG-30 and 50-CAAGCAGAAGA
CGGCATACGA-30 under the following reaction condi-
tions: 15 cycles at 94�C for 1 min, 56�C for 1 min and
72�C for 2 min. The PCR fragments were size fractionated
by 12% PAGE and the fraction that contained the 150–
250 bp fragments was recovered. The quality and quantity
of the obtained single-stranded first strand cDNAs were
assessed using a BioAnalyzer (Agilent). One nanogram of
the size-fractionated cDNA was used for sequencing reac-
tions with the Illumina GA. The sequencing reactions were
performed according to the manufacturer’s instructions.

ChIP and ChIP-seq

BmN4 cells (2� 106) were cultured in 100mm treated cell
culture dish (Corning) for 24 h at 27�C. Cells were fixed
with 10% formalin/phosphate-buffered saline (PBS
buffer; 137mM NaCl, 2.7mM KCl, 4.3mM Na2HPO4

and 1.4mM KH2PO4) for 15min at room temperature.
The reaction was quenched by the addition of glycine
(final concentration: 125mM). Cells were further washed
twice with ice-cold PBS and collected by 1500 rpm centri-
fugation for 5min at 4�C. Cells were lysed with ChIP-lysis
buffer (1% sodium dodecyl sulfate (SDS), 10mM
ethylenediaminetetraacetic acid (EDTA), 50mM
Tris–HCl (pH 8.1) and protease inhibitor cocktail
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(Roche)). After incubation on ice, homogenates were
sonicated with Sonifier 250 (BRANSON) 10 s followed by
incubation on ice 10 s (duty cycle=50 and out put con-
trol=7). This process was repeated 24 times to generate
DNA of 200–500 bp. The resulting homogenates were
cleared by 13 000 rpm centrifugation for 10min at 4�C.
Ten micrograms per microliters of cleared lysate was
10-fold diluted by ChIP dilution buffer (1% Triton
X-100, 2mM EDTA, 150mM NaCl, 20mM Tris–HCl
(pH 8.1) and protease inhibitor cocktail). Lysate was then
pre-incubated with protein A-Sepharose (GE Healthcare)
and then cleared by 1500 rpm centrifugation 30 s at room
temperature. Pre-cleared lysate (Input) was incubated with
anti-pol II (Santa Cruz), anti-Mouse IgG (IgG-M; Santa
Cruz), anti-H3K9me2 (Millipore), anti-H3K9me3
(Millipore or Abcam), anti-H3K9ac (Millipore), anti-
H3K4me2 (Millipore), anti-H3K4me3 (Millipore or
Abcam) and anti-rabbit IgG (IgG-R; Millipore) (1:1000)
at 4�C for overnight. Lysate was then incubated with
equilibrated Protein-A-Sepharose beads for 1 h at 4�C.
Beads were washed sequentially with low salt buffer
(0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM
Tris–HCl (pH 8.1) and 150mM NaCl) (once), high salt
buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA,
20mM Tris–HCl (pH 8.1) and 500mM NaCl) (once),
LiCl buffer (250mM LiCl, 1% NP-40, 1% deoxycholate,
1mM EDTA and 10mM Tris–HCl (pH 8.1)) (once) and
Tris-EDTA (TE) buffer (10mM Tris–HCl and 1mM
EDTA) (twice). Immunoprecipitates were eluted with
50 ml of elution buffer (1% SDS and 0.1M NaHCO3) for
15min at room temperature twice. Total 100 ml of elutant
was further incubated with 4 ml of 5MNaCl for 6 h at 65�C,
4 ml of 10mg/ml RNase A for 2 h at 37�C and 2 ml of 20mg/
ml proteinase K for 2 h at 55�C. DNA was collected with
phenol–chloroform followed by EtOH precipitation and
dissolved with 150 ml of sterile nuclease-free water. Using
the recovered DNA, the ChIP-seq samples were prepared
for the Illumina GA according to the manufacturer’s in-
structions. ChIP-seq experiments were performed with
Millipore and Santa Cruz antibodies, and Abcam
antibodies against H3K4me3 and H3K9me3 were used
for validation of ChIP-seq data (Supplementary Figure S4).

Data analyses

We trimmed 30-adaptor sequence from raw qseq data by
in-house R program allowing two mismatches. Prior to
mapping to the silkworm genome assembly build2, we
sequenced a part of unassembled region in Torimochi to
generate ‘modified’ silkworm genome assembly build2.
Obtained sequences were mapped to the modified
silkworm genome assembly build2 and silkworm predicted
protein-coding genes by using Bowtie or Soap2 (33,34).
Reads that were mapped to the genome perfectly and
uniquely were further considered. We analyzed histone
modifications and Pol II enrichment by using
well-established softwares MACS (35), SICER (36) and
BEDtools (37). MACS was used for H3K4me2,
H3K4me3, H3K9ac and Poll, which show ‘sharp peaks’.
For H3K9me2 and H3K9me3, which show ‘broader
peaks’, SICER was applied. In both cases, P-value

cutoff (1.00e�05) was used to identify peaks. In the
original pipeline to define piRNA clusters and the
transcribed regions, each reads were normalized to total
genome-mapping reads for comparison. Overlapping
reads were merged by using BEDtools (37). Reads in
each domain were normalized by total genome-mapping
reads and defined as reads per million (RPM). piRNAs
used in this study are described in (18). We focused only
on unique mappers, corresponding to �50% of the total
genome-mapping reads. When a piRNA overlapped with
another piRNA, these were recognized as a single domain.
piRNA domains located within 300-bp with each other
were further considered as piRNA clusters. At the same
time, we calculated the number of reads embedded within
the clusters to infer an expression level of each piRNA
cluster. For TSS analysis, overlaps occurred within
±500-bp from the TSSs were considered as the overlaps.
For the other overlapping analyses, the overlaps >1 bp
between two different peaks were recognized as actual
overlaps. The statistical significances of overlaps between
two peaks were evaluated using a Poisson distribution as
described previously (38):

pð�, �Þ ¼ 1�
Xx

t¼0

e���t

t!
,

where p(�, l) is the probability of observed overlap, l is
the expected overlap between two populations and � is
the observed overlap. For constructing density plots,
ChIP-seq and RNA-seq tags were mapped by using
ELAND pipeline and average base concentrations were
visualized using Genome studio according to the manu-
facturer’s instruction (38).

ChIP-PCR

Quantitative ChIP-PCR analyses were performed with
KAPA SYBR FAST qPCR kit Master Mix ABI PRISM
(KAPA BIOSYSTEMS) and specific primers. Primers
used in this study were described in Supplementary
Table S1.

Rapid Amplification of cDNA Ends (RACE)

RACE experiments were performed by using GeneRacer
Kit (Invitrogen) as described previously (18).

Data deposition

Deep sequencing data obtained in this study are available
under the accession number of DRA000527 (DDBJ).

RESULTS

Expression of piRNA pathway genes in BmN4 cell line

To define transcriptionally active or inactive domains in
the BmN4 genome, and to know which genes are actively
expressed in BmN4 cell line, we performed RNA-seq
analysis. Our data showed that, besides silkworm PIWI
genes Siwi and BmAgo3 (39), orthologs of piRNA
pathway genes—Vasa (40), Zucchini/MitoPLD
(26,41–45), Armitage/Mov10 (41,42,46–49), Maelstrom
(50–52), Tudor family genes (Tudor-domain containing 1
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(Tdrd1), Spindle-E/Tdrd9, Vreteno, Yb and Kumo/Qin)
(46,47,53–60) and Hen1 (11,13–15,61)—were expressed
in BmN4 cells (Supplementary Figure S1A), supporting
that the BmN4 cell line harbors the germ-line piRNA
pathway (32).

The chromatin landscape of the piRNA-generating cell
line

To define the chromatin landscape of BmN4 cells, we
thoroughly analyzed five major histone modifications
(Table 1 and Supplementary Table S2; see ‘Materials
and Methods’ section) that are known markers for either
euchromatin or heterochromatin. To infer the transcrip-
tional state associated with a histone modification, we
comparatively analyzed our RNA-seq and ChIP-seq
data through calculating the number of histone modifica-
tion peaks overlapping with RNA-seq tags (Figure 1A).
H3K4me3 exhibited extensive overlap with RNA-seq tags
(300-fold enrichment to the IgG-R peaks, P< 0.01 (see
‘Materials and Methods’ section)). The score for
H3K4me2 and H3K9ac was relatively high (8.5-fold and
4-fold enrichment, respectively, P< 0.01). H3K9me2
peaks overlapped with RNA-seq tags to lesser extent
(2.2-fold enrichment, P=0.08). In contrast, H3K9me3
was barely overlapped with RNA-seq tags. Our data
clearly indicate that actively transcribed loci positively
correlated with H3K4me2, H3K4me3 and H3K9ac
whereas H3K9me3 peaks were especially transcriptionally
inactive, as deduced by RNA-seq and ChIP-seq,
respectively.
To identify modifications that may function together,

we compared the genomic distributions of the five
histone modifications and calculated the overlap among
them. We found that H3K4me2 frequently co-occurred
with H3K4me3 and H3K9ac (Figure 1B), suggesting
that these act in concert to define euchromatin.
H3K4me3 peaks relatively more frequently overlapped
with H3K4me2, but this was not statistically significant.
H3K9ac peaks often shared same genomic regions with
H3K4me2 and H3K4me3 peaks. H3K9me3 showed
overlap most frequently with H3K9me2 and vice versa,
but relatively hardly localized with H3K4me2, H3K4me3
and H3K9ac, supporting that H3K9me3 defines
heterochromatin.

Next, we investigated enrichment of histone modifica-
tions and Pol II in the TSSs. As shown in Figure 1C,
H3K4me3 and Pol II showed high and statistically signifi-
cant enrichments in the TSSs (1100-fold and 50-fold en-
richment, respectively, P< 0.01). Weaker enrichments
were observed for H3K4me2 and H3K9ac (Figure 1C
and Supplementary Figure S1B). H3K9me2 and
H3K9me3 were depleted in the TSSs (Figure 1C).
House-keeping gene actin3 locus was a representative
locus showing such features (Supplementary Figure
S1C). Collectively, our data suggest that H3K4me3 is
the most prominent euchromatin mark in BmN4 cell
line. H3K4me3 with H3K4me2 and H3K9ac specify eu-
chromatin domains whereas H3K9me2 and H3K9me3
represent heterochromatin domains in this cell line.

Chromatin modifications of piRNA clusters

Altogether our findings provide insights into the chroma-
tin landscape of BmN4 cells. BmN4 cells are unique in
that they comprise the germ-line piRNA pathway. To in-
vestigate the genomic character of piRNA-generating loci,
we next examined the epigenomic features of piRNA clus-
ters by investigating how piRNA clusters are defined by
histone modification peaks. In the analysis, we focused on
965 unique piRNA clusters producing >100 RPM unique
piRNAs. We found that unique piRNA clusters were
overlapped most frequently with H3K4me3 peaks
(15-fold enrichment, corresponding to 17.6% of 965
piRNA clusters, P< 0.01) followed by H3K4me2 (4-fold
enrichment, corresponding to 3.8% of 965 piRNA
clusters, P< 0.01), both representing euchromatin marks
(Figure 2A). Unique piRNA clusters were hardly marked
with H3K9me2 and H3K9me3. In addition, >70% of
these piRNA clusters were positive for polyA-selected
RNA-seq tags (Figure 2A). As we found that piRNA
clusters were markedly enriched for histone modifications
that mark euchromatin and concomitantly co-localized
with RNA-seq tags, we suggest that at least a part of
unique piRNA clusters retain the euchromatin features.

To further investigate the chromatin landscape of
piRNA clusters, we focused on a unique piRNA cluster
named Torimochi. Torimochi is a functional piRNA
cluster in that it is capable of capturing insertions and
generating de novo piRNAs (18). Visualization of
ChIP-seq mapping data demonstrated that Torimochi is

Table 1. Characterization of peaks of five histone modifications, Pol II, RNA-seq and piRNA clusters

Name Method P-value cutoff Number of peaks/
domains/clusters

Number of peaks not
overlapping with IgG peaks

Note

IgG-R-M MACS 1.00E�05 391 –
H3K4me2 MACS 1.00E�05 1152 921
H3K4me3 MACS 1.00E�05 6705 6593
H3K9ac MACS 1.00E�05 770 567
IgG-R-S SICER 1.00E�05 2122 –
H3K9me2 SICER 1.00E�05 4735 3550
H3K9me3 SICER 1.00E�05 1337 653
IgG-M MACS 1.00E�05 317 –
Pol II MACS 1.00E�05 3984 3242
RNA-seq BEDtools – 84 148 – >100-bp
piRNAs BEDtools – 965 – >100 RPM
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highly euchromatic—Torimochi was enriched for
H3K4me2, H3K4me3 and H3K9ac while was depleted
for H3K9me2 and H3K9me3 (Figure 2B). Quantitative
ChIP-PCR analysis confirmed these data (Figure 2C). In
addition, we confirmed these observations by using differ-
ent, well-validated antibodies (Supplementary Figure S4).
We also analyzed two silkworm heterochromatin
proteins—BmHP1a and BmHP1b (Figure 2C and
Supplementary Figures S2 and S3) (62). BmHP1a was

enriched for heterochromatin region (SART1 transposon)
where H3K9me2 and H3K9me3 were enriched, but not
for euchromatic region (Figure 2C and Supplementary
Figure S2). BmHP1b did not show any enrichment for
SART1 region. In contrast, we found that the Torimochi
locus entirely lacked these heterochromatin proteins
(Figure 2C). In addition, we performed the same experi-
ments against another piRNA cluster on Chr07 and
obtained essentially the same results (Supplementary

Figure 1. Histone code of the BmN4 cell genome. (A) Transcriptional activity in five histone modifications. Fold enrichments of the number of
histone modification peaks overlapping with RNA-seq tags are shown. Every score was normalized to that in IgG-R (rabbit IgG) peaks. P-values
were calculated using a Poisson distribution. *P< 0.01; NS, non-significant. (B) Heat map showing the overlaps among five histone modifications.
Peaks not overlapping with IgG-R were considered. The statistical significance of each combination was evaluated using a Poisson distribution. NS,
non-significant. Without NS, P< 0.01. (C) The chromatin landscape for whole-genome TSSs in the BmN4 genome. Every score was normalized to
that in IgG-R peaks. Fold enrichment of RNA pol II peaks is also shown, where IgG-M (mouse IgG) peaks served as a control library. P-values
were calculated using a Poisson distribution. *P< 0.01; NS, non-significant.
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Figure S3). Thus, as far as we investigated, unique piRNA
clusters have a euchromatic nature in the BmN4 genome,
and we did not detect any unique piRNA clusters with
heterochromatin features.

Characterization of piRNA precursor transcription

The nature of piRNA precursor transcription and piRNA
precursors has been poorly understood. To address this,

we tried to identify TSSs embedded within piRNA clusters
(piRNA cluster-associated TSSs). For this analysis, 965
piRNA clusters producing >100 RPM unique piRNAs
were considered. As a result, we identified 407 piRNA
cluster-associated TSSs generating 50-capped RNAs,
providing the first comprehensive evidence that many
piRNA precursors are 50-capped RNAs. This was con-
firmed by 50-RACE experiments for one of the reliable

Figure 2. The chromatin landscape of piRNA clusters. (A) The chromatin landscape of piRNA clusters producing >100 RPM piRNAs. Every score
was normalized to those of IgG-R (rabbit IgG) peaks. The percent of piRNA clusters positive for RNA-seq tags is also shown. P-values were
calculated using a Poisson distribution. *P< 0.01; NS, non-significant. (B) The chromatin landscape of Torimochi, a representative piRNA cluster in
the BmN4 genome. The density of piRNAs in the Torimochi locus was visualized by using the ‘modified’ silkworm genome where we sequenced a
part of unassembled region in the Torimochi locus (see ‘Materials and Methods’ section). The remaining unassembled region is shown as N. Mapping
patterns of ChIP-seq and RNA-seq tags were visualized by using Genome studio (Illumina). The primer annealing sites for Figure 2C are indicated.
(C) ChIP-PCR analyses for the Torimochi locus. In addition to five histone modifications, DNA samples immunoprecipitated with the two silkworm
heterochromatin proteins were analyzed.
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piRNA precursors Torimochi (Figure 3A). Moreover, 30-
RACE experiments followed by sequencing revealed that
a Torimochi piRNA precursor was 30-polyA-tailed
(Figure 3A).

Finally, to know how piRNA precursors are
transcribed, we determined the chromatin state around
piRNA cluster-associated TSSs. We found that piRNA
cluster-associated TSSs were enriched for euchromatin
marks such as H3K4me3, and notably, RNA pol II
(Figure 3B). Torimochi-TSSs were a representative pol
II-enriched TSS (Figure 3C). An enrichment of pol II
signal in the piRNA cluster-associated TSSs strongly
indicated that at least a part of piRNA precursors is
transcribed by RNA pol II.

DISCUSSION

Here, we comprehensively explored the chromatin land-
scape of BmN4 cells, which is characterized by expression
of germ-line piRNAs, piRNA pathway genes and germ-
cell marker genes (Supplementary Figure S1A) (32).
In BmN4 cells, euchromatin is specified by histone

modifications H3K4me2, H3K4me3 and H3K9ac,
whereas H3K9me2 and H3K9me3 define heterochromatin
(Figure 1). Heterochromatin also contains silkworm het-
erochromatin protein BmHP1a (Supplementary Figure
S2A and B). In addition to H3K4me2 and H3K4me3,
pol II was enriched in TSS regions (Figure 1C and
Supplementary Figure S1B). These features agree well
with similar observations in other organisms, such as

Figure 3. The nature of piRNA precursor transcription. (A) 50- and 30-RACE for Torimochi piRNA precursor. The amplicons were cloned and
sequenced to validate that 50-end of the precursor was G-capped and that 30-end of the precursor was poly-A-tailed. (B) The chromatin landscape of
piRNA-cluster-associated TSSs. IgG-R peaks (rabbit IgG) served as a control for five histone modifications and IgG-M peaks (mouse IgG) served as
a control for RNA pol II. P-values were calculated using a Poisson distribution. *P< 0.01; NS, non-significant. (C) Enrichment of RNA pol II in the
Torimochi-associated TSSs. The arrows indicate TSSs in the Torimochi locus. Mapping patterns of ChIP-seq tags were visualized by using Genome
studio (Illumina).
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flies, worms and humans (38,63–69). Collectively, our
study demonstrates a conserved histone modification
rule in BmN4 cells.
We applied our gained insights to better understand

piRNA-generating loci, and in turn piRNA biogenesis.
Our analyses demonstrated that unique piRNA clusters
are exclusively modified with euchromatin marks. piRNA
cluster-associated TSSs were enriched for euchromatic
marks and pol II (Figure 3). With the aid of TSS-seq,
polyA-RNA-seq, and RACE analyses, we concluded that
at least a part of piRNA precursors is transcribed by pol II
and originate from 50-capped and 30-polyA-tailed RNAs.
This suggests that the nature of piRNA precursors resem-
bles that of normal protein-coding genes or miRNA genes
(70). This is in line with that piRNA maturation is thought
to occur in the cytoplasm. Taken together, a number of
unique piRNA clusters and associated TSSs are highly eu-
chromatic and allow for pol II-based transcription of
piRNA precursors that bear canonical mRNA features.
Torimochi was a representative euchromatic piRNA

cluster (Figure 2B and C). We previously showed that in-
tegration of GFP transgene into Torimochi generated de
novo GFP piRNAs, establishing piRNA-based silencing
against GFP sequence (18). In that study, we utilized
piggyBac-based transposition system to integrate a GFP
transgene into the BmN4 genome. Curiously, among eight
lines where transposition successfully occurred, three lines
showed Torimochi-based GFP silencing. Our findings
indicated that the euchromatic (opened) nature of
Torimochi allows this locus to capture new insertions effi-
ciently, making Torimochi a hot spot for transposition.
Currently known fly piRNA clusters exhibit heterochro-

matic features and are present in constitutive heterochro-
matin (10,71). Two fly heterochromatin proteins HP1a
and HP1d/Rhino have been implicated in the piRNA
pathway, and deposition of H3K9me3, which is catalyzed
by dSETDB1 protein, is required for piRNA precursor
transcription (24,27,28). Silkworm telomeres are constitu-
tive heterochromatin, which are composed of large arrays
of telomere-specific transposons and thus are absent in the
silkworm draft genome sequence (72). Abundant piRNAs
are expressed from silkworm telomere-specific trans-
posons such as SART1 (32,72,73), suggesting that
silkworm telomeres are large piRNA clusters. Even
though we cannot correctly address chromatin states for
silkworm telomeres due to their repetitive nature, we
nonetheless performed ChIP-PCR analyses against
silkworm telomeres (Supplementary Figure S2). We
found that telomeric piRNA clusters were marked with
heterochromatin marks H3K9me2, H3K9me3 and hetero-
chromatin protein BmHP1a. Thus, piRNA clusters in
constitutive heterochromatin showed heterochromatin
features in the silkworm as is the case for fly heterochro-
matic piRNA clusters. Interestingly, telomeric piRNA
clusters associated with euchromatin marks and pol II,
too, implying a multifaceted chromatin landscape in telo-
meric piRNA clusters (Supplementary Figure S2). SART1
piRNA precursors were 50-capped and 30-polyA-tailed
(data not shown). These results indicated that piRNA
clusters are divided into at least two groups: unique
piRNA clusters that are exclusively marked with

euchromatin marks and piRNA clusters with both euchro-
matic and heterochromatic features in constitutive hetero-
chromatin. We envision that biased localization of fly
piRNA clusters in constitutive heterochromatin may
explain why euchromatic piRNA clusters appear to be
rare in the fly genome.
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